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SUMMARY

Tumors display reprogrammed metabolic activities that promote cancer progression. We currently 

possess a limited understanding of the processes governing tumor metabolism in vivo and of the 

most efficient approaches to identify metabolic vulnerabilities susceptible to therapeutic targeting. 

While much of the literature focuses on stereotyped, cell-autonomous pathways like glycolysis, 

recent work emphasizes heterogeneity and flexibility of metabolism between tumors and even 

within distinct regions of solid tumors. Metabolic heterogeneity is important because it influences 

therapeutic vulnerabilities and may predict clinical outcomes. This Review describes current 

concepts about metabolic regulation in tumors, focusing on processes intrinsic to cancer cells and 

on factors imposed upon cancer cells by the tumor microenvironment. We discuss experimental 

approaches to identify subtype-selective metabolic vulnerabilities in preclinical cancer models. 

Finally, we describe efforts to characterize metabolism in primary human tumors, which should 

produce new insights into metabolic heterogeneity in the context of clinically-relevant 

microenvironments.

INTRODUCTION

The field of cancer metabolism was founded on the principle that tumors share homogenous 

metabolic features that distinguish them from non-malignant tissues. Early studies by Otto 

Warburg in the 1920s quantified nutrient and gas exchanges in primary tissues and 

culminated in his view that a marked, irreversible suppression of respiration was not only a 

generalized characteristic of tumor metabolism, but held the key to cancer therapy (Warburg, 

1956). The kernel of this view was Warburg’s observation that tumor tissue and cancer cells 

convert glucose to lactate under aerobic conditions, rather than oxidizing the glucose to CO2. 

Controversy ensued about the extent of respiratory impairment in tumors, with many lines of 

evidence arguing against permanent damage to respiratory mechanisms as a general feature 

of cancer (for an excellent discussion of this history, see (Koppenol et al., 2011)). 

Nevertheless, the concept of the Warburg effect (i.e. excessive aerobic glycolysis) as a 
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hallmark of malignancy persists and is supported by the observation that oncogene 

expression is sufficient to stimulate various aspects of glycolysis in cultured cells (Elstrom et 

al., 2004; Flier et al., 1987; Shim et al., 1997).

It is increasingly clear that cancer cells and tumors have heterogeneous metabolic 

preferences and dependencies, and the recent application of advanced technologies including 

metabolomics, metabolic flux analysis and functional genomics supports this view. 

Metabolic phenotypes in tumors are both heterogeneous and flexible, and they result from 

the combined effects of many different factors, some intrinsic to the cancer cell (e.g., cell 

lineage; differentiation state; somatically-acquired mutations) and others imposed by the 

microenvironment (e.g. nutrient milieu; interactions with extracellular matrix and stromal 

cells). Understanding how metabolic phenotypes emerge and evolve will demand that we 

understand the influence of these factors and their relative impact on the tumor.

Cancer metabolism consists of both convergent and divergent metabolic phenotypes, and it 

is useful to consider what these properties can tell us about the mechanistic basis of 

metabolic reprogramming and implications for therapy (Figure 1). Convergent properties are 

stimulated by any of a large number of factors and thus are shared among diverse tumor 

types. These properties include widely studied pathways under oncogenic control, such as 

the enhanced ability to generate energy, synthesize macromolecules and maintain redox 

homeostasis (DeBerardinis and Chandel, 2016). Some convergent properties are considered 

hallmarks of malignancy (Hanahan and Weinberg, 2011). Glycolysis is a prime example of a 

convergent property, because it can be activated by many different oncogenic drivers or by 

hypoxia (Elstrom et al., 2004; Flier et al., 1987; Shim et al., 1997). Divergent properties 

occur when distinct factors stimulate heterogeneous pathways, leading to idiosyncratic or 

subtype-selective phenotypes. Examples of divergent pathways include (R)-2HG 

accumulation in tumors with IDH1 or IDH2 mutations, or metabolic preferences that 

differentiate tumors with distinct oncogenotypes (Dang et al., 2009; Shackelford et al., 2013; 

Ward et al., 2010). Interest in divergent pathways has risen markedly over the past decade, 

increasing our appreciation of metabolic heterogeneity in cancer (Boroughs and 

DeBerardinis, 2015). Understanding metabolic heterogeneity is important because it 

influences how we think about exploiting metabolic reprogramming to treat cancer. 

Therapies against convergent vs. divergent properties would have distinct challenges. In 

principle, treatments targeting convergent phenotypes would have broad utility, but in 

practice these core pathways are usually shared by non-malignant tissues, possibly 

narrowing the therapeutic index. In contrast divergent properties are by definition confined 

to subsets of cancers, and as a result targeting them may result in more acceptable toxicity 

profiles, although efficacy would be limited to distinct subsets.

This review considers how heterogeneous metabolic phenotypes arise in tumors. It also 

discusses the implications of metabolic heterogeneity on therapeutic vulnerabilities in 

cancer, and how new approaches are improving our ability to study metabolic heterogeneity 

in disease-relevant contexts.
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METABOLIC HETEROGENEITY INDUCED BY GENETIC ALTERATIONS

As analysis of cancer genetics and metabolism merged over the past two decades, it became 

clear that mutations in oncogenes and tumor suppressors can stimulate cell-autonomous 

metabolic reprogramming. Human lung adenocarcinoma provides an example of the 

prevalence of mutations that can perturb metabolism (Cancer Genome Atlas Research, 

2014). In these tumors, all seven of the genes with the highest frequency of somatically-

acquired mutations, TP53, KRAS, KEAP1, STK11, EGFR, NF1 and BRAF, have been 

reported to regulate metabolism either directly or indirectly. These mutations contribute to 

metabolic heterogeneity because divergent, cell-autonomous metabolic effects have been 

reported for specific mutations, such as the predilection of KEAP1-mutant tumors to resist 

oxidative stress and require glutamine catabolism (Romero et al., 2017). Thus, the 

oncogenotype can drive particular metabolic features in tumors arising in the same tissue 

(Figure 2A).

Much of what we know about how the oncogenotype reprograms metabolism comes from 

isogenic models containing or lacking a mutation of interest. This approach isolates the 

metabolic impact of mutations one at a time and provides a basis for genotype-phenotype 

relationships in cancer metabolism. But the extensive molecular heterogeneity of human 

tumors may obscure the effects of mutations in any one gene, limiting the ability of isogenic 

models to uncover metabolic features that will translate to clinical studies. Most human 

tumors acquire hundreds of somatic mutations in coding regions (Martincorena and 

Campbell, 2015), many of which are predicted to impact metabolism. Studies in isogenic 

systems do not test whether mutations in single genes elicit metabolic effects robust enough 

to be detected across genetically-diverse tumors.

A few studies have begun to profile many tumors or cell lines derived from the same type of 

cancer to test whether single-gene effects drive recognizable metabolic features. A large 

study of metabolic heterogeneity in patient-derived melanoma xenografts concluded that 

every tumor had a unique metabolomic signature (Shi et al., 2017). Strikingly, each of over 

180 tumor fragments analyzed in the study was most related to all other fragments 

descended from the same human tumor, even when the fragments arose from tumors in 

different mice. Oncogenic BRAF, a common driver mutation with clear metabolic effects in 

isogenic studies, was not sufficient to produce a recognizable metabolomic fingerprint in this 

genetically-diverse tumor panel. BRAF-mutant tumors did, however, have consistent 

features in more focused metabolic analyses, such as a high turnover of glycolytic 

intermediates during infusion with 13C-glucose.

Profiling panels of cancer cell lines can identify metabolic alterations referable to one 

mutation or a combination of mutations. Dependence on de novo serine biosynthesis can be 

directed by genomic amplification of the gene encoding phosphoglycerate dehydrogenase 

(PHGDH) (Locasale et al., 2011; Possemato et al., 2011). Unbiased profiling in several 

dozen lung cancer cell lines revealed that activation of the NRF2 transcriptional program, 

through KEAP1 loss and other mechanisms, also regulates activity and dependence on this 

pathway (DeNicola et al., 2015). Pancreatic ductal adenocarcinoma is dominated by 

oncogenic KRAS mutations, but metabolic profiling in cell lines revealed distinct metabolic 
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subclasses correlating with expression of mesenchymal markers and sensitivity to specific 

metabolic inhibitors (Daemen et al., 2015). In small cell lung cancer (SCLC), analysis of 25 

genetically-distinct cell lines revealed a metabolomic signature that distinguished cell lines 

containing or lacking the lineage oncoprotein ASCL1 (Huang et al., 2018). In this study, 

most ASCL1-low cell lines had high levels of MYC and expressed the guanosine 

biosynthetic enzymes inosine monophosphate dehydrogenase-1 and −2 (IMPDH1 and 

IMPDH2), both of which are MYC transcriptional targets. MYC expression was sufficient to 

enhance guanosine synthesis and to render SCLC cells sensitive to IMPDH inhibitors in 

culture and in vivo (Huang et al., 2018). An even broader study profiling over 900 cell lines 

from the Cancer Cell Line Encyclopedia revealed remarkable metabolic heterogeneity and 

uncovered novel associations among metabolites, gene expression signatures and therapeutic 

sensitivities, including hypermethylation of the gene encoding asparagine synthetase 

(ASNS) and sensitivity to L-asparaginase (Li et al., 2019). Altogether these studies show 

that even in cancer cell lines, divergent metabolic properties can point towards therapeutic 

vulnerabilities.

To fully understand the genetic basis of metabolic heterogeneity in cancer, we also need to 

consider the combinatorial effects of coincident mutations, because these combinations can 

change the clinical features of the tumor. Several studies have begun to do this, particularly 

in non-small cell lung cancer (NSCLC) where the large number of cell lines and mouse 

models make it feasible to detect combinatorial effects. Oncogenic KRAS has many effects 

on metabolism, but KRAS-mutant tumors contain other mutations that also modify 

metabolism. For example, KRAS stimulates macropinocytosis, which allows cancer cells to 

scavenge extracellular protein as a source of nutrition (Commisso et al., 2013). Other 

signaling pathways modify the ability of macropinocytosis to promote cell growth, with 

activation of Akt and mTORC1 addicting cells to free amino acids and impairing growth on 

extracellular protein (Palm et al., 2017; Palm et al., 2015). NSCLC cells with concurrent 

mutations in KRAS and STK11 develop a metabolomic signature of altered nitrogen 

metabolism distinct from cells containing oncogenic KRAS alone. The metabolic response 

to STK11 loss in the context of oncogenic KRAS includes addiction to the urea cycle 

enzyme carbamoyl-phosphate synthase-1 (CPS1) (Kim et al., 2017). Although STK11 loss 

is sufficient to drive CPS1 expression, only cells with concomitant mutations in STK11 and 

KRAS require CPS1 for survival. CPS1 dependence is related to its ability to sustain pools 

of pyrimidine nucleotides, which comprise a node of metabolic vulnerability in cells with 

this combination of mutations (Kim et al., 2017; Liu et al., 2013).

Genomic deletions also contribute to metabolic heterogeneity. These effects include 

bystander deletions of genes encoding metabolic enzymes that neighbor tumor suppressor 

genes. Homozygous deletion of CDKN2A, a tumor suppressor on human chromosome 

9p21, usually involves co-deletion of the gene encoding methylthioadenosine phosphorylase 

(MTAP). Loss of MTAP results in elevated levels of methylthioadenosine (MTA), which 

partially inhibits the arginine methyltransferase PRMT5 and sensitizes cells to small-

molecule PRMT5 inhibitors (Kryukov et al., 2016; Marjon et al., 2016). Thus, passenger 

deletion of a metabolic enzyme results in a therapeutic liability that can be exploited in pre-

clinical cancer models.
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EFFECT OF CELL AND TISSUE OF ORIGIN ON METABOLIC 

HETEROGENEITY

In mammals, homeostasis requires dispersion of metabolic functions among the organs. 

During fasting and catabolic stress, the liver disposes of excess nitrogen through the urea 

cycle and produces glucose and ketone bodies for use by other organs. Muscle, adipose 

tissue, and lungs synthesize and release glutamine, while the kidney catabolizes it to 

generate ammonia for acid-base balance and carbon for gluconeogenesis (Hensley et al., 

2013; Stumvoll et al., 1999). Germline mutations in enzymes from these pathways alter 

homeostasis and result in systemic diseases. Expression profiling indicates that tumors tend 

to retain the metabolic network of the parental tissue, in part through tissue-specific 

epigenetic regulation (Gaude and Frezza, 2016; Hu et al., 2013). This may explain the 

finding that oncogenic drivers induce different metabolic phenotypes in tumors arising in 

different organs (Figure 2B). In mice, MYC stimulates glutamine catabolism in liver tumors 

but glutamine synthesis in the lung (Yuneva et al., 2012). Similarly, oncogenic KRAS has 

different effects on branched-amino acid (BCAA) metabolism in lung and pancreatic tumors 

(Mayers et al., 2016).

It follows that tumors located in the same tissue but derived from different cells of origin or 

acquiring distinct molecular and histological features would also display different metabolic 

properties. This appears to be the case in some human cancers. Gene expression signatures 

delineate clinically distinct subtypes of breast cancer (Perou et al., 2000), and these subtypes 

exhibit metabolic differences defined by lineage-specific gene expression patterns. Basal 

breast tumors express low levels of glutamine synthetase (glutamate-ammonia ligase, 

GLUL), and cells derived from these tumors are dependent on an exogenous glutamine 

supply. In contrast, luminal tumor cells express GLUL and resist glutamine deprivation in 

culture (Kung et al., 2011). Cell lines derived from triple-negative breast cancers, 

particularly basal and claudin-low tumors, consume glutamine to drive cystine import 

through the xCT glutamate-cystine antiporter. Withdrawing glutamine or inhibiting xCT 

suppresses growth of this subtype (Timmerman et al., 2013). Different subtypes of non-

small cell lung cancer also exhibit distinct metabolic phenotypes and liabilities. Compared to 

human lung adenocarcinomas, squamous cell tumors express higher levels of the glucose 

transporter GLUT1, have higher uptake of the glucose analog FDG on clinical PET imaging, 

and display sensitivity to glucose uptake inhibitors in xenograft models (Goodwin et al., 

2017).

EPIGENETIC REGULATION OF METABOLIC HETEROGENEITY

Many aspects of tumor heterogeneity result from epigenetic rather than genomic alterations. 

Epigenetic control of gene expression is fine-tuned by a balance between enzymes that 

“write” regulatory marks onto DNA and histones (e.g. DNA- and histone methyltransferases 

and histone acetyltransferases) and enzymes that “erase” these marks (e.g. histone-

deacetylases, histone- and DNA-demethylases)(Allis and Jenuwein, 2016). Epigenetics 

contributes to cell fate determination and is a major driver of functional heterogeneity in 

mammalian tissues. Within tumors, cellular and clonal heterogeneity is partially determined 
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by epigenetically-defined hierarchies. During oncogenesis, environmental stress including 

ROS accumulation can promote clonal expansion of cells with epigenetic abnormalities 

(Easwaran et al., 2014). Further alterations confer tumor-initiating capacity to a subset of 

these cells, which need to acquire metabolic properties consistent with long-term survival in 

the tumor microenvironment (Jones and Baylin, 2002; Machida, 2017).

Because metabolic intermediates serve as cofactors and substrates for epigenetic writers and 

erasers, the metabolic state influences epigenetics (Figure 3) (Kaelin and McKnight, 2013). 

DNA methyltransferases (DNMTs) catalyze the covalent addition of a methyl group to 

cytosine to form 5-methylcytosine, with highly methylated CpG islands generally associated 

with transcriptional repression (Edwards et al., 2017). Widespread DNA hypomethylation is 

a prominent feature of cancer genomes (Kulis and Esteller, 2010), while hypermethylation 

of regulatory regions is a mechanism to inactivate expression of tumor suppressor genes 

such as BRCA1 and RB (Esteller, 2002; Herman, 1999). Histone methyltransferases 

(HMTs) catalyze transfer of methyl groups to lysine and arginine in histone proteins (Hyun 

et al., 2017), resulting in either activation or repression of gene expression depending on the 

mark. Both DNMTs and HMTs utilize S-adenosylmethionine (SAM), an intermediate of the 

methionine cycle, as a methyl donor (Figure 3) (Ulrey et al., 2005). After donating its 

methyl group, SAM becomes S-adenosyl-homocysteine (SAH), which inhibits DNMTs and 

HMTs. Thus, alterations in the SAM/SAH ratio regulate methyltransferase activity 

(Williams and Schalinske, 2007). In cancer, enhanced flow through the methionine cycle 

produces an excess of SAM and contributes to hypermethylation of DNA and histones, and 

inappropriate gene silencing (Maddocks et al., 2016; Ulanovskaya et al., 2013).

TCA cycle intermediates also influence the epigenetic landscape. DNA and histone 

demethylation is catalyzed by 10–11 translocation (TETs) enzymes and Jumonji C domain-

containing histone demethylases (JHDMs), respectively; these enzymes are dioxygenases 

that require α-ketoglutarate (α-KG) as a co-substrate (Zhang et al., 2017a). Pathologically 

high levels of other dicarboxylates compete with α-KG and interfere with these and other 

dioxygenases (Figure 3) (Laukka et al., 2016; Lu et al., 2012; Smith et al., 2007). Several 

“oncometabolites,” metabolites that accumulate in a genetically-specified manner in tumors, 

operate through this mechanism. Fumarate and succinate accumulate in tumors lacking 

fumarate hydratase (FH) or components of the succinate dehydrogenase (SDH) complex, 

resulting in hypermethylation of DNA and histones (Xiao et al., 2012). Somatic mutations in 

isocitrate dehydrogenases-1 and −2 (IDH1 and IDH2) occur in gliomas, acute myeloid 

leukemias and other cancers (Losman and Kaelin, 2013). These mutant enzymes convert α-

KG to (D)-2-hydroxyglutarate (D-2HG), a molecule that inhibits TETs and JHDMs histone- 

and DNA-modifying enzymes and interferes with expression of genes involved in 

differentiation (Lu et al., 2012). Some tumors accumulate L-2HG as a consequence of 

silencing of L-2HG dehydrogenase (L-2HGDH), the enzyme that keeps L-2HG levels low 

by converting it to α-KG. L-2HGDH expression is suppressed in clear cell renal cell 

carcinoma relative to adjacent kidney, and this is thought to contribute to altered epigenetics 

in these tumors (Shim et al., 2014). L-2HG also accumulates during hypoxia and impaired 

electron transport chain function, suggesting that this metabolite might commonly impact 

epigenetics in solid tumors (Mullen et al., 2014; Wise et al., 2011).
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Many metabolic genes are under epigenetic control (Figure 3). Promoter hypomethylation in 

hexokinase 2 (HK2) in hepatocellular carcinoma and glioblastoma enhances its expression 

and confers heightened glycolytic flux. (Goel et al., 2003; Wolf et al., 2011). Fructose 1,6-

bisphosphatase 1 (FBP1), a rate-limiting enzyme in gluconeogenesis, is silenced by 

promoter hypermethylation, inducing higher glycolytic rates in gastric, colon, liver and 

basal-like breast cancers (Chen et al., 2011; Dong et al., 2013). In clear cell renal cell 

carcinoma (ccRCC), re-expression of FBP1 suppresses tumor growth through both 

metabolic and non-metabolic effects, with the latter involving FBP1’s ability to impair HIF-

dependent transcriptional activity in the nucleus (Li et al., 2014). In bladder cancer, 

cooperativity between HIF1α and JHDM2A results in promoter demethylation and 

enhanced expression of genes encoding transporters and enzymes in glycolysis, including 

GLUT1, HK2, PGK1, LDHA and MCT4 (Wan et al., 2017). JHDM3C-mediated epigenetic 

effects drive glycolytic gene expression in breast cancer (Luo et al., 2012). In hepatocellular 

carcinoma, Lysine Demethylase 1A (LSD1A) inhibits gluconeogenesis by suppressing 

transcription of glucose-6-phosphatase (G6PC) and FBP1 (Pan et al., 2013) and favors 

HIF-1α-dependent glycolytic metabolism (Figure 3) (Sakamoto et al., 2015).

Histone acetylation reduces the electronic interaction between histones and negatively 

charged DNA, thereby favoring DNA accessibility and gene transcription. The acetylation 

state is determined by the balance between histone acetyltransferases (HATs) and histone 

deacetylases (HDACs) that catalyze addition and removal of acetyl groups on lysine 

residues, respectively (Yang and Seto, 2007). Similar to methylation, this process is 

modulated by metabolic intermediates. HATs transfer the acetyl group from acetyl-CoA to 

lysine, producing ε-N-acetyl lysine. The abundance of acetyl-CoA and the ratio of acetyl-

CoA to coenzyme A can regulate the extent of histone acetylation (Lee et al., 2014). In 

yeast, exogenously-provided acetate is sufficient to stimulate histone acetylation and growth 

(Cai et al., 2011). In mammalian cells, acetyl-CoA for histone acetylation is produced by at 

least two enzymes, acetyl-CoA synthetase 2 (ACSS2) and ATP-citrate lyase (ACL, Figure 3) 

(Pietrocola et al., 2015; Wellen et al., 2009). Cancer cells often over-express ACL, which 

contributes to the nuclear acetyl-CoA pool necessary for histone acetylation and gene 

expression (Zaidi et al., 2012).

Histone deacetylases of the sirtuin family also govern important aspects of metabolism in 

cancer (Figure 3). SIRT1 modulates lipid and glucose metabolism by deacetylating key 

metabolic regulators such as PGC1α and SREBP1 as well as the glycolytic enzyme 

phosphoglycerate mutase-1 (PGAM1) (Chang and Guarente, 2014; Hallows et al., 2012). 

SIRT3 increases mitochondrial fatty-acid oxidation by long-chain acyl coenzyme A 

dehydrogenase (LCAD) deacetylation, and tunes mitochondrial superoxide levels by 

activating manganese superoxide dismutase (MnSOD)(Tao et al., 2010). These enzymes use 

NAD as a substrate, cleaving it to produce nicotinamide as part of their catalytic mechanism. 

Tumor suppressor activity has been ascribed to several sirtuin family members via their 

ability to influence oncogenic transcriptional and metabolic programs. SIRT6 constrains 

aerobic glycolysis by functioning as a co-repressor of HIF1α and deacetylating H3K9 at the 

promoters of HIF1α target genes (Sebastian et al., 2012; Zhong et al., 2010). It also acts as a 

MYC co-repressor and inhibits ribosomal biogenesis and glutamine metabolism (Sebastian 
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et al., 2012). SIRT3 suppresses glucose metabolism by inhibiting HIF1α-dependent 

transcription (Bell et al., 2011).

These processes are relevant to metabolic heterogeneity because epigenetic modifications 

are sensitive to changes in metabolite levels. In cultured mouse embryonic stem cells, DNA 

methylation and H3K27 histone methylation are sensitive to the ratio of α-ketoglutarate to 

succinate (that is, the substrate and product of α-ketoglutarate-dependent dioxygenases that 

erase epigenetic marks on histones and DNA)(Carey et al., 2015). These findings raise the 

question of whether regional metabolic differences within solid tumors bring about regional 

epigenetic effects. Preclinical data suggest that this may be the case. Glutamine-deprived 

core regions of melanomas in mice have markedly increased histone H3 methylation relative 

to glutamine-rich peripheral regions, consistent with suppressed HDM activity in the core. 

Inhibiting the conversion of glutamine to α-ketoglutarate in the peripheral regions enhances 

histone methylation (Pan et al., 2016). In these models, glutamine deprivation altered gene 

expression and resulted in resistance to BRAF inhibitors, suggesting that metabolically-

determined epigenetic effects can impair therapeutic responses.

EFFECTS IMPOSED BY NUTRIENT LIMITATION IN THE 

MICROENVIRONMENT

Many non-cell autonomous factors in the tumor microenvironment (TME) influence 

metabolism and are themselves heterogeneous. These factors are difficult to replicate in 

culture, in part because the metabolic milieu of tumors in vivo is still poorly defined. The 

nutrient-rich composition of conventional culture medium differs markedly from 

mammalian plasma, with high levels of glucose, glutamine and essential amino acids 

designed to maximize cell proliferation. The metabolic composition of interstitial fluid from 

murine pancreatic tumors also differs from the plasma, with further depletion of glucose and 

some amino acids (Sullivan et al., 2019). Differences in nutrient availability impact 

metabolic activities and dependencies. Culture media formulations designed to recapitulate 

human plasma uncover new mechanisms of metabolic regulation and cancer cell growth. 

One such formulation revealed that physiological levels of uric acid, not usually present in 

commercial tissue culture medium, reduces pyrimidine synthesis by inhibiting uridine 

monophosphate synthase (Cantor et al., 2017). Sub-physiological levels of selenium in 

commercial medium results in oxidative damage and limits colony formation in culture 

(Vande Voorde et al., 2019). Culturing cancer cells in adult bovine serum reduces 

dependence on extracellular glutamine relative to conventional medium; this difference is 

the result of the low abundance of cystine in adult serum and reduced dependence on 

intracellular glutamate to support xCT-mediated cystine import (Muir et al., 2017). Thus, the 

nutrient milieu can override the effects of the oncogenotype on cell-intrinsic metabolic 

preferences.

Oxygen limitation also affects metabolism and can modify the impact of oncogenic drivers. 

In the presence of oxygen, MYC stimulates a transcriptional program that drives nutrient 

uptake, glycolysis, nucleotide synthesis and ribosome biogenesis. It induces mitochondrial 

biogenesis via Transcription Factor A, Mitochondrial (TFAM), which regulates 
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mitochondrial transcription and DNA replication (Li et al., 2005). MYC also stimulates 

mitochondrial glutamine catabolism by regulating expression of glutamine transporters and 

glutaminase (Gao et al., 2009; Wise et al., 2008). Like MYC, hypoxia-inducible factor-1 

(HIF-1) stimulates expression of glycolytic genes. But HIF-1 reduces mitochondrial 

metabolism through multiple mechanisms, including by suppressing MYC. HIF-1 activates 

transcription of MAX interactor 1, dimerization protein (MXI1), a MYC antagonist that 

attenuates MYC-induced mitochondrial biogenesis, and promotes proteasome-dependent 

degradation of MYC (Zhang et al., 2007). HIF-1 also inhibits pyruvate oxidation by 

inducing pyruvate dehydrogenase kinase 1 (PDK1), which phosphorylates and inactivates 

pyruvate dehydrogenase (Papandreou et al., 2006), and induces mitophagy (Zhang et al., 

2008).

HIF-1 and MYC exert regional metabolic control in solid tumors. Cells located close to the 

blood supply tend to be under MYC influence, generating ATP aerobically and upregulating 

anabolic pathways to support proliferation (Stine et al., 2015). Cells located further from the 

blood supply experience lower O2 levels and induce HIF-1 (Gordan et al., 2007). These cells 

activate catabolic pathways like autophagy to provide energy and biosynthetic precursors. 

Lactate metabolism is thought to be subject to regional differences in oxygen availability, 

with hypoxic cancer cells consuming glucose and secreting lactate while cells in better-

perfused regions import lactate and use it as a fuel (Sonveaux et al., 2008). These 

relationships may be clinically relevant, because heterogeneity of hypoxia and glucose 

uptake in human solid tumors predicts poor outcomes in some studies (Chicklore et al., 

2013; Vaupel and Mayer, 2007).

INTERACTIONS WITH MATRIX AND TUMOR STROMA

Interactions between malignant cells and other components of the TME, including non-

malignant cells and extracellular matrix (ECM) also contribute to metabolic heterogeneity. 

The tumor microenvironment contains blood vessels, cancer-associated fibroblasts (CAFs), 

lymphocytes and other immune cells, signaling molecules and ECM, whose functions and 

proportions are distinct from normal tissue (Figure 4). The microenvironment is temporally 

and spatially heterogeneous due to variations in blood flow, nutrient availability and cellular 

composition. In some contexts, cancer cells exploit the local nutrient milieu provided by 

non-malignant cells. Ovarian cancer cells metastasize to the omentum, a large abdominal 

organ rich in adipocytes. Co-culture experiments revealed transfer of fatty acids from 

adipocytes to ovarian carcinoma cells, stimulating fatty acid oxidation and growth in the 

cancer cells (Nieman et al., 2011). In pancreatic adenocarcinoma, stroma-associated 

pancreatic stellate cells secrete alanine, providing carbon and nitrogen for cancer cell 

proliferation (Sousa et al., 2016). Bone marrow stromal cells provide cysteine to promote 

glutathione (GSH) synthesis for chronic lymphocytic leukemia (CLL) cells; unlike many 

cancer cells, CLL cells cannot take up the abundant disulfide cystine, rendering them 

dependent on cysteine from neighboring stromal cells (Zhang et al., 2012).

CAFs interact extensively with cancer cell metabolism (Figure 4). Elevated ROS production 

by cancer cells activates HIF-1 and NFκB in CAFs. This stimulates aerobic glycolysis in 

CAFs, inducing them to produce and release lactate, which is taken up and consumed by 
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cancer cells (Bonuccelli et al., 2010; Fiaschi et al., 2012; Zhang et al., 2015). 

Mechanistically, this metabolic coupling involves differential expression of 

monocarboxylate transporters (MCTs) in CAFs and cancer cells. Lactate is extruded from 

CAFs via MCT4 and then taken up by MCT1 in cancer cells. In some settings, cancer cells 

induce autophagy and mitophagy in CAFs, causing the CAFs to release recycled metabolites 

for cancer cell consumption (Martinez-Outschoorn et al., 2011). In prostate cancer, 

metabolic interactions between stromal and cancer cells are mediated in part by p62, a 

protein involved in numerous stress responses and signaling mechanisms (Moscat and Diaz-

Meco, 2012). Loss of p62 in tumor stroma leads to impairment of mTORC1 and MYC-

regulated nutrient metabolism, inducing oxidative stress and release of IL-6, which promotes 

cancer cell invasion and tumor growth (Valencia et al., 2014). Loss of stromal cell p62 also 

promotes ATF4-dependent asparagine synthesis and release into the microenvironment, 

providing a source of this amino acid for neighboring prostate cancer cells (Linares et al., 

2017).

The ECM also regulates metabolism, resulting in metabolic adaptations when cells lose 

matrix attachment (Figure 4, inset). In non-transformed breast epithelial cells, matrix 

detachment results in reduced glucose uptake, reduced NADPH production from the pentose 

phosphate pathway, and ROS-induced anoikis; this deleterious effect is overcome by 

oncogenic signaling, which permits cancer cells to maintain glucose metabolism after 

detachment (Schafer et al., 2009). Cancer cells capitalize on persistent pentose phosphate 

pathway flux to transmit reducing equivalents from the cytosol to the mitochondria, where 

ROS accumulation limits growth in the detached state (Jiang et al., 2016). These 

mechanisms to counteract ROS after loss of attachment are relevant to metastasis, because 

oxidative stress poses a major bottleneck to efficient formation of distant macrometastases in 

multiple models (Le Gal et al., 2015; Piskounova et al., 2015).

METABOLIC RELATIONSHIPS BETWEEN CANCER CELLS AND IMMUNE 

CELLS

Interactions between cancer cells and immune cells within the TME are important because 

immune cell function requires precise metabolic regulation and because manipulating the 

TME’s metabolic milieu might enhance the benefits of clinical immunotherapy. Preclinical 

studies suggest that metabolic heterogeneity within the TME influences local immune cell 

function and might contribute to immunotherapy treatment failures. Thus, there could be 

clinical value in defining the metabolic basis of effective cytotoxic immune responses 

against cancer cells and the factors limiting such responses in vivo.

In order to understand these relationships, we first need to understand the metabolic needs of 

immune cells, particularly T cells. Mitogen stimulation of T cells in culture induces 

metabolic changes similar to the constitutive metabolic state of cancer cell lines. A robust 

but self-limited activation of aerobic glycolysis was described in mitogen-stimulated 

lymphocytes as early as the 1970s and was among the first demonstrations of the Warburg 

effect outside of cancer (Wang et al., 1976). Rat thymocytes induce glutamine consumption, 

glutaminase activity and oxidation of both glutamine and glucose when stimulated to 
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proliferate in culture (Brand, 1985). Inhibiting glucose metabolism prevents effector T cell 

functions (Cham et al., 2008; Macintyre et al., 2014). Inhibiting glutaminase impairs T cell 

proliferation and skews T cell differentiation towards the Th1 subset at the expense of Th17 

cells (Johnson et al., 2018). In mice, T-cell specific impairment of electron transport chain 

complex III or IV reduces respiration and impairs differentiation of T cell subsets, resulting 

in lethal autoinflammation and ineffective regulatory T cell suppressor function in the case 

of complex III deficiency (Tarasenko et al., 2017; Weinberg et al., 2019).

Recent work indicates key roles for glutathione, serine and methionine metabolism in T 

cells. Deletion of Glutamate-Cysteine Ligase (GCLC), an enzyme required for glutathione 

biosynthesis, prevented T cells from achieving sustained states of activation, and reduced the 

manifestations of autoimmunity in vivo (Mak et al., 2017). Dietary serine insufficiency 

restricts T cell expansion in vivo by depleting the serine-dependent one-carbon pool for 

nucleotide biosynthesis (Ma et al., 2017). Restricting methionine access in antigen-

stimulated T cells prevents them from carrying out epigenetic modifications that enable 

differentiation into effector cells (Sinclair et al., 2019).

Because cancer cells and activated T cells share metabolic features, competition for fuels in 

the TME could impact immune cell function. These competitive relationships likely involve 

multiple immune cell populations, but the effect of cancer cell glycolysis on T cell function 

provides a useful example (Figure 4). In models of rapid tumor growth in mice, tumor-

infiltrating T-lymphocytes (TILs) display low levels of glucose uptake, possibly because 

cancer cells outcompete TILs for glucose (Chang et al., 2015). This renders the TILs 

hyporesponsive, even when confronted with antigenic tumor cells. TIL responsiveness is 

boosted by immune checkpoint inhibition, which enhances TIL glycolysis, or simply by 

injecting glucose into the mice. Glycolytic intermediates themselves may enhance T cell 

function within tumors. Phosphoenolpyruvate (PEP) sustains anti-tumor effector functions 

of TILs, but glucose limitation in the TME suppresses TIL PEP levels and reduces anti-

tumor responses. Strikingly, over-expressing enzymes that increase PEP levels increases 

effector functions in tumor-specific CD4 and CD8 TILs, thereby restricting tumor growth 

(Ho et al., 2015). These reports suggest that therapies to increase glucose availability in the 

TME might enhance anti-tumor immunity and potentiate the effect of checkpoint blockade.

Several other metabolites in the TME have been reported to impact immune cell function. 

Lactate derived from cancer cells suppresses T cell and NK cell function (Brand et al., 2016; 

Fischer et al., 2007) and inhibits monocyte activation and differentiation of dendritic cells 

(Gottfried et al., 2006). It also induces M2 polarization of macrophages through a 

mechanism that involves HIF-1α and promotes tumor growth (Colegio et al., 2014). High 

intracellular arginine levels promote T cell survival and anti-tumor activity (Geiger et al., 

2016), and therapies that deplete arginine from the TME induce the accumulation of 

immune-suppressor cells (Fletcher et al., 2015). Tryptophan catabolism through the 

kynurenine pathway blunts some aspects of both innate and adaptive immunity, suggesting 

that blocking the initial steps of tryptophan degradation might enhance the efficacy of 

immunotherapy (Munn and Mellor, 2013). Several inhibitors of this pathway have reached 

clinical trials, although the recent closure of a Phase III trial without positive results has 

tempered enthusiasm somewhat (Platten et al., 2019).
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Macromolecular degradation and related pathways are also involved in immune cell function 

in the TME. Autophagy inhibitors are proposed as cancer therapeutics because of 

autophagy’s role as a survival mechanism during nutrient deprivation in cancer cells. But a 

genetic model of inducible autophagy inhibition in pancreatic cancer revealed both cancer 

cell-autonomous and non-autonomous mechanisms of tumor suppression (Yang et al., 2018). 

In this autochthonous model, autophagy inhibition led to tumor regression, but implanting 

autophagy-defective cancer cells into nude mice delayed tumor growth without inducing 

regression. Part of the difference was related to an enhanced inflammatory infiltrate, 

particularly macrophages, that contributed to tumor regression in the autochthonous model. 

Similarly, genetic deletion of any of several autophagy genes in the host resulted in reduced 

growth of autophagy-competent cancer cells in syngeneic models (DeVorkin et al., 2019). 

The mechanism involved enhanced production of CD8+ T-effector cells, and depleting these 

cells reversed the tumor suppressive effect of autophagy inhibition. Finally, the LC3-

associated phagocytosis (LAP) pathway, which promotes macrophage scavenging of dead 

cells in the TME, sustains tumor growth in syngeneic models (Cunha et al., 2018). Inhibiting 

this pathway in macrophages promotes both innate and adaptive immune responses that 

suppress tumor growth.

Nutrient availability and regional competition for fuels are inconsistent within solid tumors. 

Local metabolic preferences of malignant cells may also be influenced by clonal 

heterogeneity, and this could further impact metabolic interactions among cancer cells, 

immune cells and other cells in the stroma. Immune cells are presumably subjected to 

variable metabolic pressures within single tumors, and this complexity is likely amplified in 

human tumors because of their size, mutational composition and variable exposure to 

environmental agents.

METABOLIC HETEROGENEITY IN HUMAN TUMORS

Efforts to study cancer metabolism directly in patients have begun to uncover common and 

heterogeneous metabolic features. A meta-analysis aggregating metabolomics data from 

over 100 different cohorts covering 18 tumor types revealed a small number of common 

features across multiple cancers, including elevated lactate in the tumor and reduced 

glutamine in the blood, and many other features that varied among different cancers (Goveia 

et al., 2016). Other studies focused on single cancer types have identified variable metabolite 

levels correlating with imaging features, therapy exposure or progression (Hakimi et al., 

2016; Liu et al., 2016; Sreekumar et al., 2009; Zhang et al., 2017b). The emerging role of 

metabolomic phenotyping in human cancer was recently reviewed (Kaushik and 

DeBerardinis, 2018).

Isotope tracing can also be used to assess human tumor metabolism. In this approach, an 

isotope-labeled nutrient (e.g. 13C-glucose) is introduced shortly before or during 

procurement of a surgical tumor specimen. The labeled nutrient is taken up by the tumor and 

the label is distributed to metabolites as a consequence of metabolic activity in the tissue. 

The resulting 13C labeling features provide complementary information to metabolite 

abundance measurements made through metabolomics. Early studies in non-small cell lung 

cancer (Fan et al., 2009) and primary and metastatic brain tumors (Maher et al., 2012) 
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emphasized the surprisingly extensive pyruvate oxidation in the TCA cycle. In lung tumors, 

labeling of TCA cycle intermediates from 13C-glucose exceeds metabolite labeling in the 

adjacent lung, with pyruvate carboxylase and pyruvate dehydrogenase contributing to 

enhanced TCA cycle activity in the tumors (Hensley et al., 2016; Sellers et al., 2015). These 

findings are interesting because many of the tumors were FDG-PET-avid on clinical imaging 

and had evidence of robust glycolytic intermediate labeling, indicating that oxidation in the 

TCA cycle is a major fate of glucose carbon even in “glycolytic” tumors. Regions of high 

proliferative cell content also had high levels of glucose oxidation, implying a role for the 

TCA cycle in tumor cell proliferation in human tumors (Hensley et al., 2016).

Other studies have reported metabolism of alternative fuels in human tumors. In gliomas and 

brain metastases, glucose oxidation accounts for only a minor fraction of total acetyl-CoA 

for the TCA cycle (Maher et al., 2012). Infusing 13C-acetate led to high levels of enrichment 

of TCA cycle intermediates, indicating that these tumors have the capacity to oxidize acetate 

from the circulation (Mashimo et al., 2014). In non-small cell lung cancer, labeling from 
13C-glucose is heterogeneous among different tumors and different regions of the same 

tumor, indicating variable utilization of glucose as a fuel (Hensley et al., 2016). Comparing 

isotope labeling, gene expression and pre-surgical imaging features in the same regions 

revealed that variable levels of tissue perfusion correlate with fuel preferences in lung cancer 

(Hensley et al., 2016). Areas with the highest 13C enrichment in TCA cycle intermediates 

express genes related to glucose oxidation and have lower perfusion as assessed by dynamic 

contrast-enhanced magnetic resonance imaging prior to surgery. Areas with higher perfusion 

express genes related to lipid and amino acid metabolism and display lower 13C enrichment 

in the TCA cycle. One alternative carbon source accounting for heterogeneous metabolite 

labeling in the tumors is lactate. Over half of human non-small cell cancers transmit 13C 

from circulating 13C-lactate into TCA cycle metabolites (Faubert et al., 2017). This 

phenotype warrants further study, as it appears to correlate with early disease progression in 

lung cancer patients (Faubert et al., 2017).

By applying the same 13C-glucose infusion protocol to multiple types of human cancer, 

Courtney et al. demonstrated metabolic heterogeneity among tumors at different anatomic 

sites (Courtney et al., 2018). Tumors in the brain and lung oxidized glucose, consistent with 

the studies cited above. However, ccRCCs had markedly reduced labeling of TCA cycle 

intermediates relative to adjacent, non-malignant kidney tissue. These tumors instead had 

elevated labeling of glycolytic intermediates compared to the kidney, consistent with the 

classical Warburg effect. The phenotype of prominent glycolysis and suppressed glucose 

oxidation may reflect the frequent loss of the von Hippel Lindau (VHL) tumor suppressor 

and chronic pseudohypoxic responses in ccRCC. These studies are valuable because they 

incorporate the incredible genetic and histological diversity of human cancer and thus have 

the potential to produce a realistic view of the clinically-relevant scope of metabolic 

heterogeneity. Over time, it is anticipated that these studies will report the effects of therapy 

and metastasis on metabolism, which could provide insights for metabolic interventions to 

suppress cancer progression.
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CONCLUSIONS, CHALLENGES AND EMERGING QUESTIONS

The term “cancer metabolism” is often used to imply a common set of metabolic changes 

that accompany malignancy, but in reality tumors are metabolically heterogeneous. The 

causes of metabolic heterogeneity are multi-factorial, involving influences both intrinsic and 

extrinsic to the cancer cell. This makes it challenging to decode the metabolic phenotype of 

an individual tumor, and to understand when a particular phenotype predicts vulnerability to 

a therapy as opposed to a bystander effect. Classifying the many causes of metabolic 

reprogramming in malignant tissue is still a major challenge. But an even larger challenge is 

to define how different factors act in concert to determine the metabolic phenotype. It is 

worth taking these challenges on. The emergence of high-content data sets and informatics 

tools to analyze them, together with more informative metabolic phenotyping techniques, 

should make it possible to tackle the metabolic complexity of human cancer. As has been the 

case throughout nearly a century of research in cancer metabolism, understanding the 

processes by which metabolic properties become reprogrammed will likely continue to teach 

us about the basis of malignancy.

A practical consideration about how to move the field forward relates to which model 

systems to use. Although metabolic phenotyping of human cancers has become more 

prominent, we also need to define experimentally tractable model systems that will help test 

hypotheses arising from human studies and which can produce insights that can be translated 

to clinical studies with a high success rate. A combination of techniques will be needed. 

Genetically modified mice that provide the ability to study cancer initiation and progression 

in the context of a complex microenvironment will continue to be important. But systems 

that can recapitulate the genetic heterogeneity and TME of human tumors are also needed. 

Live cultures of freshly-prepared primary human tumor slices are one possibility (Fan et al., 

2016). This approach is amenable to drug treatment, stable isotope tracing, regional 

heterogeneity analysis, and perhaps could be combined with physiological culture medium 

to reduce the metabolic artifacts of commercial medium.

Recent observations suggest that we are just scratching the surface on the complexity of 

non-cell autonomous drivers of metabolic heterogeneity. A fascinating development is the 

realization that local commensal microbiota impact tumor development in mice. In a genetic 

model of oncogenic KRAS-driven lung cancer, suppressing the microbial community in the 

lung reduced tumor burden (Jin et al., 2019). Given the complexity of the human 

microbiome and its relationship to chronic metabolic diseases, it will be interesting to study 

whether particular microorganisms promote local inflammation to contribute to cancer. To 

this end, a large number of clinical trials are examining the effect of manipulating the gut 

microbiome in cancer (McQuade et al., 2019). Finally, the metabolic health of the patient 

impacts cancer risk, as the incidence of many cancers is positively correlated with obesity. 

The mechanisms underlying these relationships are under investigation. But obesity also 

influences the effect of cancer therapy, positively in some cases. One retrospective, multiple-

cohort study in melanoma found that obese men with metastatic melanoma had improved 

progression-free survival over non-obese peers after targeted therapies or immune 

checkpoint inhibitors (McQuade et al., 2018). Clearly there is much more to learn.
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Figure 1. Convergent and divergent metabolic properties in cancer.
Convergent metabolic properties (left) arise downstream of diverse regulatory influences. 

Convergent properties are observed frequently throughout cancer models and include core 

pathways such as those that allow cells to produce energy, build macromolecules and 

maintain redox balance. Divergent properties (right), in contrast, appear in distinct molecular 

subsets of cancer and contribute to metabolic heterogeneity. Convergent and divergent 

metabolic phenotypes may both give rise to metabolic liabilities, although the generality of 

these liabilities is predicted to differ according to the class.
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Figure 2. Oncogenic drivers and tissue of origin influence cancer metabolism.
(A) Different oncogenic drivers can produce divergent metabolic features, contributing to 

metabolic heterogeneity among tumors arising in the same tissue. (B) Cell and tissue of 

origin also contribute to metabolic heterogeneity. Different tissues display different native 

metabolic programs, and some aspects of these programs are retained in tumors arising in 

the tissue. As a result, tumors arising in different tissues may display markedly divergent 

metabolic phenotypes even if they contain the same oncogenic driver.
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Figure 3. Epigenetics and metabolism in cancer cells.
Epigenetic regulation of gene expression contributes to metabolic heterogeneity because 

many metabolic enzymes and nutrient transporters are regulated by epigenetic modifications 

of histones (acetylation, methylation) and DNA (methylation). Conversely, these epigenetic 

modifications respond to the metabolic state of the cell. The relative abundances of SAM 

and SAH regulate DNA and histone methyltransferases, while the abundance of acetyl-CoA, 

the ratio of acetyl-CoA to free CoA and NAD levels can regulate histone acetylation. The 

TCA cycle intermediate α-KG affects demethylation of histones and DNA by acting as a co-
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substrate for JHDM histone demethylases and TET-family methylcytosine dioxygenases, 

respectively. The oncometabolites fumarate, succinate and 2-HG are dicarboxylates that 

compete with α-KG, interfering with TET/JHDM function. Abbreviations: HK2, hexokinase 

2; MCT4, monocarboxylate transporter 4; SAM, S-adenosylmethionine; SAH, S-adenosyl-

homocysteine; NAD, nicotinamide adenine dinucleotide; α-KG, alpha-ketoglutarate; 2-HG, 

2-hydroxyglutarate; TET, 10–11 translocation enzyme; JHDM, Jumonji C domain-

containing histone demethylase.
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Figure 4. Metabolic cross-talk in the tumor microenvironment.
Interactions among cancer cells and other components of the TME contribute to metabolic 

heterogeneity. Cancer cells and T cells compete for nutrients (e.g., glucose and glutamine), 

and excessive consumption of these nutrients by cancer cells suppresses T cell activation. 

Other cells in the TME also engage in metabolic cross-talk with cancer cells. Stromal cells 

provide nutrients that support cancer cell proliferation. CAFs respond to oxidative stress 

imposed by cancer cells by activating HIF1α and NFκB, thereby stimulating glycolysis and 

secreting lactate, which may be taken up by cancer cells. Degradative processes like 
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mitophagy and autophagy in CAFs also provide nutrients to cancer cells. Loss of ECM 

attachment suppresses NADPH production, resulting in ROS-mediated anoikis; this form of 

cell death can be overcome through oncogene-stimulated NADPH production by the pentose 

phosphate pathway. Reducing oxidative stress allows cells to survive in the detached state 

and promotes formation of distant metastases. Abbreviations, TME, tumor 

microenvironment; ECM, extracellular matrix; FA, fatty acid; FAO, fatty acid oxidation; 

CAF, cancer-associated fibroblast; ROS, reactive oxygen species; PEP, 

phosphoenolpyruvate; GSH, glutathione, reduced; GCLC, Glutamate-Cysteine Ligase.
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