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Abstract

The uptake and metabolism of nutrients supports fundamental cellular process from bioenergetics 

to biomass production and cell fate regulation. Initial studies on metabolic networks in animal 

tissues revealed major differences in how tumors and normal tissue engaged central metabolic 

pathways. The discovery that oncogenes and tumor suppressors directly regulate cellular metabolic 

networks cemented the narrative that cancer metabolism is inherently different from metabolism 

in normal cells. Nevertheless, studies in cancer metabolism have revealed fundamental principles 

of mammalian cell metabolism, including the architecture and regulation of major metabolic 

networks and the intersection between metabolic pathways and cell fate control. As the field of 

cancer metabolism expands to include the stromal cells of tumors and even normal, differentiated 

tissue, it is increasingly clear that the principles of metabolism elucidated in cancer cells are 

relevant to a wide range of mammalian cells and that metabolic pathways can be rerouted to 

meet the demands of cells in particular lineages or states of development. The goal of this review 

is to provide an overview of how the field of cancer metabolism has provided a framework for 

revealing basic principles of cell metabolism and for dissecting the metabolic networks that allow 

cells to meet their specific demands. Understanding context-specific metabolic preferences and 

liabilities will enable continued development of approaches to specifically target cancer cells to 

help improve patient care.

Introduction

The field of cancer metabolism centers on the hypothesis that cellular metabolic networks 

support key aspects of cancer cell function. Many of the features that distinguish cancer 

cells from normal cells—aberrant proliferation, survival, migration, and cell fate control—

are either directly controlled by cell metabolism or amenable to regulation by specific 

metabolites. Consequently, there is great interest in determining how cancer cells regulate 

metabolic networks and whether the metabolic demands of cancer cells can be exploited 

for therapeutic gain. Initial studies, based largely on in vitro models, led to the notion 

that cancer cells harbored a distinct metabolic state relative to normal cells. As the field 
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has expanded into more diverse models and in vivo studies, it is increasingly clear that 

metabolism is not one size fits all. Just as normal cells from different tissues exhibit a 

wide array of metabolic profiles, cancer cells also exhibit enormous metabolic diversity and 

plasticity. As a result, few metabolic signatures reliably distinguish cancer cells from normal 

cells. Ultimately, the only unifying principle of cancer metabolism is the cancer patient 

themselves. Therefore, the goal of this review is to provide an overview of how studies in 

cancer metabolism have revealed fundamental principles of cell metabolism, to highlight 

the diversity of metabolic strategies employed by cancer cells, and to discuss the future of 

the field of cancer metabolism—namely, studying and targeting metabolism in patients to 

improve cancer care.

Main

Origins of cancer metabolism

The field of cancer metabolism began about 100 years ago when Otto Warburg discovered 

that tumor slices produced lactate from glucose even in the presence of ample oxygen1. 

This discovery was surprising because oxygen normally permits efficient glucose oxidation 

and thus suppresses fermentation—a paradigm known as the Pasteur effect (Figure 1). Here, 

Warburg showed that tumor tissue slices continued to produce lactate even when oxygen 

was abundant, a phenomenon of aerobic glycolysis now dubbed the Warburg effect. Warburg 

interpreted the inability of oxygen to fully repress lactate production as a sign that oxygen 

consumption—respiration—was fundamentally deficient in cancer cells. We now know that 

Warburg’s interpretation was not correct: respiration is rarely damaged in cancer cells2. 

Rather, aerobic glycolysis is essentially overflow metabolism—a product of cells taking up 

nutrients in excess of their demands3, 4. Nevertheless, the Warburg effect is the most famous 

feature of cancer metabolism because of its visibility and sheer ubiquity: almost every 

cultured cell line—not just transformed cells—produces lactate despite supraphysiological 

oxygen, so long as glucose is abundant.

The perception that cancer metabolism is different from normal cell metabolism is due in 

part to the historical origin of both fields. Fundamental principles of cell metabolism were 

largely elucidated using differentiated animal tissues as ex vivo model systems. Throughout 

the middle of the 20th century, seminal work from Warburg, Cori and Cori, Krebs, Mitchell 

and others unraveled the core pathways of glucose metabolism, nitrogen handling, nutrient 

oxidation and ATP production5. This golden age of biochemistry was precipitated by 

technical advances such as Warburg’s pioneering of tissue slices and the Coris careful tissue 

mincing, which allowed the field to move beyond intact organisms and use tissues such as 

pigeon or frog muscle and rat liver to dissect metabolic networks ex vivo. Of the available 

model systems, only tumors provided an opportunity to study metabolism in actively diving 

cells. Accordingly, the earliest conception of cancer metabolism as ‘perverted’6 is based 

largely on the comparison to the metabolism of post-mitotic, differentiated tissues. It wasn’t 

until decades later that Eagle and colleagues uncovered principles required to propagate 

mammalian cells in vitro. Eagle’s work presaged major themes in cancer metabolism, 

identifying nutrients such as glutamine as being limiting for rapid proliferation7.
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Despite the advance of cell culture, the field of cell metabolism lay relatively fallow until the 

end of the 20th century when metabolic enzymes were revealed as direct targets of growth 

factor signaling cascades and oncogenic transcription factors8. Early studies attempting 

to discover the origins for high glucose uptake in cancer cells led to the discovery that 

the common oncogenes ras and src induce expression of glucose transport proteins9. Not 

long after, the oncogenic transcription factor c-Myc, which is frequently amplified in 

human cancer, was shown to directly transactivate LDHA, the enzyme that converts glucose-

derived pyruvate to lactate, thereby providing a direct link between oncogene expression 

and activation of aerobic glycoysis10. Importantly, this work also showed that LDHA was 

required for c-Myc to induce features of transformation, such as growth in three dimensions, 

demonstrating that metabolic regulation contributes to the aberrant features of cancer cell 

growth10. These studies directly linked oncogenic mutations to metabolic networks, thereby 

cementing Warburg’s hypothesis that metabolism is fundamentally altered in cancer cells, 

and ushered in an explosion of work charting the metabolic pathways that sustain cancer cell 

growth.

More recently, technological advances have broadened the field of cell metabolism beyond 

cancer cells in vitro. Advances in cell culture models have facilitated study of cell types 

beyond cancer, such as stem cells and immune cells, and improvements in in vivo isotope 

tracing now allow for quantitative mapping of metabolic networks in living animals11—a 

full circle return to the earliest days of cell metabolism in which living organisms were 

the only possible model systems. These studies have provided enormous insight into how 

metabolic networks are regulated and increasingly demonstrate that cancer metabolism is 

neither monolithic nor fundamentally different from metabolism of normal cells.

Cancer as a model system

Over the past several decades, cancer cells provided the dominant—and in many ways, 

ideal—model system for unraveling principles of cell metabolism. Cancer cells are readily 

amenable to cell culture, which permits intricate metabolic tracing and mechanistic 

dissection; there are numerous approaches to model cancer in vivo and thereby probe the 

role of metabolism in distinct stages of tumor progression, and the vast array of genetic 

mutations acquired by cancer cells provides an intrinsic experiment to link metabolic 

gene function to tumor phenotypes. As a result, most of our modern understanding of 

cell metabolism is rooted in cancer biology, further reinforcing the notion that cancer is 

synonymous with metabolic rewiring.

Metabolic determinants of cell growth—The essentially unlimited growth of cancer 

cells in culture provides the ideal system to determine which factors enable cell growth and 

proliferation. While the precise demands may vary depending on cell type or growth rate, 

studies of cancer cells have identified several conserved requirements for mammalian cell 

growth.

Nutrient uptake.: Cell proliferation requires net biomass increase, which in turn is fueled 

by nutrient uptake. While unicellular organisms take up nutrients in proportion to their 

environmental abundance, thereby tying growth to nutrient availability, most metazoan cells 
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require additional signals to facilitate nutrient uptake. Consequently, proliferation is licensed 

by growth factors that allow cells to take up nutrients that support cell growth12 (Figure 

2). Growth factor signaling through PI3K/AKT drives membrane localization of transporters 

required for uptake of critical nutrients such as glucose, amino acids, and iron13–17. AKT 

also directly phosphorylates hexokinase, thereby inducing the phosphorylation and capture 

of glucose for further glycolytic metabolism18. Growth factor signaling further activates 

glucose metabolism, and induces aerobic glycolysis, through myriad mechanisms including 

direct phosphorylation or allosteric regulation of glycolytic enzymes19–21. Mutations driving 

constitutive activation of PI3K/AKT are among the most common mutations in human 

cancer, and oncogenic transcription factors such as MYC and HIF can also activate nutrient 

acquisition by increasing expression of genes involved in the capture and metabolism of 

critical nutrients such as glucose and glutamine12, 22, 23. Accordingly, cancer cells are often 

hardwired for constitutive, cell-autonomous nutrient uptake.

Increased nutrient uptake is so fundamental to cancer biology that imaging uptake of a 

radioactive glucose analog is a mainstay of cancer imaging24. In cultured cells, glutamine 

is the second most consumed nutrient after glucose, and radioactive glutamine analogs 

are emerging as a useful alternative to image tumors in tissues with constitutively high 

glucose uptake25. Growth factor signaling can also direct non-canonical forms of nutrient 

uptake when conventional soluble nutrients are limiting. For example, both PI3K and 

RAS signaling can activate macropinocytosis, a non-selective form of bulk endocytosis 

that enables engulfment and delivery of exogenous macromolecules to the lysosome for 

digestion26, 27. This alternative nutrient acquisition strategy enables cancer cell survival in 

nutrient deprived microenvironments and also supports growth of normal cells, including 

rapidly proliferating T cells and developing embryos27–30. Indeed, elevated nutrient uptake 

extends far beyond cancer cells: even within a tumor, the (likely non-proliferating) immune 

cells can take up more glucose than the cancer cells31. These results add nuance to the 

general paradigm that cancer cells exhibit high nutrient uptake, demonstrating roles for 

oncogenic mutations, lineage, and the local microenvironment in shaping overall nutrient 

consumption profiles.

Macromolecule biosynthesis.: Once taken into cells, nutrients are funneled into metabolic 

networks that produce the energy, reducing equivalents and molecular building blocks 

required for cell growth. To grow and divide, cells must duplicate membranes (lipids), 

DNA and RNA (nucleotides) and proteins (amino acids) (Figure 3). While cells can directly 

take up some of the components for these macromolecules, such as lipids, amino acids 

and even salvaged nucleotides, proliferating cells inevitably must synthesize de novo the 

critical components for cell growth. Unsurprisingly, transcriptional and signaling networks 

controlling such biosynthetic pathways are frequently deregulated in cancer (Figure 3). For 

example, Myc directly activates genes involved in purine synthesis32; NRF2—a transcription 

factor activated in many human tumors by genetic loss of negative feedback regulation—

induces genes involved in serine biosynthesis and the pentose phosphate pathway, both 

of which supply metabolic components required for nucleotide synthesis33; and SREBP, a 

transcriptional regulator of lipid synthesis, is activated by mTORC1 downstream of PI3K/

AKT34. The PI3K/AKT/mTORC1 axis broadly regulates many components of anabolic 
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metabolism, including direct stimulation of protein synthesis, post-translational activation 

of enzymes that generate key metabolic building blocks, and transcriptional repression 

of catabolic processes that antagonize growth35. In some cases, tumors acquire genetic 

alterations in metabolic enzymes themselves: PHGDH, which encodes the enzyme that 

initiates serine synthesis, is frequently amplified in human tumors and PHGDH expression 

supports tumor growth especially in tissues that have limiting levels of environmental 

serine36–38.

Beyond the building blocks themselves, anabolic metabolism requires reducing equivalents 

and energy to help glue metabolites together into macromolecules. As nutrients are oxidized, 

their high-energy electrons (reducing equivalents) are deposited onto electron carriers 

including NAD+, NADP+ and FAD. Reduced electron carriers, most notably NADPH, 

can donate electrons to reduce intracellular metabolites as part of key biosynthetic (e.g. 

fatty acid synthesis, nucleic acid biosynthesis) or homeostatic pathways (e.g. regeneration 

of antioxidants such as glutathione and thioredoxin). Electron carriers (especially NADH 

and FADH2) also funnel electrons into the electron transport chain (ETC) in the inner 

mitochondrial membrane. Electron passage through the ETC generates an electrochemical 

gradient that is harnessed to drive ATP synthesis in a process known as oxidative 

phosphorylation (OXPHOS) (FIG). ATP can also be made through glycolysis, albeit with 

greatly reduced efficiency.

ATP fuels most macromolecular biosynthesis, including nucleotide biosynthesis, DNA 

replication and protein translation. This has led to a common perception that ATP may 

be limiting for cell proliferation. In fact, the opposite may be true: ATP allosterically 

inhibits several metabolic enzymes including the glycolytic enzyme phosphofructokinase 

1, providing a mechanism for cells to prevent excess nutrient catabolism when energy 

is plentiful. The notion that cells harbor significant excess capacity to generate ATP is 

strengthened by numerous observations that OXPHOS is not required for cancer cell 

proliferation in vitro or for tumor growth in vivo39–41. Whether the notable plasticity in 

ATP sourcing characteristic of many cancer cells extends to normal cells, and whether 

this plasticity is enabled by high nutrient uptake, remains to be determined, although early 

evidence in regulatory T cells suggests that OXPHOS independence may not be unique to 

cancer cells42.

Although many of the principles governing biomass generation have been elucidated 

in cancer cells, these principles also extend to normal cells, which likewise depend 

on continuous protein, RNA and lipid synthesis to maintain homeostasis, regardless of 

whether or not there is a net gain in biomass. Consistently, few differences emerged when 

comparing metabolite fluxes in transformed cells and normal cells induced to proliferate at 

an equivalent rate43. Even absent cell proliferation, cellular macromolecules will turn over 

at a certain rate and some cells will require additional macromolecule or ATP production 

depending on the specialized demands of the cell. For example, exocrine cells may have 

high requirement for continuous protein synthesis while contractile or excitatory cells may 

have high ATP demand. Even DNA synthesis, which is largely restricted to actively dividing 

cells, is not unique to cancer cells as many normal cells (immune cells, epithelial cells) 

also undergo periods of rapid proliferation. Thus, whether cancer cells—especially those 
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growing in vivo—have higher demand for biomass generation compared to normal cells 

remains unclear, especially as not all cancer cells within a tumor are actively dividing. 

Combining quantitative isotope tracing to macromolecules with comprehensive profiling of 

tissue health following administration of metabolic inhibitors will help to reveal the extent to 

which different cell types or organs rely on specific metabolic networks to support biomass 

production.

Electron carrier regeneration.: Increasing evidence indicates that regeneration of oxidized 

electron carriers, rather than ATP production, constrains cell growth. Maintaining flux 

through any oxidative pathway requires continuous supply of electron acceptors, although 

some enzymes will be more sensitive to changes in electron acceptor availability 

than others (Figure 4A)44. In the cytosol, both glycolysis and serine synthesis require 

NAD+; accordingly, conditions that impair cytosolic NAD+ regeneration restrain serine 

synthesis and induce serine auxotrophy in mammalian cells (Figure 4B)45, 46. Within 

the mitochondria, the tricarboxylic acid (TCA) cycle serves as the terminal hub of 

nutrient oxidation, reducing electron carriers that are re-oxidized by depositing electrons 

into the ETC. Regenerating oxidized electron carriers is emerging as one of the most 

important functions of the ETC in mammalian cells: ETC inhibition prevents electron 

carrier regeneration and stalls the TCA cycle, and this stalling is reversed by providing 

cells orthogonal methods to regenerate mitochondrial NAD+ (ref47). The TCA cycle is a 

source of several key intermediates for biosynthetic pathways, including oxaloacetate for 

aspartate and nucleotide biosynthesis, citrate for lipid synthesis, and succinyl-CoA for heme 

biosynthesis (Figure 3). As oxaloacetate is the most oxidized TCA cycle intermediate, it is 

perhaps not surprising that aspartate is the biggest vulnerability of cells experiencing ETC 

disruption; consequently, providing cells exogenous aspartate can be sufficient to restore 

growth in ETC-inhibited conditions48, 49. Consistently, heterologous genetic strategies to 

enable mitochondrial NAD+ regeneration are likewise sufficient to restore tumor growth 

despite ETC disruption41. Collectively, these data demonstrate that sustained electron flow 

through cellular metabolic networks is required to unleash the full potential of cell growth.

Where do electrons end up? In most cases: oxygen. Electrons deposited into the ETC 

ultimately reduce oxygen to form water. Even reducing equivalents generated in the cytosol 

can enter the mitochondrial ETC through electron shuttles such as the glycerol 3-phosphate, 

malate-aspartate, and citrate-malate shuttles (Figure 4C). When oxygen is limiting, cells 

can employ alternative strategies to cope with excess electrons, such as increasing proline 

synthesis to divert electrons away from the ETC, enabling continued TCA cycle flux50. In 

rare cases where electrons cannot move forward through the ETC, they can reverse and 

reduce alternative acceptors such as fumarate51, 52.

The second major electron acceptor is pyruvate. In the cytosol, lactate dehydrogenase (LDH) 

reduces pyruvate to form lactate, thereby regenerating NAD+ (Figure 4C). When oxygen is 

limiting, electron shuttles cannot function and LDH becomes the dominant mechanism for 

cytosolic NAD+ regeneration; accordingly, cells excrete pyruvate as lactate during hypoxia

—a phenomenon known as anaerobic glycolysis. Electron shuttles can saturate even in 

abundant oxygen—for example, when mitochondrial ADP is not present at sufficient levels 

to drive OXPHOS and flux through the ETC—and in this scenario cytosolic NADH instead 
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reduces pyruvate, producing lactate3, 4. Therefore, the Warburg effect is likely a necessary 

outcome of demand for NAD+ regeneration in proliferating cells.

Metabolic control of cell identity—Metabolites do more than support cell growth. 

Increasingly, metabolites are recognized to play critical roles regulating gene expression 

programs that control cell fate. While gene expression programs are ultimately dictated by 

transcription factors, chemical modifications on DNA and histones can shape transcriptional 

outcomes by modulating chromatin organization and recruitment of effector proteins such 

as those involved in chromatin remodeling or transcriptional regulation. The deposition and 

removal of chromatin modifications is directly linked to cell metabolism: select intracellular 

metabolites provide the substrates for the chemical modifications, and others are required 

for their enzymatic removal (Figure 5). All methylation requires the universal methyl 

donor S-adenosylmethionine, which is derived from methionine, and methionine starvation 

routinely decreases several histone methylation marks in cultured cells in vitro and in vivo53. 

Similarly, acetylation requires acetyl-CoA, and starving cells of nucleocytosolic acetyl-CoA 

by limiting glucose availability or inhibiting the major enzymatic source of nucleocytosolic 

acetyl-CoA (ACL) likewise decreases acetylation on several histone residues54. Acetylation 

is usually removed by simple hydrolysis, although in some cases sirtuins remove 

acetylation in an NAD+-dependent fashion. Methylation removal is more complicated: 

certain mono- and di-methylation can be removed by lysine-specific demethylase 1 

(LSD1), which uses FAD as a cofactor that is re-oxidized by molecular oxygen. More 

generally, methylation is controlled by a family of alpha-ketoglutarate (αKG)-dependent 

dioxygenases which use αKG and molecular oxygen as obligate co-substrates to facilitate 

demethylation; accordingly, depriving cells of glutamine, the dominant source of αKG, 

induces hypermethylation at select histone lysine residues55. Collectively, these initial 

studies in cultured mammalian cells demonstrated proof of concept: metabolic interventions 

can affect the landscape of chromatin modifications and, ultimately, gene expression 

programs.

The hypothesis that chromatin responds to metabolic regulation has gained great attention, 

but several important biochemical and conceptual questions remain to be addressed. First, 

are physiological shifts in metabolite availability sufficient to alter the chromatin landscape? 

In other words—absent extreme nutrient deprivation—are co-substrates ever limiting for 

activity of chromatin-modifying enzymes? The answer to this question depends on the 

affinity of the enzyme for the metabolite substrate (KM) and the local concentration of 

the metabolite that is available to the enzyme in question. In many cases, the average 

cellular concentration of metabolite substrates is lower than (or in range of) the enzyme 

KM for that metabolite, supporting the notion that metabolite availability may indeed 

restrict activity of these enzymes56. Even when average cellular metabolite concentration 

exceeds typical enzyme KM values (as, for example, in the case of αKG whose intracellular 

concentration often vastly exceeds the KM of αKG-dependent dioxygenases), many 

additional biochemical considerations combine to determine the likelihood that a metabolite 

limits enzyme activity57. Notably, measures of average cellular metabolite concentration 

obscure important—and potentially large—intracellular variations in metabolite levels. The 

inherent compartmentalization of metabolic networks ensures that many metabolites are 
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unevenly distributed across cells, and emerging approaches to profile organelle-specific 

metabolite concentrations are underscoring the differential abundance of metabolites across 

subcellular compartments58, 59. Even within the nucleus, hyper-local production and 

consumption of specific metabolites will alter the amount of substrate available to a 

given enzyme. Furthermore, each of these chromatin-regulatory enzymes is inhibited by 

its product (S-adenosylhomocysteine, CoA, or succinate, respectively), which compete with 

substrate for the enzyme active site (Figure 5). Accordingly, concentration of both substrates 

and products must be considered when determining whether a metabolite will be able to 

control enzyme activity.

Second, how can metabolic fluctuations induce specific cellular outcomes? The same 

chemical modification on different histone residues can convey vastly different information 

and yet all enzymes regulating a given modification require the same metabolic co-

substrates. For example, histone 3 lysine 4 trimethylation (H3K4me3) is associated with 

gene activation, while H3K27me3 and H3K9me3 are associated with gene repression; how, 

then, can a metabolite specifically affect one or the other modification? Importantly, not all 

enzymes in each family have the same affinity for their metabolic substrates. For example, in 

the case of αKG-dependent dioxygenases, lysine demethylase 6A (KDM6A) which removes 

H3K27me3 has the lowest affinity for molecular oxygen and therefore is most limited 

of all dioxygenases when cells experience hypoxia60. Enzymes in the same family can 

exhibit affinities for substrates and/or inhibitors that are separated by an order of magnitude, 

raising the possibility that there is a hierarchy of responses depending on the severity 

of the metabolic alteration and that it is the relative balance of substrates and inhibitors—

rather than the absolute concentration of each—that controls enzyme activity. Additionally, 

individual modifications can be regulated by multiple enzymes that may not be equally 

expressed in all cellular contexts; in this scenario, cells that express enzymes with lower 

affinity for specific metabolites may be more responsive to perturbations of that metabolite 

than cells who express high-affinity homologs. Similarly, within a cell, modifications 

guarded by low-affinity enzymes will be more likely to respond to metabolite shifts than 

modifications guarded by high-affinity enzymes, and this pattern of responsiveness may vary 

depending on the relative expression of relevant chromatin-modifying enzymes.

Third, for chromatin regulation to exert coherent effects on gene expression profiles, 

modifications need to be controlled at the right genetic locus: if metabolites induce global 

shifts in a certain modification, how is regional specificity achieved? One possibility is 

that regional specificity is determined by the pre-existing chromatin landscape in a cell. 

For example, compact heterochromatin may be relatively devoid of chromatin-modifying 

enzymes and thus resistant to metabolic perturbations over short timescales; in contrast, 

accessible or dynamic regions of the genome may have greater local concentrations 

of chromatin modifying-enzymes and thus be more amenable to metabolic control. 

Alternatively, transcription factors may themselves respond to metabolic perturbations, 

thereby providing an important layer of specificity. Transcription factors, like histones, can 

be acetylated or methylated and these modifications could conceivably alter overall DNA 

binding activity or cofactor recruitment, thereby modulating gene expression programs. A 

striking example of the role for transcription factors in directing local chromatin regulation 

was found in glioblastoma cell lines, where increasing acetyl-CoA availability induced 
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H3K27 acetylation most notably at genomic loci bound by nuclear factor of activated T 

cells (NFAT) 161. Mechanistically, acetyl-CoA induced intracellular signaling cascades that 

control NFAT1 nuclear localization, and the combined effect of nuclear NFAT1 alongside 

plentiful acetyl-CoA availability fueled local deposition of H3K27ac at NFAT1 target 

genes61. In this manner, fluctuations in metabolite levels may control upstream pathways 

that direct transcription factor localization and/or activity, while remaining permissive for 

continued activation of chromatin-modifying enzymes.

Some of the best evidence linking metabolites to cell fate control comes from studies of 

human cancer, where pathological accumulation of specific TCA-cycle related metabolites 

(succinate, fumarate, and 2-hydroxyglutarate) is associated with development of specific 

tumor types. Notably, all of these “oncometabolites”—defined as metabolites with a clear 

link to tumor development through plausibly defined mechanisms8—serve as competitive 

inhibitors of αKG-dependent dioxygenases, suggesting that these enzymes are particularly 

susceptible to metabolic control (Figure 5). Unraveling which dioxygenases respond to 

metabolic perturbations, and how dioxygenase inhibition supports tumor growth, is revealing 

fundamental principles of metabolic control of cell fate that extend well beyond cancer cells.

Hereditary cancer syndromes.: Heterozygous germline mutations in genes encoding 

components of the TCA cycle enzymes succinate dehydrogenase (SDH) and fumarate 

hydratase (FH) are associated with familial cancer syndromes marked by predisposition to 

a subset of tumors such as phaeochromocytomas, paragangliomas, and renal cell carcinoma 

among others62. In all cases, tumors are marked by loss of heterozygosity of the remaining 

wild-type allele, leading to complete loss of enzyme function and large accumulation of 

succinate or fumarate, respectively. While the precise mechanisms linking succinate and 

fumarate accumulation to tumorigenesis remain unknown, and are likely context-specific, 

metabolite accumulation is clearly associated with inhibition of several αKG-dependent 

dioxygenases including the jumonji-domain containing family of histone demethylases, the 

TET family of methylcytosine dioxygenases that iteratively oxidize DNA methylcytosine, 

and the prolyl hydroxylases that target the labile α subunit of hypoxia inducible factor (HIF) 

for degradation (Figure 5).

The discovery that both succinate and fumarate stabilize HIFα represented the first 

evidence that αKG-dependent dioxygenases are sensitive to TCA cycle metabolite levels 

in mammalian cells63, 64. While HIFα stabilization induces metabolic rewiring that may 

be advantageous to tumors, HIFα is unlikely to be the sole effector of oncometabolites 

in human tumors; indeed, renal cyst formation driven by FH mutation does not require 

HIF65. Both SDH- and FH-deficient tumors are broadly associated with chromatin 

hypermethylation that favors silencing of genes involved in normal differentiation62. 

Additionally, SDH and FH inhibition can trigger the epithelial-mesenchymal transition, 

whereby epithelial cells take on features of more migratory mesenchymal cells, by 

repressing the miR-200 locus that is normally activated by TET proteins66. Oncometabolite-

driven inhibition of KDM4A/B also hampers DNA damage repair, which may further 

contribute to tumor progression67, 68. Fumarate may exert effects beyond dioxygenase 

inhibition: as an electrophile, it can directly modify reactive cysteines, including those 
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within KEAP1 that are required to destabilize NRF2, thus activating antioxidant gene 

expression programs65, 69.

More recently, germline mutations in related genes, including genes encoding components 

of the OGDH complex and the malate-aspartate shuttle, have likewise been identified 

in patients with familial cancer syndromes (Figure 5)62. Several of these tumors also 

display chromatin hypermethylation and/or HIFα stabilization, analogously to SDH/FH-

deficient tumors. Intriguingly, these components all revolve around the TCA cycle 

generally, and αKG metabolism specifically. Whether this convergence is because these 

mutations are relatively well-tolerated in certain contexts compared to other metabolic 

disruptions, or because of a central role for αKG-dependent dioxygenases or other 

αKG-regulated processes in antagonizing tumorigenesis, remains to be determined. Taken 

together, familial cancer syndromes provide robust evidence that metabolic networks control 

cancer susceptibility and represent critical model systems for elucidating principles linking 

metabolites to cell fate control in diverse lineages.

Somatic mutations in metabolic enzymes.: The third oncometabolite, 2-hydroxyglutarate 

(2HG), is produced in tumors harboring specific somatic mutations in genes encoding 

isocitrate dehydrogenase 1/2 (IDH1/2). These active-site mutations induce neomorphic 

enzymatic activity, enabling IDH1/2 to reduce αKG, forming D-2HG (Figure 5). Like 

succinate and fumarate, D-2HG accumulates at high (millimolar) levels in tumors 

and is associated with inhibition of a panel of αKG-dependent dioxygenases. IDH1/2 
mutations are found at high frequency in acute myeloid leukemia (AML), chondrosarcoma, 

cholangiocarcinoma, glioma, and other tumor types at somewhat lower frequencies70. 

Chromatin hypermethylation and impaired differentiation is a common feature of IDH-

mutant tumors of all lineages, although the chromatin modifications and genetic loci affected 

vary depending on lineage. Consistently, the dioxygenases implicated as targets of D-2HG 

vary between tumor types. For example, TET enzymes are implicated in AML, where TET 
and IDH1/2 mutations rarely co-occur, while enzymes controlling histone methylation are 

implicated in other tumor types71, 72. Several drugs targeting mutant IDH1/2 isoforms are 

already in the clinic and have shown efficacy especially in the context of AML, where they 

induce cancer cell differentiation. In some cases, tumor relapse is associated with acquisition 

of mutations that restore D-2HG production, indicating that—at least in AML—continued 

production of D-2HG facilitates malignant self-renewal70, 73.

D-2HG exerts effects beyond chromatin regulation. D-2HG production can be associated 

with additional metabolic alterations including transaminase inhibition and decrease in 

intracellular NAD+, each of which can be exploited pharmacologically, although whether 

these changes contribute to tumorigenesis remain unclear70, 74. More broadly, D-2HG 

is produced at such high levels that it can leave cancer cells and affect surrounding 

cells within a tumor, where it is associated with reduced T-cell infiltration and effector 

function75–78. These studies provide important reminders that metabolic changes rarely 

occur in a vacuum and that linking specific metabolic alterations to tumor outcomes requires 

a precise combination of biochemical and genetic approaches to identify relevant targets of 

individual metabolites.
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Endogenous metabolic networks.: Even without mutations in metabolic enzymes, tumors 

can benefit from the links between metabolism and the chromatin landscape. In some cases, 

this link is directly regulated by oncogenes and tumor suppressors. For example, AKT 

directly phosphorylates and activates ACL, leading to enhanced nucleocytosolic acetyl-CoA 

and elevated histone acetylation driven by PI3K/AKT signaling in multiple tumor types79. 

ACL-dependent histone acetylation in turn supports the fate changes that occur early in 

pancreatic adenocarcinoma (PDAC) development: in pancreatic acinar cells, oncogenic 

Kras induces histone acetylation and acinar-ductal metaplasia, and inhibiting ACL or the 

reading of histone acetylation (via bromodomains) blocks this fate transition80. Similarly, 

the tumor suppressor p53 (TP53) controls αKG levels in PDAC, and both p53 and αKG 

are sufficient to induce PDAC cells to differentiate to a premalignant state81. Enforcing 

succinate accumulation prevents p53 from inducing differentiation and allows tumors to 

grow despite robust p53 accumulation, suggesting that activation of one or more αKG-

dependent dioxygenases is required for effective tumor suppression by p53 in PDAC81.

In addition to oncogenic mutations, local environmental cues can alter metabolites that 

control cancer cell fate. During hypoxia, the combined effect of low pH and reductive 

stress (high NADH/NAD+) favors promiscuous reduction of αKG to L-2HG by LDH 

and malate dehydrogenase (MDH)82–84. Even though hypoxic L-2HG accumulation is 

lower than that of D-2HG in IDH-mutant cancers, L-2HG can inhibit αKG-dependent 

dioxygenases more potently than D-2HG82, and L-2HG accumulation is necessary and 

sufficient for hypoxia-induced hypermethylation at select histone residues82. Suggestively, 

many tissue stem cells reside within hypoxic niches, but whether L-2HG contributes to the 

effects of hypoxia on homeostatic or malignant self-renewal remains to be determined85, 86. 

Other stimuli besides oxygen availability regulate L-2HG levels: L-2HG also accumulates 

following downregulation of L2HGDH, the enzyme that re-oxidizes L-2HG to αKG, or 

ETC disruption87. Thus, L-2HG may signal reductive stress in contexts beyond cancer.

Local variation in nutrients beyond oxygen are also emerging as important regulators 

of cancer cell fate. In the core of some solid tumors, limited glutamine availability 

compromises αKG-dependent demethylation and favors de-differentiation that is reversed 

by exogenous glutamine supplementation88. αKG dependent dioxygenases are also 

dependent upon ascorbate (vitamin C), a cofactor that supports activity presumably 

by facilitating regeneration of the ferrous iron required for catalysis, and ascorbate 

supplementation slows leukemic progression in a partially TET-dependent manner89, 90. 

Many local factors can combine to determine intracellular metabolite levels. For example, de 
novo serine synthesis produces αKG as an obligate byproduct, and dietary serine restriction 

induces αKG-dependent histone demethylation and cancer cell differentiation in models of 

squamous cell carcinoma45. Blocking de novo serine synthesis favored expansion of stem-

like cancer cells, even on a serine-replete diet, suggesting that, in this lineage, spontaneous 

activation of de novo serine synthesis can regulate cancer cell fate45.

Collectively, the above studies support a model in which environmental or genetic conditions 

that favor αKG-dependent dioxygenase activity are permissive for tumor suppressive 

differentiation, and this metabolic control of differentiation can be coopted in cancer cells. 

While many of the links between metabolism and chromatin were forged in cancer cells, 
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the underlying biochemical principles are relevant to all mammalian cell types. Therefore, 

an important area of future work is determining the degree to which endogenous metabolic 

networks modulate normal development, and whether developing organisms can insulate cell 

fate transitions from metabolic control.

Diversity of metabolic strategies

While studies in cancer cells have outlined the principles of cell metabolism—how 

metabolites support cell growth and identity—recent advances have underscored that 

metabolism is rarely “one-size-fits-all”. Rather, cells can adopt different metabolic strategies 

depending on their lineage, developmental stage, or environmental context. Advances in in 
vivo isotope tracing have allowed the field of cancer metabolism to move beyond studies 

of metabolism in cultured cells and directly monitor metabolic networks in vivo. These 

studies have helped to overturn many of the initial conceptions of cancer metabolism and 

even helped to revise major assumptions about metabolism in normal tissues. Together, these 

studies emphasize that metabolic pathways are not static but rather context specific: cells 

can use different nutrient sources and rewire intracellular metabolic pathways to help them 

surmount challenges or meet their specific demands

Environmental context—Tracing metabolic substrate use in human tumors led to two 

major surprises in apparent contradiction to the Warburg effect: first, many human tumors 

may oxidize glucose even more than surrounding normal tissue; and second, some human 

tumors use lactate as a metabolic fuel91, 92. In these studies, the observation that metabolites 

downstream of pyruvate—including lactate and TCA cycle-related metabolites—were more 

labeled from infused glucose than were upstream glycolytic intermediates led to the 

model that lactate derived from circulating glucose represented a major carbon source for 

several tumors and tissues. Consistently, xenografts formed from cancer cells harboring 

genetic deletion of the plasma membrane monocarboxylate transporter that facilitates lactate 

uptake showed reduced incorporation of lactate-derived carbons into downstream metabolic 

networks92. A similar trend for lactate labeling exceeding that of upstream glycolytic 

intermediates was also seen in tumors from patients with triple negative breast cancer, 

although in this case tumor lactate was also more labeled than circulating lactate, implying 

high local lactate production that is poorly mixed with surrounding cells93. Concurrently, 

studies in normal tissues revealed that circulating lactate is a major source of TCA cycle 

intermediates for many organs, thereby providing a route for cells to maintain homeostatic 

TCA cycle flux without requirement for growth-factor directed uptake of nutrients such as 

glucose and glutamine94.

The discovery that tumors and other tissues use lactate as a fuel turned the Warburg effect 

from a perceived universal feature of cancer to a context-specific phenomenon and provided 

a dramatic example of the impact of environmental context on cellular metabolic networks. 

Clearly, different tumors exhibit different propensity for glucose oxidation. While human 

lung tumors that oxidize glucose more than surrounding normal tissue91, glucose oxidation 

is suppressed in clear cell renal cell carcinoma, a tumor driven by VHL deficiency that 

enforces pseudohypoxic HIFα stabilization and transcriptional activation of metabolic genes 

that favor aerobic glycolysis over glucose oxidation (Ldha, Pdk1)95. Even within a single 
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tumor, there is regional heterogeneity in glucose oxidation that is largely correlated to 

perfusion91. Traditional tracing studies that average metabolite profiles across a sample will 

struggle to account for such heterogeneity; advances in spatial mass spectrometry may help 

to resolve gradients in metabolic activity across tissues96.

Nutrient availability is likely to vary considerably both within and between tumors, as even 

entire organs have notable differences in nutrient consumption and release profiles97, 98. 

Accordingly, metabolic preferences may be dependent on anatomic location and tumor 

size, perfusion, and cell type composition. Recent studies are increasingly corroborating 

the notion that metabolic dependencies are context specific. For example, glutamate-

oxaloacetate transaminase 2 (GOT2), a central component of the malate-aspartate shuttle 

that facilitates aspartate synthesis, is required for many cancer cells in vitro but largely 

dispensable in vivo; in part, this is because cells in vivo have altered demands for 

electron shuttles and alternative protein sources for aspartate scavenging99, 100. Simply 

changing nutrient availability is likewise sufficient to reorganize metabolic networks and 

shift metabolic dependencies in cultured cells101–103. These results do not negate the 

importance and insight of metabolic studies performed in cultured cells. Indeed, CRISPR 

screens demonstrate that PDAC cells growing in culture and as tumors share many metabolic 

dependencies104, 105. Both the similarities and the differences are informative: similarities 

may reflect universal metabolic requirements or intrinsic demands of a particular cell type; 

differences may reveal metabolic limitations in specific conditions or locations. In the 

case of PDAC, the observation that heme synthesis is limiting specifically in vivo led to 

the discovery that cultured cells can share heme precursors and that heme degradation is 

increased in vivo104, 105. Thus, while cell culture provides an excellent model system for 

understanding the regulation and architecture of metabolic networks, comparing metabolic 

preferences and dependencies across different growth conditions is revealing the myriad 

metabolic strategies that support cell function.

Cell intrinsic determinants—While many cancer cells exhibit a convergent metabolic 

phenotype, vestiges of normal tissue metabolism remain. Studies comparing gene expression 

programs across human tumors showed that most tumors exhibit metabolic gene signatures 

that are similar to their corresponding normal tissue106, 107. Indeed, the tissue of origin 

plays a major role determining cancer cell metabolism. For example, lung adenocarcinomas 

depend on branched chain amino acids more than pancreatic adenocarcinomas, even when 

both tumors are driven by identical oncogenic lesions108. These tissue-specific preferences 

can persist even as tumors progress and metastasize: the metabolic profiles of metastatic 

tumors are similar to their primary tumor counterparts, and metastatic cancer cells retain 

metabolic phenotypes and preference for growth in their primary site even after propagation 

in the metastatic site109. It is tempting to speculate that the metabolic preferences of cancer 

cells endowed by their tissue of origin restricts growth in different tissues and thereby 

contributes to the notable organ tropism of many human tumors.

Lineage is clearly not the only determinant of cancer metabolism. The transforming 

oncogene also plays a role, as shown by comparing metabolic profiles of liver and lung 

tumors harboring c-Myc or c-Met oncogenes110. Nevertheless, isotope tracing in over 

80 human non-small cell (NSCLC) lung cancer cells showed that oncogenotype alone 
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cannot predict metabolic profiles, indicating that other factors—epigenetic, transcriptional, 

or proteomic—also shape metabolic networks111. Likely, developmental stage contributes 

to metabolic differences, as metabolic rewiring frequently accompanies differentiation112. 

Suggestively, in the breast, normal basal, luminal progenitor and mature luminal populations 

subtypes harbor different preferences for glycolysis and OXPHOS that persist in established 

tumors113. Thus, the metabolic phenotype of the cancer cell-of-origin may be retained 

throughout tumor progression.

Despite cell-intrinsic metabolic preferences, cancer cells can rewire metabolic pathways in 

response to changing metabolic demands. Quantitative flux modeling suggests that multiple 

tumor types reduce ATP production compared to normal tissue; in the pancreas, this may 

be because PDAC tumors have lower protein synthesis rates, which would in turn decrease 

ATP demand114. Whether this metabolic switch occurs after transformation, or is an intrinsic 

feature of cells susceptible to transformation, remains to be determined. Even within the 

cancer cells of a tumor, cells can adopt different metabolic configurations according to their 

cell state. For example, quiescent cells rely on glutamate dehydrogenase (GDH) as a major 

route of glutamine anaplerosis; in contrast, transamination reactions drive most anaplerosis 

in proliferating cells115. Frequently, the stem-like cells that reside within a tumor show 

increased reliance on OXPHOS, which may be targeted therapeutically116. These results 

raise the possibility that phenotypic heterogeneity in cancer cells may be accompanied by 

targetable metabolic heterogeneity.

The best example of metabolic plasticity in cancer is the metabolic transitions that 

accompany various stages of metastasis. As cancer cells extravasate into the vasculature, 

travel to distant organs, and ultimately recolonize a new site, they are subject to changing 

environments that each impose distinct metabolic stresses. In particular, the oxidative stress 

imposed by circulation appears to be a major bottleneck to efficient metastasis. Reversible 

activation of NADPH-generating pathways enables successful metastasis, which is further 

heightened by providing exogenous antioxidants117. Compared to cells with low metastatic 

potential, efficiently metastasizing cells take up more lactate, which decreases intracellular 

pH and activates the pentose phosphate pathway, thereby increasing NADPH production118. 

Importantly, the role of oxidative stress in metastasis may be highly context specific: in 

models of pancreatic cancer, reactive oxygen species promote metastatic spread but also 

impairs tumor growth at secondary sites119.

Metastatic colonization imposes another set of significant metabolic challenges that vary 

depending on the site of colonization. The same tumor metastasizing to different organs 

will give rise to secondary tumors with distinct, organ-specific transcriptional profiles, 

potentially reflecting selection of cells with capacity to reseed a given organ or organ-

induced metabolic rewiring following colonization120, 121. In some cases, local metabolite 

availability can support metastatic seeding. When breast cancer cells migrate to the lung, 

they take advantage local pyruvate availability to produce αKG via pyruvate transamination; 

in turn, αKG-dependent prolyl hydroxylases induce collagen crosslinking and extracellular 

matrix maturation that favors metastatic outgrowth122. Further discussion on the role 

of antioxidants and metabolic reprogramming during metastasis can be found in recent 

reviews123.
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Expanding metabolic networks—Our increasing appreciation of metabolic diversity 

in cancer cells has helped to annotate and even extend our knowledge of intracellular 

metabolism, revealing additional nutrient sources new pathway configurations. Just as 

protein has emerged as an important substrate to support cancer cells when amino acids 

are limiting, unconventional substrates can also support sugar-dependent metabolic networks 

when glucose is limiting. For example, cancer cells can salvage ribose required for 

nucleotide biosynthesis and redox homeostasis from extracellular uridine or even RNA, and 

hyaluronic acid—a major component of the extracellular matrix—can provide glucosamine 

and glucuronic acid sugars via hexosamine salvage pathways124–127. Reduced nitrogen—

critical for biosynthesis of amino acids and nucleotides—can also be obtained by recycling 

ammonia that is otherwise a metabolic waste product ultimately discarded in the form of 

urea. Investigating oncogenotype-specific metabolic dependencies in NSCLC revealed that 

Kras/Lkb1-mutant NSCLC are particularly dependent upon carbamoyl phosphate synthase-1 

(CPS1), an initiating enzyme in the urea cycle traditionally considered to be restricted 

to hepatocytes. CPS1 condenses ammonia and bicarbonate to form carbamoyl phosphate 

that is required for de novo pyrimidine synthesis, thus allowing Kras/Lkb1-mutant NSCLC 

cells to capture ammonia for nucleotide synthesis128. Ammonia can also be incorporated 

into central carbon metabolism by reverse glutamate dehydrogenase flux in breast cancer 

cells129, thereby circumventing potentially toxic ammonia accumulation while salvaging 

valuable reduced nitrogen to support cell proliferation.

More broadly, many steps of metabolic pathways—including glycolysis and the TCA 

cycle—are close to thermodynamic equilibrium and thus readily reversible according to 

metabolite supply and demand130, 131. During hypoxia or ETC disruption, when traditional 

oxidative TCA cycle metabolism is constrained, cells can shift to reductive glutamine 

metabolism in which glutamine-derived αKG is carboxylated in an NADPH-dependent 

manner via reverse IDH activity to sustain citrate production required for cytosolic acetyl-

CoA and de novo lipid synthesis132, 133. Such reductive carboxylation allows cells to 

generate citrate from glutamine-derived carbons without the concomitant generation of 

NADH, thus providing an efficient adaptation for cells under conditions of impaired NAD+ 

regeneration. Cells can also circumvent several NADH-generating steps of the TCA cycle 

by engaging the citrate-malate shuttle, rather than the conventional TCA cycle, as an 

alternative cycle of continuous citrate regeneration (Figure 4C)134. Isotope tracing studies 

in cancer cells and immune cells demonstrate variable preference for each route of citrate 

regeneration, and the choice between canonical TCA cycle and citrate-malate shuttle can 

shift as stem cells undergo commitment and differentiation134, 135. These and similar studies 

collectively help erode traditional views of metabolism embedded in textbooks and reveal 

the diverse metabolic configurations that support cell function in various environmental 

contexts and cell state configurations.

Additional roles of metabolic enzymes—A handful of metabolic enzymes have 

functions beyond those of their traditional catalytic activity. Such ‘moonlighting’ allows 

metabolic enzymes to participate in cellular processes beyond metabolism, potentially 

expanding the sphere of influence of metabolic networks to other cellular functions. 

There are two classic examples of moonlighting activity: cytochrome c and aconitase 1. 
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Cytochrome c normally resides on the inner mitochondrial membrane where it carries 

electrons between complex III and IV of the electron transport chain. Upon initiation 

of apoptotic cascades, cytochrome c is released to the cytosol where it binds protease-

activating factor 1 (Apaf1), forming the apoptosome. The critical role of this moonlighting 

function—rather than electron transport function—in execution of cell death programs was 

demonstrated by mutant forms of cytochrome c that retain electron transfer ability while 

disrupting Apaf1 interactions136. Analogously, under homeostatic conditions, cytosolic 

aconitase (ACO1) catalyzes the interconversion of citrate and aconitate. Upon iron 

starvation, ACO1 gains the ability to bind mRNAs with specific recognition structures 

known as iron-responsive elements (IREs); in this capacity, ACO1 is often referred to as 

IRE binding protein (IRE-BP) or iron-responsive protein (IRP) 1. IRE binding allows IRP1 

to alter stability of mRNAs involved in iron uptake and storage, and the switch between 

aconitase and IRE binding capacity is fully reversible depending on assembly of the [4Fe4S] 

cluster required for aconitase activity137. Here, the functional switch from aconitase to IRE 

binding allows for a clearly observable distinction between conventional aconitase function 

and IRE binding activity.

There is growing appreciation that the dysregulated or heterogeneous expression of 

metabolic enzymes in cancer cells may do more than just control flux through their 

respective pathways. For example, the gluconeogenic enzyme fructose-1,6-bisphosphatase 

1 (FBP1) is strongly downregulated in clear cell renal cell carcinoma (ccRCC)138. Perhaps 

unsurprisingly given its role in gluconeogenesis, restoring FBP1 activity in ccRCC cells 

antagonizes forward glycolytic flux and slows ccRCC growth. More surprisingly, catalytic 

dead versions of FBP1 also restrained glucose metabolism and slowed tumor growth, 

indicating that functions of FBP1 beyond its traditional enzymatic role contribute to its 

tumor suppressive ability. Indeed, in normal kidney tubules, FBP1 can localize to the 

nucleus where it binds and inhibits HIF, blocking transcription of hypoxia responsive 

genes138. As many metabolic enzymes are highly abundant, there is ample potential for 

enzymes to interact with, and potentially regulate, proteins in diverse functional pathways. 

For example, PHGDH can bind phosphofructokinase (PFK) and potentiate its glycolytic 

activity; accordingly, breast cancer cells with low PHGDH expression have reduced PFK 

flux139. PHGDH-low cells divert glycolytic intermediates upstream of PFK to the sialic 

acid pathway which in turn promotes integrin signaling and cancer metastasis, providing a 

mechanistic explanation for the increased metastatic propensity of breast cancer cells with 

low PHGDH expression139.

Distinguishing between the contributions of enzymatic activity and moonlighting activity 

to cancer phenotypes requires generation of catalytic-dead mutants and/or mutants that 

specifically impair moonlighting function. Notably, overexpressing both wild-type and 

catalytic-dead PHGDH restrained breast cancer cell metastasis, supporting the notion that 

PHGDH harbors non-enzymatic moonlighting activities139. Similarly, excluding FBP1 from 

the nucleus prevented its ability to slow tumor growth, underscoring the importance of 

this nuclear moonlighting role of FBP1138. In contrast, while many metabolic enzymes 

have been reported to harbor unconventional catalytic activities (for example, metabolite 

kinases using proteins as alternative substrates), the importance of these additional functions 

is difficult to parse absent genetic mutations that enable separation of function140. Taken 
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together, while it is tempting to speculate that these moonlighting functions allow for 

conjoined regulation of distinct cellular pathways, future work should address the degree to 

which these additional activities are generalizable, required for specific outcomes, and/or or 

under selective pressure.

What distinguishes cancer metabolism from cell metabolism?

As discussed above, metabolic networks take many forms in both cancer cells and 

normal cells, and pathways can be dynamically regulated according to environmental 

context or cell state. Thus, absent specific metabolic mutations, there is considerable 

overlap between the metabolic states available to cancer cells and normal cells. What, 

then, truly distinguishes cancer metabolism from normal cell metabolism? The major 

feature that reliably distinguishes the study of cancer metabolism is the cancer patient 

themselves. Accordingly, putting cancer cell metabolism in context of the host is essential 

for understanding cancer evolution and identifying therapeutic opportunities.

Intersection with host physiology—Host physiology has clear impact on tumor 

progression: age, diet, exercise, and even gut microbiota can affect tumor incidence and 

progression116, 141, 142. Both systemic and local factors likely play important roles in tumor 

development and can do so by directly acting on cancer cells or indirectly by acting on 

immune or other stromal cells that can control cancer development. Recently, the interaction 

between cancer and immune cells has gained great attention as a potential mechanism 

by which host physiology may affect tumor biology. For example, high fat diet dampens 

anti-tumor immune responses in mice as a result of metabolic competition within the tumor 

microenvironment: when exposed to a high fat diet, cancer cells increase fatty acid uptake 

and metabolism, paradoxically depriving cytotoxic T-cells of critical nutrients. Accordingly, 

blocking cancer cell fatty acid oxidation restores anti-tumor immunity in mice fed a high-fat 

diet143. Dietary composition can also directly affect cancer cells, conceivably by providing 

a fitness advantage to cancer cells in one cell state over another or by inducing signaling or 

transcriptional pathways that control cancer cell state. For example, high fat diets promote 

emergence of colorectal cancer at least in part by increasing self-renewal capacity of 

intestinal progenitors144, 145. Likewise, dietary fructose is readily taken up by the intestinal 

epithelium where it signals to control glycolysis and promote intestinal hyperplasia and 

tumorigenesis146, 147. Following excessive fructose consumption, gut microbiota metabolize 

fructose to acetate148, which is reported to be an important fuel for several tumor types149. 

Taken together, it is increasingly clear that complex interactions underlie the relationship 

between host physiology and tumor progression and this topic is discussed in depth in recent 

reviews116, 141, 142.

Cancer can also affect the host. The most obvious example is cachexia, a process in 

which advanced tumors induce host tissue wasting. Cachexia induces devastating loss of 

quality of life and often accelerates patient mortality. Consequently, there is great interest in 

identifying strategies to delay or reverse cachexia; nevertheless, why tumors induce cachexia 

remains essentially unknown150. Central hypotheses include altered circulating metabolites 

due to tumor growth or changes in circulating factors (either derived from the tumor, 

immune system, or other impacted organ) that ultimately induce wasting of skeletal muscle 
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and other organs. Likely, all of these factors may come into play, and may also be tumor—

or even patient—specific. Continued dissection of how tumors arising in specific organs 

signal throughout the host will reveal novel insight into how mammals maintain organismal 

homeostasis and how this is disrupted in cancer patients.

Targeting tumor metabolism—The ultimate goal of studying cancer metabolism is to 

improve cancer care. Metabolic networks that sustain cancer cell proliferation or malignancy 

are attractive targets, but several challenges have hampered development of inhibitors 

that trigger effective and durable responses. One central challenge is general toxicity: 

as both cancer cells and normal cells rely on many of the same metabolic networks, it 

can be difficult to identify a therapeutic window that enables specific targeting of cancer 

cells. Metabolic plasticity poses an additional, formidable challenge. Cells harbor multiple 

redundant mechanisms to sustain key metabolic fluxes and can often, with time, circumvent 

toxicity induced by pathway inhibition by rerouting metabolic networks to cope with the 

interruption or transitioning to an alternate cell state less reliant on the targeted pathway. 

Even if plasticity is constrained—not all metabolic networks are equally accessible to all cell 

types—cancer cells, like normal cells, exist in heterogeneous cell states that are associated 

with different metabolic signatures151. Cancer cell heterogeneity and phenotypic plasticity 

heighten the difficulty of identifying metabolic pathways that are both uniformly required 

for the diverse population of cancer cells in a tumor and significantly different from the vast 

array of normal cells in the body.

Despite these challenges, there are several promising strategies for targeting cancer 

metabolism (Figure 6): 1) inhibiting a cancer-specific mutant enzyme whose activity is 

required to sustain tumor growth; 2) blocking a metabolic pathway that has become essential 

because of therapeutic interventions or genetic mutations accrued by cancer cells, and 3) 

targeting critical or redundant metabolic pathways to hobble an essential output. Blocking 

high flux, essential metabolic pathways has proven to be highly effective in certain contexts 

and is the basis for the oldest chemotherapies: anti-metabolites, which interfere with 

nucleotide synthesis or use and are still in clinical use today. Many ongoing efforts focus on 

other high-flux pathways that are critical to cancer cells, including OXPHOS and glutamine 

metabolism. Given that these pathways are features of normal cells, identifying a therapeutic 

window with acceptable toxicity can be challenging152. Nevertheless, antimetabolites are 

clearly effective components of therapy in some tumor types indicating that targeting 

metabolism is a viable strategy for some patients153, 154.

Some cell types may harbor inherent liabilities: acute lymphoblastic leukemia cells have 

high asparagine demand but low capacity to synthesize asparagine de novo; accordingly, 

asparaginase treatment is a component of effective therapy in these tumors68, 155. In other 

cases, it may be possible to target liabilities induced by specific mutations. For example, 

SDH- and FH-deficient tumors are dependent upon metabolic networks that allow them 

to cope with TCA cycle truncation; targeting these alternative strategies or exploiting 

their oncometabolite-induced deficiencies in homologous recombination DNA repair may 

represent a therapeutic opportunity156. Perhaps the biggest success in cancer metabolism to 

date is therapeutic targeting of mutant IDH. Here, small molecules that specifically target the 

cancer-specific IDH mutations reduce 2HG production and have shown efficacy in certain 
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tumor types, although relapse does occur70. Given the diversity and plasticity of metabolic 

networks that support cancer growth, it is unlikely any single metabolic intervention 

will elicit durable outcomes. More likely, metabolic interventions in combination with 

orthogonal approaches will provide an avenue to treat specific tumors, likely by crippling 

cells that are spared by conventional agents.

More recently, dietary manipulation of host metabolism has emerged as a novel strategy to 

improve anti-tumor therapies141. Dietary methionine restriction limits influx into the folate 

cycle that supports nucleotide synthesis and increases response to chemotherapy or radiation 

in mouse models of colorectal cancer and sarcoma157. Similarly, ketogenic diets increase 

efficacy of PI3K inhibitors in multiple mouse models of cancer by limiting the transient 

hyperglycemia and insulin signaling rebound that otherwise follows PI3K inhibition158. 

The above interventions, excepting therapies that target cancer-specific mutations, will 

target all cells within the tumor—not just cancer cells. As immune and cancer cells 

often share similar metabolic demands, such interventions may also affect anti-tumor 

immunity154. For example, T cell effector function is limited by methionine availability, 

and increasing circulating methionine improved anti-tumor immune responses in mouse 

models of colon cancer159. Therefore, effectively targeting cancer metabolism requires a 

thorough understanding of the local metabolic interactions that support tumor growth as well 

as consideration of long-term effects on normal cell populations.

Challenges and opportunities

Studies in cancer cells have shown how metabolites support multiple steps of oncogenesis, 

from facilitating aberrant cell fate regulation, fueling growth and proliferation, and 

enabling survival in diverse microenvironments. Although these metabolic outputs are rarely 

transforming in themselves, they can support cancer growth and progression and so are 

frequently nominated as therapeutic targets. However, the degree to which metabolism 

represents a targetable node for cancer therapy relies on the extent to which cancer cells 

harbor metabolic preferences that are significantly different from normal cells critical for 

organismal health and homeostasis. Therefore, a central challenge for the field moving 

forward is to apply the same level of rigor and interest as has been applied to cancer 

cells to unravel the metabolic networks that support the emergence and maintenance of 

normal tissues. While funders may be hesitant to see the value of such studies, they are 

necessary to understand how metabolism is remodeled during diseases and a prerequisite for 

designing safe, effective therapies that spare normal tissue function. Advances in functional 

genomics, such as the capacity to perform CRISPR-mediated screening in tissues in adult 

mice160, will facilitate comparison of how cancer cells and normal cells respond to acute 

perturbation of metabolic genes. Isotope tracing studies in animals and human patients 

are beginning to illuminate metabolic networks employed by tissues and tumors in vivo, 

although these studies can be hampered by the complexities of host metabolism and the 

potential for highly variable perfusion and cell composition across different samples. Here, 

spatial imaging approaches and/or tracing to metabolic endpoints that remain stable even 

after cell isolation161 will provide opportunities to dissect metabolic pathways of specific 

regions or cell types. A continued challenge will be to capture rare or transient metabolic 

states that may nevertheless be critical for cell function or tissue homeostasis. Given that 
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to date most of our understanding of how metabolism supports cell proliferation is based 

on studies in cancer cells, such experiments querying the metabolic strategies employed 

by non-transformed cells are required to identify metabolic signatures that truly distinguish 

cancer cells from normal cells.

At the same time, cultured cancer cells continue to provide an outstanding model system 

to delineate metabolic networks in mammalian cells, and much remains to be discovered 

regarding how cells wire metabolic pathways in response to diverse stimuli. For example, 

CRISPR screens are helping to de-orphanize a raft of transporters and proteins involved in 

central metabolism, and screens performed in different cells or conditions are illuminating 

the various metabolic configurations that support cell function. Isotope tracing in cultured 

cells avoids many of the limitations inherent in in vivo experiments and allows for precise 

mechanistic dissection of the intracellular networks that support cell growth. Similarly, 

rapid organelle purification has facilitated discovery of metabolic alterations that would 

not be detectable when averaging signal across all cellular compartments162. The rapid 

turnover of many metabolites relative to the timescales of purification, however quick, 

limits the metabolites that can be reliably assessed with such approaches; nevertheless 

mass spectrometry methods employing specific isotopic standards to correct for post-harvest 

metabolism163, development of metabolite sensors and the expanding toolkit of heterologous 

enzymes that target specific enzymatic capacity to distinct subcellular compartments are 

collectively driving unprecedented insight into the metabolic networks that occur throughout 

living cells. Moving forward, the development and refinement of complex cell culture 

models of both normal cells and tumor cells—namely, organoids or tumoroids—will 

reveal how cell metabolism is affected in more complex ecosystems and demonstrate how 

metabolism shapes relationships between different cell types. A deeper understanding of 

how metabolic networks support cell function will provide opportunities to better tailor 

treatments to patients and, hopefully, improve therapeutic outcomes.
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Figure 1. Warburg and Pasteur effects.
When oxygen is not present, the glycolytic breakdown of sugars (such as glucose) is 

sustained by converting the glycolytic end-product pyruvate to ethanol or lactate in a 

process known as fermentation (middle). Fermentation allows organisms to generate ATP 

from sugar without oxygen. The Pasteur effect describes the phenomenon in which oxygen 

suppresses fermentation by allowing organisms to oxidize pyruvate to carbon dioxide (left). 

The Warburg effect refers to the persistent fermentation (lactate production) of mammalian 

cells even when oxygen is abundant (right).
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Figure 2. Mechanisms of nutrient uptake.
Nutrient uptake is largely initiated by receptor tyrosine kinases (RTK) which activate 

signaling cascades that promote the membrane localization of nutrient transporters and 

activity of enzymes that metabolize—and therefore help capture—nutrients. Signaling 

pathways downstream of PI3K, most notably RAS, can also direct bulk uptake of 

macromolecules via macropinocytosis. Nutrient uptake is also facilitated by transcriptional 

induction of membrane transporters via oncogenic transcription factors hypoxia inducible 

factor (HIF) and MYC. Genes frequently mutated or activated in cancer are colored in pink.
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Figure 3. Biosynthetic networks.
Once inside the cell, nutrients—most notably glucose and glutamine—are funneled into 

metabolic networks that provide the building blocks necessary to produce the major 

macromolecules for growth: lipids, nucleotides and protein. Critical metabolic building 

blocks are shown in green. Major routes for ATP and reducing equivalent (NADPH) 

production are highlighted. Metabolic regulators commonly activated in cancer are shown 

in pink. Dashed lines represent transcriptional control of metabolic pathways by indicated 

transcription factors. PPP, pentose phosphate pathway. OXPHOS, oxidative phosphorylation.

Finley Page 30

Cell. Author manuscript; available in PMC 2024 April 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Electron carrier regeneration.
All metabolic pathways require a continuous supply of electron donors and acceptors. A, 
Basic principles of redox reactions. For a more reduced metabolite (A) to be converted 

to a more oxidized metabolite (B), an electron carrier (commonly NAD+) is required 

to accept reducing equivalents from A. Continued production of B depends on electron 

carrier regeneration, which can be achieved by the reduced electron carrier (here, NADH) 

donating electrons to another electron acceptor (for example, complex I of the electron 

transport chain). B, Major cytosolic sources of NADH are glycolysis (which produces 

2 NADH for each molecule of glucose) and de novo serine synthesis. Continued flux 

through these pathways requires regeneration of oxidized NAD+. C, Reduction of pyruvate 

to lactate via LDH is a major source of cytosolic NAD+ regeneration, although if pyruvate 

is produced via glycolysis this reaction is redox neutral. Electrons can be transferred to 

the cytosol via electron shuttles. The glycerol 3-phosphate (GPS) shuttle couples reduction 

of dihydroxyacetone phosphate (DHAP) to glycerol 3-phosphate with oxidation of glycerol 

3-phosphate back to DHAP thereby transferring reducing equivalents into the mitochondrial 

electron transport chain (ETC). Both the citrate-malate shuttle (CMS) and malate-aspartate 

shuttles (MAS) transfer reducing equivalents into mitochondria via reduction of cytosolic 

oxaloacetate to malate, which is imported into the mitochondria to regenerate oxaloacetate 

and NADH. The ETC is a major source of electron carrier regeneration and electrons are 

ultimately used to reduce oxygen to form water. Purple boxes, reduced electron carriers. 

Green boxes, oxidized metabolites that become limiting in reductive conditions.

Finley Page 31

Cell. Author manuscript; available in PMC 2024 April 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Intersection between metabolism and chromatin.
A, Overview of metabolites that are substrates and inhibitors of major chromatin-modifying 

enzymes. DNA and histone methylation is deposited by methyltransferases (MT) that 

use S-adenosylmethionine (SAM) as a methyl donor, producing S-adenosylhomocysteine 

(SAH) as a product. Histone acetyltransferases (HAT) use acetyl-CoA or other related 

acyl-CoAs as substrates to modify histone lysine residues. Most histone deacetylases 

(HDAC) use water to catalyze simple hydrolysis of acetylated lysine, yielding acetate. 

Some mono- and dimethylated histone lysine residues can be removed by lysine-specific 

demethylase 1 (LSD1), which uses FAD as a cofactor that is reoxidized by molecular 

oxygen. Most lysine and arginine methylation is removed by jumonji-domain containing 

histone demethylases (JHDM) that use alpha-ketoglutarate (αKG) and molecular oxygen 

as co-substrates to hydroxylate methylated residues, yielding succinate and carbon dioxide 

as products. The unstable hydroxyl-methyl intermediate is lost as formaldehyde. DNA 

methylation is removed by the ten-eleven translocation (TET) family of enzymes that 

hydroxylate DNA methylcytosine to 5-hydroxymethylcytosine (5hmC). 5hmC can lead to 

passive loss of DNA methylation during cell division or can be iteratively oxidized to 

5-formylcytosine (5fC) or 5-carboxycytosine (5caC) which can be actively removed and 

replaced with unmodified cytosine. Metabolites whose abundance is linked to changes in 

chromatin modifications are highlighted in orange (promoting acetylation), teal (promoting 

methylation) or purple (reducing methylation). B, Mutations in genes encoding components 

of the TCA cycle or malate-aspartate shuttle (highlighted in red) are found in human cancer 

patients. Somatic mutations in isocitrate dehydrogenase (IDH1/2) enable production of 

D-2HG from αKG. Germline mutations in components of succinate dehydrogenase complex 

(SDH) or fumarate hydratase (FH) are associated with tumor predisposition syndromes 

marked by loss of heterozygosity and accumulation of succinate or fumarate, respectively. 

All 3 oncometabolites, highlighted in orange, can inhibit αKG-dependent dioxygenases 

including the JHDM, TET or prolyl hydroxylase (PHD) proteins and are associated with 

hypermetylation of histones (Kme) or DNA (5mC) and normoxic stabilization of hypoxia 

inducible factor alpha subunits (HIFα).
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Figure 6. Strategies for targeting metabolism.
A, Metabolic interventions hold particular promise in tumors in which oncogenic mutations 

induce reliance on a specific metabolic pathway. For example, IDH1/2-mutant tumors use 

mutant IDH1/2 to produce D-2HG from αKG. Blocking this cancer-specific pathway has 

shown therapeutic efficacy in some patients. B, Some tumors have metabolic liabilities 

that arise as a result of their oncogenic mutations. For example, the truncated TCA cycle 

in SDH- and FH-deficient tumors imposes reliance on alternative metabolic pathways that 

may therefor represent a selective liability in these cancer cells relative to normal cells. C, 
Targeting a major metabolic pathway (e.x. glutamine usage or OXPHOS) may hold promise 

but efficacy may be constrained by alternative mechanisms that allow cells to circumvent 

such inhibition. In this scenario, dual targeting of compensatory pathways could represent an 

effective strategy, although toxicity to normal cells is likely to be a major risk.
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