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Abstract

BACKGROUND—Metabolic reprogramming is a hallmark of malignancy first recognized a 

century ago. In some cases, reprogrammed metabolic activities can be exploited to diagnose, 

monitor, and treat cancer. Stereotyped metabolic activities in cultured cancer cells–notably, aerobic 

glycolysis, glutamine catabolism, macromolecular synthesis, and redox homeostasis–support the 

requirements of exponential growth and proliferation. These pathways are under cell-autonomous 

control by oncogenic signaling and transcriptional networks. This has produced the widespread 

perception that a core set of fixed metabolic dependencies will prove to be excellent therapeutic 

targets across diverse cancer types. Several metabolic inhibitors designed to target these pathways 

have advanced into clinical trials.

ADVANCES—The past decade has brought numerous advances in our understanding of why 

tumors develop metabolic phenotypes that differ from adjacent, nonmalignant tissues and when 

these phenotypes represent actionable therapeutic vulnerabilities. Mechanistic insights into how 

the oncogenotype dictates metabolic patterns have exploded, aided by the ever-increasing use of 

advanced analytical techniques to characterize tumor metabolism in detail. This has led to the 

remarkable discovery of a few metabolic properties that can directly promote tumor initiation, 

including the accumulation of D-2-hydroxyglutarate in tumors with mutations in isocitrate 

dehydrogenase-1 and −2. Other advances have demonstrated the extraordinary amount of 

metabolic heterogeneity among human tumors and, in some cases, even within distinct regions of 

the same tumor. This heterogeneity results from a complex set of factors, including processes 

intrinsic and extrinsic to the cancer cell. Many of these studies have identified promising subtype-

selective metabolic vulnerabilities in experimental models. However, they have cast doubt on the 

classical paradigm of convergent, oncogene-driven liabilities among histologically and genetically 

diverse tumors. Even more fundamentally, it has become increasingly clear that metabolic 

phenotypes and vulnerabilities evolve as tumors progress from premalignant lesions to locally 

invasive tumors to metastatic cancer. Microenvironmental and genetic factors appear to induce 

selective pressures that drive clonal evolution within tumors, and this can create or eliminate 

metabolic liabilities while facilitating cancer progression. During metastasis, for example, several 
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studies demonstrate that cancer cells need to activate mechanisms to resist oxidative stress, or else 

these cells are culled by the oxidizing environment of the bloodstream. A major theme arising 

from recent research is that pathways that stimulate the growth of localized, treatment-naïve 

tumors are distinct from and in some cases irrelevant to the activities that drive mortality by 

supporting metastasis and therapy resistance.

OUTLOOK—The emerging view of cancer metabolism is that it is flexible and context-specific, 

with few fixed, broadly applicable liabilities. Understanding how reprogrammed metabolism 

supports tumor growth–and identifying which reprogrammed activities are most relevant to 

therapeutic liabilities–requires a more sophisticated view of how metabolic phenotypes evolve as 

cancer progresses. Advanced animal models that recapitulate the landmark events in human cancer 

progression will be instrumental in discovering the most important metabolic vulnerabilities. 

These animal studies will need to be complemented by increasing efforts to assess metabolism 

directly in human tumors through metabolomics, metabolic isotope tracers, and advanced 

techniques in metabolic imaging. Crucially, cooperative, multidisciplinary research is needed to 

translate findings from animal models into patients and from human cancer into mouse models for 

mechanistic studies and hypothesis testing. Ideally, work along these lines will generate efficient 

ways to detect predictive aspects of metabolic behavior in human tumors to aid in clinical trial 

design and to stratify patients to receive the most effective therapies. These efforts over the next 

decade should produce a more nuanced but ultimately more relevant and therapeutically actionable 

view of cancer metabolism.

Abstract

Metabolic reprogramming is a hallmark of malignancy. As our understanding of the complexity of 

tumor biology increases, so does our appreciation of the complexity of tumor metabolism. 

Metabolic heterogeneity among human tumors poses a challenge to developing therapies that 

exploit metabolic vulnerabilities. Recent work also demonstrates that the metabolic properties and 

preferences of a tumor change during cancer progression. This produces distinct sets of 

vulnerabilities between primary tumors and metastatic cancer, even in the same patient or 

experimental model. We review emerging concepts about metabolic reprogramming in cancer, 

with particular attention on why metabolic properties evolve during cancer progression and how 

this information might be used to develop better therapeutic strategies.

Graphical Abstract

Metabolic evolution during cancer progression. Metabolic needs and vulnerabilities evolve 

throughout cancer progression. Early stages of tumor growth require nutrient uptake and 

biosynthesis, with additional subtype-selective metabolic needs emerging in locally invasive 

cancers. Tumors acquire dependence on new pathways during later stages of cancer progression, 

particularly metastasis and therapy resistance. These include potentially targetable liabilities such 

as dependence on mechanisms to resist oxidative stress and increased reliance on oxidative 

phosphorylation.
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Cellular metabolism is a flexible network that allows tissues to meet demands for 

homeostasis and growth. In cancer, malignant cells acquire metabolic adaptations in 

response to a variety of cell-extrinsic and cell-intrinsic cues (Fig. 1). Some of these 

adaptations initiate the process of transformation, and some promote growth of malignant 

cells and render them susceptible to inhibitors of key pathways. Historically, most cancer 

metabolism research has focused on phenotypes observed in clinically detectable tumors or 

experimental models derived from them. The terms “cancer metabolism” and “metabolic 

reprogramming” are therefore usually taken to indicate a shared set of pathways observed in 

highly proliferative tumors or cancer cells. The Warburg effect, a preference for glycolysis 

and lactate secretion in the presence of oxygen, is an example of a metabolic property under 

cell-autonomous control by oncogenes in many proliferating cancer cells and tumors (1). 

Therapeutic opportunities might arise if cancer cells develop fixed addictions to the Warburg 

effect or other conserved pathways, while nonmalignant cells adapt to their inhibition.

Recent insights arising from advanced techniques in metabolic analysis and more attention 

to bona fide tumor metabolism in vivo suggest that a more nuanced view of metabolic 

reprogramming is needed. First, tumor cells require many of the same pathways and 

adaptations available to nonmalignant tissues, indicating that few metabolic activities are 

truly confined to tumors. Second, as the approaches used to assess metabolic phenotypes 

have become more informative, it has become clear that human tumors are metabolically 

heterogeneous. As a result, metabolic features and liabilities are subtype-selective rather 

than uniform across all cancers (2). This is consistent with the variable efficacy of therapies 

aimed at seemingly universal metabolic liabilities in cancer cells, including antifolates and 

other agents.

Third and most importantly for this Review, metabolic phenotypes and dependencies evolve 

as cancer progresses from preneoplastic lesions to localized, clinically apparent 

malignancies to metastatic cancer. Understanding cancer metabolism and identifying 

liabilities requires a sophisticated view of how metabolic phenotypes evolve over time. 

There is still value in characterizing which metabolic activities allow cells to maximize 

growth and proliferation and how such activities become chronically activated in cancer. 
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However, the emerging view is that cancer metabolism is flexible and context-specific, and 

some of the most promising therapeutic targets are distinct from the pathways that support 

cell growth in culture or locally aggressive tumors. This Review focuses on recent 

conceptual advances in the metabolic basis of tumor progression, with particular attention to 

how evolving metabolic dependencies relate to therapeutic opportunities.

Premalignant lesions

Organ-specific metabolic phenotypes in nonmalignant tissues arise from the integrated 

effects of cell-intrinsic and cell-extrinsic factors. These include epigenetically regulated gene 

expression, cellular composition, tissue architecture, and in some cases commensal 

microbial populations, all of which vary from tissue to tissue (Fig. 1). Metabolic 

perturbations induce tissue-specific responses that support overall homeostasis. For example, 

fasting stress in mammals induces lipolysis in adipose tissue, ketogenesis in the liver, and 

ketone consumption in the brain and other organs. Understanding tissue-specific metabolic 

phenotypes is an important foundation for understanding cancer metabolism.

The initial stages of tumorigenesis occur within the metabolic constraints of the native 

tissue, which may otherwise be unperturbed. This explains two observations related to 

metabolic heterogeneity in cancer. First, although tumors are readily recognized through 

gene expression signatures, they retain transcriptomic features of the parental tissue so that 

tumors arising in the same organ are more similar to each other than tumors arising in 

different organs. A study that classified thousands of human tumors found that tissue of 

origin was a major factor defining DNA methylation and gene expression patterns (3). Gene 

expression signatures focused on the metabolic network also bear more similarity to the 

tissue of origin than to tumors from different organs (4). Second, although different 

oncogenes reprogram metabolism in different ways, the tissue in which the oncogene is 

expressed affects the execution of metabolic reprogramming. An excellent example involves 

expression of the human MYC oncogene in mice (5). Transgenic MYC induces metabolic 

changes in both liver tumors and lung tumors but activates glutamine catabolism in lung 

tumors and glutamine synthesis in liver tumors. Therefore, classifying tumors according to 

the oncogenic driver rather than the tissue of origin may obscure metabolic differences 

imposed by the original metabolic state of the tissue.

The tissue of origin and developmental context also determine whether potentially 

transforming mutations result in cancer initiation (6). Familial cancer syndromes provide an 

example of this phenomenon. In these diseases, patients inherit germline mutations in tumor 

suppressors and develop cancer when the other allele is lost through either mutation, 

deletion, or silencing. In the case of the classical tumor suppressor gene TP53, germline 

mutations result in a somewhat different tissue distribution of cancers than sporadic TP53-

mutant cancers in patients who lack germline mutations (7). This suggests that the 

consequences of TP53 mutation depend on the developmental context.

Some metabolic enzymes are tumor suppressors, meaning that patients who inherit one 

mutant allele develop cancer when the other allele is lost in a susceptible cell. But only a 

small subset of cells are susceptible. Despite ubiquitous expression of the metabolic enzyme 
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succinate dehydrogenase (SDH), germline mutations in subunits of this complex cause 

cancer only in a few sites, including neuroendocrine tissues (paraganglioma), the adrenal 

gland (pheochromocytoma), and the stomach and small intestine (gastrointestinal stromal 

tumors) (8–10). Similarly, germline mutations in the broadly expressed enzyme fumarate 

hydratase (FH) cause hereditary leiomyomatosis and renal cell carcinoma, a familial 

syndrome of uterine and cutaneous leiomyomas and kidney cancer, without susceptibility to 

more common tumors (11). Other cancers arise from inborn errors of metabolism, in which 

biallelic germline mutations in metabolic enzymes cause a widespread failure of metabolic 

homeostasis, but cancer is restricted to a subset of tissues specific for each enzyme (12).

The basis for such exquisite tissue specificity in these syndromes is unknown. One 

possibility is that the molecular hierarchy required for mutations in metabolic enzymes to 

result in malignancy is tissue specific. That is, some tissues may induce adaptive responses 

to constrain tumor initiation, or perhaps only a few cell types respond to the metabolic 

perturbation by becoming transformed. An alternative is that most cells simply cannot 

tolerate such perturbations and respond by undergoing senescence or cell death instead of 

transformation. These rare familial cancer syndromes are important because they provide 

opportunities to learn about tissue-specific mechanisms by which cells respond to 

genetically determined metabolic defects and why these responses include tumor initiation 

in the right context.

The concept of metabolic reprogramming as a cancer hallmark aligns with the idea that the 

mutations responsible for cancer initiation enable cells in nascent tumors to acquire 

metabolic properties that support cell survival, evasion of immune surveillance, and 

hyperplastic growth. This concept is well established for classical oncogenic drivers (such as 

MYC, KRAS, and others) that possess the ability to regulate metabolism in a cell-

autonomous fashion. But it is unclear whether such mutations are necessary to establish 

metabolic properties that support tumor initiation. Some tumors lack recurrent mutations in 

canonical tumor suppressors and oncogenes but still harbor stereotyped metabolic properties 

that distinguish them from nonmalignant tissues. Clear cell papillary renal cell carcinoma 

(CCPAP), a generally low-grade kidney tumor, is one example (13). These tumors bear 

metabolomic signatures that suggest oxidative stress, suppressed oxidative metabolism, and 

depletion of mitochondrial DNA and RNA. Nevertheless, a detailed molecular analysis 

revealed a low genomic burden of point mutations and copy-number variants, no recurrent 

nonsynonymous mutations, and a DNA methylation pattern that resembles the nonmalignant 

kidney. Perhaps CCPAP tumors contain an initiating mutation yet to be discovered, or 

perhaps this mutation is lost before the tumor becomes clinically detectable. But another 

possibility is that the underlying metabolic perturbation phenocopies the effects of classical 

mutations. For example, chronic mitochondrial dysfunction in CCPAP may phenocopy loss 

of von Hippel-Lindau (VHL), the most commonly mutated tumor suppressor in clear cell 

renal cell carcinoma (ccRCC). Metabolite accumulation in the setting of dysfunctional 

mitochondria can inhibit VHL-dependent degradation of hypoxia-inducible factor-α (HIF-

α) subunits, creating a pseudohypoxic state that mimics VHL loss (14).

Characterizing metabolic anomalies in premalignant lesions is challenging. First, these 

tumors usually escape clinical attention, so the literature on their metabolism is limited; 
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there may also be bias against studies that fail to observe differences from parental tissue. 

Second, systemic metabolism influences cancer risk and probably the metabolism of 

premalignant lesions (Fig. 1). Many epidemiological studies report associations between 

obesity and cancer, and a large prospective analysis of more than 900,000 Americans found 

greater than a 50% increase in cancer mortality in patients with the highest body mass index 

(15, 16). The mechanisms linking cancer with obesity, diabetes, and other metabolic 

disorders are multifactorial. But because these diseases affect metabolism throughout the 

body, the particular pathways that promote cancer can be difficult to recognize in 

premalignant lesions. Despite these challenges, a few mechanistic relationships have been 

reported. Diabetes increases the frequency of KRAS variants in human pancreas, possibly 

through the effects of chronic hyperglycemia on nucleotide balance (17). Moreover, diets 

high in saturated fat potentiate the MYC transcriptional program in human and mouse 

prostate cancer, enhancing cell proliferation (18).

There are also several examples of specific metabolic changes in premalignant lesions 

relative to parental tissues. In mice, metabolic reprogramming in response to oncogenic 

KRas in pancreatic acinar cells promotes acinar-to-ductal metaplasia (ADM), a precursor to 

pancreatic ductal adenocarcinoma (PDAC) (19). Oncogenic KRas increases the levels of 

acetyl coenzyme A (CoA) and reactive oxygen species (ROS) before the development of 

ADM, and inhibiting these phenotypes blocks ADM (19, 20). Other studies in humans and 

mice report metabolic changes in premalignant colonic polyps, some of which are retained 

in adenocarcinomas (21, 22). Metabolic reprogramming precedes liver cancer in mice with 

MYC expression in hepatocytes (23). In early-stage, premalignant liver, MYC drives 

enhanced conversion of pyruvate to alanine, whereas later-stage malignant lesions convert 

pyruvate to lactate.

There is great interest in developing screening biomarkers for early-stage lesions, and altered 

metabolic states may be useful in this regard. In atypical adenomatous hyperplasias (AAHs) 

of the lung, premalignant lesions overexpress sodium-dependent glucose transporter 2 

(SGLT2). SGLT2 does not transport the common cancer imaging tracer 18fluoro-2-

deoxyglucose (FDG), and thus, these lesions are poor candidates for FDG-PET (positron 

emission tomography) imaging. But an alternative tracer, methyl-4-deoxy-4-[18F]-fluoro-α-

D-glucopyranoside (Me4FDG), is taken up by SGLT and can identify AAH and low-grade 

adenocarcinomas of the lung (24).

A key question is whether early metabolic alterations produce targetable liabilities during 

tumor initiation. Leukemia initiation is sensitive to some aspects of early reprogramming. 

Mutations in isocitrate dehydrogenase isoform-1 (IDH1) and IDH2 generate the 

oncometabolite D-2-hydroxyglutarate (D-2HG), which inhibits epigenetic enzymes 

including histone demethylases and the Ten-eleven translocation (TET) family of 5-

methylcytosine hydroxylases. These effects contribute to tumor initiation in acute 

myelogenous leukemia (AML) by resulting in persistent histone and DNA methylation and 

impaired cellular differentiation (25). Epigenetic effects also occur in gliomas with these 

same mutations (26). At least in AML, dependence on these mutant enzymes persists after 

the cancer becomes clinically apparent because mutant IDH inhibitors have therapeutic 

efficacy in humans (27). In mice, oncogenic neuroblastoma Ras viral oncogene homolog 
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(NRas) cooperates with mutations in the epigenetic regulator enhancer of zeste homolog 2 

(Ezh2) to produce aggressive leukemias. Ezh2 mutations result in enhanced expression of 

branched-chain amino acid transaminase-1 (Bcat1). This enzyme promotes cancer by 

allowing cells to generate a large leucine pool, activating the growth-stimulating mechanistic 

target of rapamycin (mTOR). Silencing Bcat1 reduces leukemia initiation, and 

overexpressing this enzyme promotes NRas-driven leukemia initiation even in cells that lack 

Ezh2 mutations (28). These studies demonstrate the functional and therapeutic relevance of 

metabolic reprogramming early in tumorigenesis.

Primary invasive cancers

Through excessive cell proliferation and acquisition of additional mutations, premalignant 

lesions progress to malignant tumors that arouse clinical attention. Much of what is known 

about cancer metabolism comes from primary, locally aggressive tumors confined to the 

parental tissue. The importance of cell survival and proliferation during progression from 

premalignant lesions to clinically detectable tumors may explain why several stereotyped 

metabolic properties repeatedly appear in cancer metabolism studies. We use the term 

“convergent properties” to describe these pathways because they appear to be the common 

result of myriad regulatory aberrations that culminate in tumorigenesis (2). Pathways 

involved in energy production (including the Warburg effect), macromolecular synthesis, 

and redox control are commonly reprogrammed by tumorigenic mutations in KRAS (29), 

TP53 (30), MYC (31), and many others (32). Perhaps these pathways appear convergent 

because clinically evident tumors–and the experimental models derived from them–would 

not arise without them.

Convergent metabolic pathways are supplied by abundant nutrients such as glucose and 

amino acids. A central concept in cancer metabolism is that malignant cells acquire an 

enhanced ability to feed themselves by activating nutrient uptake mechanisms (33). This 

cell-autonomous behavior is hardwired by mutations in the conserved mechanisms that 

govern cellular nutrient handling. Activating mutations in the phosphoinositide 3-kinase 

(PI3K) signaling pathway, which tethers growth factor signaling to activation of anabolic 

metabolism, are among the most common in human cancer (34). These mutations promote 

unrestrained growth by locking cells into a phenotype of nutrient uptake and anabolism with 

reduced dependence on extracellular growth factors for instruction. Mutations in the 

machinery that allows cells to sense nutrient availability and energetic status are also 

common. These include inactivating mutations in STK11, which encodes the serine-

threonine kinase LKB1. LKB1 stimulates adenosine 5′-monophosphate (AMP)–activated 

protein kinase, which normally acts as a brake on anabolism under conditions of energetic 

stress. Growth factor signaling and nutrient availability converge on mTOR complex-1 

(mTORC1), which integrates these signals to stimulate ribosome biogenesis, protein 

synthesis, and other pathways required for cell growth (35). Mutations that activate 

mTORC1 are common in primary invasive cancers and result in enhanced sensitivity to 

inhibitors of metabolic pathways under mTORC1 control (36).

The factors that regulate tumor metabolism, including the genomic landscape and 

microenvironment, evolve as the tumor progresses from premalignancy to overt cancer. Even 
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the well-established effects of common oncogenic drivers may provide somewhat different 

benefits as the disease progresses. For example, oncogenic KRAS activates expression of the 

glucose transporter GLUT1 and enables high glycolytic rates when glucose is abundant (37). 

These mutations do not confer any particular advantage under glucose-replete conditions, 

but when glucose is scarce, mutant cells outcompete their wild-type counterparts and 

overtake the culture. Furthermore, simply culturing wild-type cells in low-glucose 

conditions selects for cells with enhanced GLUT1 expression, including clones that 

spontaneously acquire KRAS mutations (37). These findings indicate that the benefits 

provided by oncogenic mutations can be dictated by the metabolic milieu. For oncogenic 

drivers such as KRAS, mutations early in the process of tumorigenesis may provide a 

specific competitive advantage when nutrient delivery is compromised. In established 

tumors, ongoing expression of oncogenic KRas drives rapid growth by channeling glucose 

into pathways that promote macromolecule synthesis (29). It will be instructive to test 

whether dependence on metabolic effectors of KRas and other oncogenes evolves during 

progression to a malignant tumor.

Other metabolic properties diverge as tumors grow, resulting in remarkable metabolic 

heterogeneity in primary cancers (2). These divergent phenotypes reflect the effects of 

molecular heterogeneity in cancer cells and inconsistencies in the microenvironment (Fig. 

1); the relative importance of these factors is an active area of investigation. A few studies 

have characterized the scope of heterogeneity defined by cell-intrinsic processes by profiling 

metabolism across panels of genetically diverse cancer cell lines. In one study, more than 80 

lung cancer cell lines were cultured under identical conditions and subjected to 13C tracers 

and other assays to observe the scope of metabolic phenotypes defined purely by cell-

intrinsic processes (38). Although all cells were derived from malignant lung tumors, their 

metabolic features were remarkably divergent. Correlating these features with orthogonal 

genomic, transcriptomic, and proteomic data revealed that some features [for example, 

patterns of nutrient utilization in the tricarboxylic acid (TCA) cycle] reflected single 

oncogenic drivers such as mutant KRAS or epidermal growth factor receptor (EGFR). 

Others resulted from the combined effects of multiple mutations in different genes acting in 

concert rather than single drivers, and still others could not easily be explained by the 

oncogenotype. Another study reached similar conclusions, identifying some genotype-

phenotype correlations but failing to uncover predictable metabolic signatures for a number 

of common drivers (39). These studies imply that cancer cell metabolism is sensitive to 

combinatorial cell-intrinsic effects, such as the co-occurrence of multiple mutations and as-

yet unknown processes.

Accumulation and selection of somatic mutations drives cancer progression and results in 

heterogeneous vulnerabilities. Truncal mutations are essential for cancer initiation, and 

subsequent mutations, including the order in which they arise, can influence tumor biology 

(6). KRAS is the most common oncogenic driver in human lung adenocarcinoma, but the 

behavior of KRAS-driven tumors is modified by mutations in other genes (Fig. 2). When 

coupled with oncogenic KRAS, mutations in STK11 result in aggressive malignant features, 

including metastasis and therapy resistance (40–42). This particular co-mutant state also 

influences metabolic liabilities. KRAS and STK11 mutations individually influence 

metabolism, but co-mutation of both genes causes new vulnerabilities to emerge, including 
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enhanced dependence on pyrimidine metabolism and oxidative phosphorylation (OXPHOS) 

(43–45). The KRAS-STK11 metabolic phenotype is further modified by co-mutations in the 

tumor suppressor KEAP1 (kelch-like ECH associated protein 1), which encodes a negative 

regulator of the NRF2 (nuclear factor erythroid 2-related factor 2) antioxidant transcriptional 

program. The tendency for these three mutations to co-occur suggests that the metabolic 

state caused by mutations in KRAS and STK11 selects for the additional adaptation of 

enhanced antioxidant capacity satisfied by KEAP1 loss (Fig. 2) (46). In preclinical models, 

this antioxidant function requires glutamine catabolism, making tumors that contain all three 

mutations highly sensitive to glutaminase inhibitors (47).

Interestingly, concomitant mutations in KRAS and STK11 also confer liabilities in PDAC, 

but the mechanisms are distinct from those in lung cancer. In mouse PDAC models, these 

mutations synergize to activate synthesis of serine and the methyl donor S-adenosyl 

methionine, a substrate for DNA methylation (48). This results in increased genome 

methylation in patterns that promote tumor growth. Inhibiting serine biosynthesis or DNA 

methyltransferases reduces tumor growth in these models.

The tumor microenvironment also evolves as clinically evident tumors arise from small, 

premalignant lesions. The microenvironment can impose a number of non-cell-autonomous 

pressures on cancer cells, including nutrient and oxygen deprivation, acidification of the 

extracellular space, and aberrant cell-matrix and cell-cell interactions (2, 49). Tumor 

progression requires that cancer cells tolerate these pressures and develop mechanisms to 

continue to proliferate. Oncogene-driven expression of nutrient transporters (24, 50), the 

ability to derive energy from diverse nutrient sources–including scavenged protein, recycled 

organelles, and necrotic debris (51–54)–and metabolic cooperativity among cancer cells or 

between cancer cells and stromal cells (55, 56) likely contribute to tumor cell fitness in 

stressful tumor microenvironments.

These cell-autonomous and microenvironmental processes not only affect metabolic 

differences among tumors but also give rise to regional metabolic heterogeneity within the 

same tumor. Progression of localized solid tumors in humans involves clonal expansion of 

cells with additional mutations and branched evolutionary growth. In ccRCC, sequencing 

multiple regions of primary tumors revealed that most somatically acquired mutations are 

not present in all areas (57). This produces regionally diverse combinations of mutations 

with cell-autonomous metabolic effects, including truncal VHL mutations followed by 

clonal mutations in mTOR, PTEN, and others. The effect of these combinations on 

metabolism is unknown. In human lung cancer, infusing patients with 13C-glucose during 

surgical resection of their tumors revealed marked regional metabolic heterogeneity despite 

the presence of truncal mutations in multiple regions (58, 59). In these tumors, local patterns 

of nutrient metabolism and metabolic gene expression correlated with local differences in 

perfusion, suggesting that the microenvironment and tumor cell genotype cooperate to 

regulate metabolism. We need better methods to assess regional metabolic phenotypes in 

human cancer because inconsistency of metabolic vulnerabilities across a tumor will limit 

the utility of metabolic therapies. Unless the vulnerability is established by a truncal 

mutation and is robust enough to withstand the mitigating effect of subsequent mutations 

and environmental factors, it may not represent a useful therapeutic target.
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Metastatic cancer

Death from cancer is determined largely by metastasis rather than localized tumor growth at 

the primary site. Unlike metastatic cancer, localized tumors are often cured by means of 

surgery. Disseminated metastases cause neurological compromise, respiratory failure, 

thrombosis, and other potentially lethal complications. Metastasis requires that cells navigate 

a sequence of biological challenges, including escape from the primary tumor, survival in 

the circulation, colonization of distant organs, and growth into tumors at these remote sites. 

Many factors contribute to the metastatic capabilities of cancer cells (60–63). Metastasis also 

imposes metabolic requirements distinct from those that support cell growth, and inhibiting 

these activities reduces metastatic spread (Fig. 3).

The metastatic cascade begins with escape of potentially metastatic cells from the primary 

tumor. Intravasation into the blood or lymph involves degradation of extracellular matrix 

(ECM), migration away from the primary environment, and avoidance of immune 

surveillance. Metabolic factors are thought to contribute to these processes either by 

allowing cancer cells to acquire cell-autonomous properties associated with enhanced 

invasiveness or by altering the microenvironment. A convergent metabolic phenotype is the 

release of CO2, lactate, and other organic acids from metabolically active cancer cells; 

acidification of the extracellular space; and promotion of degradation of the ECM (Fig. 3). 

This involves decreasing the abundance of adherens junctions on cancer cells, allowing them 

to detach from adjacent cells and stimulating proteolytic enzymes that degrade the ECM 

(64).

Other metabolic adaptations promote the epithelial-mesenchymal transition (EMT), a 

multifactorial cell state involving loss of adhesion and enhanced migratory capabilities. 

Oncogene-dependent activation of uridine 5′-diphosphate (UDP)–glucose 6-dehydrogenase 

(UGDH) depletes UDP-glucose, resulting in enhanced expression of SNAIL–a transcription 

factor that promotes mesenchymal properties–and increased migration and metastasis in 

mice (65). Expression of asparagine synthetase (Asns), which converts aspartate into the 

conditionally essential amino acid asparagine, promotes breast cancer cell invasiveness and 

metastasis by supporting EMT because EMT-associated proteins have disproportionately 

high asparagine content. Silencing Asns or systemically depleting asparagine reduces 

metastasis to the lung in these models (66).

Metabolic stress in the microenvironment of the primary tumor can also influence 

metastasis. Hypoxic regions within tumors portend an increased risk of metastasis, and 

transcriptional programs downstream of HIF-1 and HIF-2 allow hypoxic breast cancer cells 

to intravasate and metastasize (67, 68). Rapid nutrient consumption by cancer cells is 

thought to deplete fuels such as glucose and glutamine for immune cells, resulting in a 

suboptimal environment for immune surveillance and possibly increasing the chance that 

invasive cancer cells will survive [reviewed in (69)].

Even small tumors shed cancer cells into the circulation, but only a small fraction of these 

cells (0.01%) are capable of forming metastatic lesions (70–73). This implies that major 

bottlenecks in metastasis occur after escape from the primary tumor. Antioxidant responses 
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after loss of anchorage contribute to metastatic capabilities (Fig. 3). In cultured mammary 

epithelial cells, matrix detachment produces oxidative stress and results in cell death unless 

the stress can be mitigated by production of reduced nicotinamide adenine dinucleotide 

phosphate (NADPH) in the pentose phosphate pathway. This pathway provides reducing 

equivalents to regenerate ROS-detoxifying metabolites, such as glutathione (74). A redox 

shuttle enabling the transfer of NADPH from the cytosol into the mitochondria is required 

for maximal cancer cell growth after the loss of monolayer attachment in culture (75). In 

vivo, the oxidizing environment of the bloodstream makes antioxidant defense a major factor 

in metastatic efficiency. Suppressing oxidative stress with systemic antioxidants or cell-

intrinsic activation of antioxidant pathways promotes metastasis in patient-derived 

melanoma xenografts (76) and in genetically modified mouse models of melanoma (77), 

breast cancer (78), and lung cancer (79–81). Not all tumor cells are susceptible to oxidative 

stress, however, and ROS may promote metastasis in some models (82–84). The exact role 

of ROS may depend on the stage and type of cancer (85).

Colonization of distant organs is another bottleneck in metastasis (Fig. 3) (70, 86–89). 

Colonization includes cell survival in dormant micrometastatic lesions and eventually 

reactivation of growth, leading to clinically apparent macrometastases (90, 91). The 

propensity of an organ to foster metastatic lesions is variable, with the liver, lung, brain, and 

bone being important metastatic sites in many cancers (92). Some primary cancers tend to 

metastasize to particular organs, a relationship called organotropism. Accessibility of the 

distant organ from the primary site by means of lymphatics and blood flow helps dictate 

which environments are most amenable to metastasis, but harmony between the metabolic 

needs of the cancer cell and the milieu of the organ also contributes. Abundant pyruvate in 

lung interstitial fluid in mice promotes breast cancer cell α-ketoglutarate synthesis, which 

stimulates collagen cross-linking by the α-ketoglutarate-dependent enzyme prolyl-4-

hydroxylase (93). Excessive collagen cross-linking in the ECM improves the lung’s ability 

to support breast cancer metastasis. Metastatic ovarian cancer cells prefer fatty acids over 

other fuels, perhaps explaining why they frequently metastasize to the lipid-rich omental fat 

pad. In mice, preventing transfer of fatty acids from neighboring adipocytes to ovarian 

carcinoma cells reduces metastatic growth (94). Fatty acid oxidation also supports 

colonization of lymph nodes by some cancer cells (95). In these models, bioactive bile acids 

within the lymph node stimulate fatty acid oxidation through Yap (yes-associated protein)-

mediated transcriptional reprogramming, and inhibiting either Yap or fatty acid oxidation 

reduces lymph node metastasis. Similarly, triple-negative breast cancers rely on fatty acid 

oxidation to maintain aberrant Src activity, which promotes metastasis (96).

Metabolic heterogeneity among cancer cells within a primary tumor can regulate both the 

overall metastatic efficiency and organotropism. A subpopulation of cells from human oral 

carcinomas expresses the lipid transporter CD36, which imports fatty acids for oxidation. 

CD36 expression is both necessary and sufficient for these cells to give rise to lymph node 

metastases at high efficiency (97). In a mouse mammary cancer model, cancer cells display 

heterogeneous metabolic properties that influence the site of metastasis, with metastases to 

the liver requiring the Hif-1 target pyruvate dehydrogenase kinase-1 (Pdk1), which promotes 

adaptation to hypoxia (98). In human melanoma, brain metastases are enriched for gene sets 

related to OXPHOS, and inhibiting OXPHOS in mouse models reduces metastases to the 
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brain but not the lung (99). These findings indicate that specific metabolic adaptations 

promote organotropism in melanoma. Also in melanoma, expression of monocarboxylate 

transporter-1 (MCT1) defines a subpopulation of cells with high metastatic efficiency. In 

patient-derived xenografts and syngeneic models, MCT1-dependent lactate transport allows 

melanoma cells to maintain an intracellular pH and redox ratio that support the pentose 

phosphate pathway and mitigate oxidative stress (100).

The dormancy period between arrival of metastatic cells in a distant organ and appearance of 

macrometastasis varies widely. Glioblastoma metastases to the lung were only observed 

when the lungs of a deceased donor were transplanted into an immunosuppressed patient, 

suggesting an indefinite period of dormancy in immunocompetent hosts (101). How cancer 

cells survive during prolonged dormancy is incompletely characterized. When in vivo 

selection was used to identify latency-competent cancer cells, these tumors exhibited a 

quiescent-like state reminiscent of stem and progenitor cells (102). In a mouse pancreatic 

cancer model, ablating oncogenic Kras from established tumors revealed a fraction of cells 

that survive and eventually propagate. These dormant cells display enhanced OXPHOS 

relative to KRas-expressing cells, and inhibiting OXPHOS reduced tumor recurrence (103). 

Although this model did not assess metastasis, it does suggest a shift in metabolic 

dependencies during dormancy. Once dormant cells begin to proliferate, anabolic pathways 

involving biomass assimilation are presumably activated to support progression to 

macrometastasis (Fig. 3). It will be interesting to determine whether the growth-promoting 

metabolic network in macrometastases differs from the primary tumor.

Targeting metabolic liabilities

Tumors were classically thought to contain generalizable, hardwired metabolic 

vulnerabilities. But so far, this idea has not produced many metabolic therapies with broad 

and predictable efficacy in human cancer. The insights reviewed above indicate that cancer 

cell metabolism is flexible and heterogeneous, is responsive to cues that evolve during 

cancer progression, and thwarts efforts to target fixed liabilities. How then should we 

prioritize potential metabolic liabilities for further study and the development of new 

therapies?

A rare but crucial opportunity for intervention involves genetically defined metabolic 

alterations that contribute mechanistically to transformation. The most straightforward 

examples are mutations in metabolic enzymes that permanently alter cellular metabolism 

and promote the hallmarks of malignancy. Currently, IDH1 and IDH2 mutations in AML 

best illustrate this paradigm. Truncal mutations in either of these genes produce a cell-

autonomous and persistent addiction to the resulting metabolic alteration (accumulation of 

D-2HG). These are appealing features for therapeutic targeting. Clinical efficacy of mutant 

IDH1 and −2 inhibitors has been demonstrated in AML patients, with clinical trials in solid 

tumors now under way. In addition to its epigenetic effects, D-2HG inhibits enzymes from 

the canonical metabolic network (104). Such enzymes include transaminases that produce 

glutamate for glutathione biosynthesis, rendering IDH-mutant gliomas susceptible to 

treatments that deplete glutamate and enhance oxidative stress (105). This may provide 

therapeutic opportunities in IDH1- and IDH2-mutant tumors beyond inhibiting mutant IDH.
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FH and SDH mutations also create truncal metabolic aberrations. These mutations induce 

permanent restructuring of the TCA cycle and result in numerous metabolic liabilities in 

preclinical models (106–108). They also bring about nonintuitive liabilities that may provide 

opportunities for clinical intervention. In addition to their roles in the TCA cycle, high levels 

of succinate and fumarate in SDH- and FH-deficient cancers impair homologous 

recombination DNA repair (109). This repair pathway requires the α-ketoglutarate-

dependent histone demethylases KDM4A and KDM4B. Like D-2HG, succinate and 

fumarate, at high concentrations, inhibit α-ketoglutarate-dependent enzymes, including 

KDM4A and KDM4B. Ineffective DNA repair in cancer cells that lack FH and SDH renders 

them sensitive to drugs that block DNA repair.

New clinical opportunities may also arise from studying the role of metabolic 

reprogramming in the therapy-resistant state. Acquired therapy resistance is a major factor 

leading to cancer-associated mortality, and metabolic alterations have the potential to 

contribute to therapy resistance. One example involves drug-tolerant persister cells that 

survive cytotoxic therapy through reversible, nonmutational mechanisms. Across a variety of 

cytotoxic treatments and cancer types, this persister state confers dependence on glutathione 

peroxidase 4 (GPX4), a lipid hydroperoxidase. Inhibiting GPX4 induces lipid peroxidation 

and death in persister cells and reduces the reemergence of tumors resistant to cytotoxic 

therapy (110).

In some cases, metabolic interactions between cancer cells and the microenvironment 

promote therapy resistance. Metabolic properties of non-small-cell lung cancers can 

reprogram stromal cells to induce resistance to EGFR inhibitors (111). Lactate export by the 

cancer cells induces neighboring fibroblasts to secrete hepatocyte growth factor, which 

activates its receptor tyrosine kinase c-MET on cancer cells. Consequently, the cancer cells 

sustain oncogenic signaling even in the presence of EGFR inhibitors (111). PDAC cells also 

co-opt the microenvironment to promote drug resistance. PDAC-induced macrophage 

polarization causes the macrophages to release deoxycytidine, which competitively inhibits 

the chemotherapeutic agent gemcitabine and lowers its therapeutic efficacy (112).

Some drugs induce systemic metabolic effects that complicate therapeutic responses. PI3K 

inhibitors suppress glucose uptake by the muscle and other tissues, resulting in elevated 

blood glucose and pancreatic insulin release after administration of the drug. The insulin 

surge reactivates PI3K signaling in the tumor, limiting the efficacy of PI3K inhibitors on 

tumor growth. Placing mice on a low-carbohydrate, ketogenic diet blunts the hyperglycemia 

and insulin release that accompany PI3K inhibition, and this improves the efficacy of PI3K 

inhibitors on tumor growth (113).

A recurrent theme in studies on cancer progression is the increased reliance of cancer cells 

on OXPHOS in advanced stages of disease. As discussed above, mouse PDAC cells 

subjected to prolonged withdrawal of oncogenic Kras in vivo require OXPHOS to emerge 

from dormancy (103). In chronic lymphocytic leukemia, acquired resistance to venetoclax–

an inhibitor of the antiapoptotic protein B cell lymphoma-2 (BCL-2)–involves increased 

mitochondrial mass and enhanced OXPHOS (114). Inhibiting OXPHOS increases 

venetoclax sensitivity in culture and in vivo. OXPHOS also promotes resistance to the 
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antimetabolite cytarabine in mouse models of AML (115). Cells persisting after cytarabine 

treatment and preexisting cells with innate cytarabine resistance both displayed enhanced 

OXPHOS. Cytarabine treatment in AML-bearing mice spares cells with high levels of 

OXPHOS, and cytarabine-resistant cells are susceptible to OXPHOS inhibitors (115). It is 

unclear why cells acquire enhanced dependence on OXPHOS during cancer progression and 

whether the underlying mechanism is the same in all contexts. Nevertheless, this form of 

metabolic reprogramming deserves further study because its appearance in diverse 

preclinical models implies a degree of generalizability and because an OXPHOS inhibitor 

with potent efficacy in mouse models is now in phase 1 clinical trials (116).

Is the therapeutic window for OXPHOS inhibitors wide enough, given that this pathway is 

so important in many other tissues? This is an open question. Recently described OXPHOS 

inhibitors display enhanced toxicity against cultured cancer cells compared with either 

nontransformed cells or other cancer cells with metabolic properties that allow them to 

compensate for OXPHOS impairment (116, 117). It is encouraging that these agents also 

suppress growth of susceptible tumors in mice, using doses that are well-tolerated over the 

short term. We currently do not know whether dosing can be sustained in large animals and 

humans so as to induce durable therapeutic responses without dose-limiting toxicities in the 

heart, muscle, brain, and other oxidative organs.

Similar issues arise with other reprogrammed pathways, most of which are not confined to 

tumors. Glutamine addiction is a common feature of cultured cancer cells, and early 

attempts to target this pathway in vivo used the glutamine analog 6-diazo-5-oxo-L-

norleucine (DON). By inhibiting a myriad of enzymes that use glutamine as a substrate, 

DON kills cancer cells but is unacceptably toxic to the gastrointestinal tract and other 

tissues, limiting its clinical development. But a recent DON analog, JHU083, is a prodrug 

that is activated in the tumor microenvironment, improving the therapeutic window (118). In 

syngeneic mouse models, this drug markedly impairs glutamine consumption by cancer 

cells, suppressing cancer cell growth and increasing the availability of glutamine and other 

nutrients for T cells in the tumor microenvironment. This produces robust antitumor 

immunity that results in tumor regression.

A related challenge in advancing promising metabolic therapies into clinical practice is to 

identify the patients most likely to benefit from the drug. Metabolic heterogeneity among 

tumors makes this difficult, even if specific, potent, and well-tolerated inhibitors are 

available. Biomarkers better at predicting therapeutic responses are sorely needed, and 

advances in metabolic phenotyping of intact tumors suggest several paths forward (119). 

First, 2-HG accumulation in IDH1- and IDH2-mutant tumors is a rare example in which the 

metabolite directly reports the oncogenic driver and potential therapy (Fig. 4). Proton 

magnetic resonance spectroscopy can noninvasively track 2-HG abundance in IDH-mutant 

gliomas, predicting both disease progression and response to therapy through longitudinal 2-

HG measurements (120). Tumors with detectable 2-HG at diagnosis could be stratified to 

receive inhibitors of mutant IDH in clinical trials.

However, most metabolic therapies lack biomarkers, and conventional molecular analyses 

such as DNA and RNA sequencing usually prove to be inadequate surrogates for 
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metabolism. But metabolic tracers can assess tumor metabolism in situ (Fig. 4). 13C tracers 

allow the fates of nutrients–for example, glucose and lactate–to be tracked, reporting 

metabolic pathways in intact tumors. Intravenous infusion of 13C-lactate into human non-

small-cell lung cancer patients and mice bearing patient-derived melanomas identified 

tumors with a propensity for future metastasis, which required MCT1-dependent lactate 

transport in the mice (58, 100). Tracers labeled with 13C can also be imaged by using 

hyperpolarized magnetic resonance imaging (MRI), allowing for the noninvasive 

observation of activities such as the transfer of hyperpolarized 13C between pyruvate and 

lactate (121). In human prostate cancer, tumor grade correlates with MCT1 expression and 

with imaging of 13C-lactate after injection of hyperpolarized 13C-pyruvate (122). MCT1 

inhibitors are in clinical development, and these studies suggest ways to identify patients 

who would benefit from them.

Last, new PET probes report aspects of tumor metabolism that are relevant to experimental 

therapeutics. Although 18FDG has been widely used in clinical oncology for 40 years, it has 

not been deployed to predict responses to specific metabolic therapies. A new probe, 

4-[18F]fluorobenzyl-triphenylphosphonium (18F-BnTP), accumulates in tumors in 

proportion to their reliance on OXPHOS (123). In mouse models of lung cancer, 18F-BnTP 

imaging predicts sensitivity to OXPHOS inhibition, regardless of whether or not the tumors 

take up 18FDG. PET tracers detecting glutamine uptake have recently been assessed in 

human cancer, and this is relevant because of ongoing clinical trials for glutaminase 

inhibitors (124). In tumors that use glutaminase to convert glutamine to glutamate, 

glutaminase inhibition should deplete glutamate and increase the glutamine pool. In mouse 

models of breast cancer, both of these alterations were detected by using PET and other 

modalities after an acute period of glutaminase inhibition (125, 126).

Concluding remarks

Recent work in cancer metabolism has focused on assessing metabolic phenotypes in native 

microenvironments in humans and mice. This has produced a greater appreciation for 

metabolic heterogeneity among tumors, expanding the scope of metabolic dependencies 

beyond the classical pathways that dominate metabolism in culture. Evidence also indicates 

that metabolic phenotypes evolve as cancer progresses, with new dependencies emerging in 

the context of therapy resistance and metastasis. Future research should further explore these 

emerging vulnerabilities and devise ways to target them for therapy. This will require the use 

of experimental models that allow investigators to isolate and manipulate crucial cellular 

subsets such as dormant persister cells and cells at key points in the metastatic cascade. We 

also anticipate further advancements in methods to assess and quantify metabolic 

phenotypes in human cancers in vivo, including metabolomics, isotope tracing studies, and 

metabolic imaging. These efforts could ultimately allow clinical oncologists to tailor 

therapeutic strategies by matching the treatment with patient-specific tumor metabolism.
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Fig. 1. Intrinsic and extrinsic factors contribute to metabolic phenotypes in tumors.
Intrinsic factors include characteristics of the parental tissue as well as new properties 

arising in the malignant cells as a consequence of altered signaling and transcriptional 

networks. Extrinsic factors include metabolic stresses imposed by the microenvironment and 

metabolism of the patient.

Faubert et al. Page 23

Science. Author manuscript; available in PMC 2020 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. Accumulation of somatically acquired mutations changes tumor biology and causes 
metabolic liabilities to evolve.
KRAS mutations initiate tumorigenesis in the lung, driving nutrient uptake and anabolism. 

Mutation of STK11 increases key aspects of aggressive tumor biology, including metastatic 

efficiency and therapy resistance, but increases sensitivity to some metabolic inhibitors. 

KEAP1 mutations enhance resistance to oxidative stress by stimulating glutathione 

biosynthesis but induce dependence on glutaminase to supply precursors to produce 

glutathione. Cells are color-coded according to their genotype.
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Fig. 3. Tumor metabolism supports multiple steps of the metastatic cascade.
Bottlenecks occur at several steps of metastasis, and metabolic reprogramming supports 

successful navigation of some of these barriers. Extracellular acidification promotes 

intravasation of cells from the primary tumor. A major bottleneck occurs after cells enter the 

circulation, when survival requires mechanisms to produce NADPH and glutathione (GSH) 

to counteract oxidative stress. Successful seeding of distant organs and survival during 

dormancy may require harmony between the new microenvironment and the needs of cancer 

cells in micrometastatic lesions. Last, anabolic metabolism is reactivated during 

macrometastatic tumor growth.
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Fig. 4. Prospects for using in vivo analysis to match tumor metabolism with metabolic therapies.
Several new approaches to assess metabolism in intact tumors, particularly with new 

imaging approaches, have been used in humans and experimental models to report subtype-

selective metabolic properties, some of which correlate with therapeutic sensitivities. MRS, 

magnetic resonance spectroscopy; D-2HG, D-2-hydroxyglutarate; mIDH, mutant isocitrate 

dehydrogenase; MCT1, monocarboxylate transporter-1; 18F-BnTP, 4-[18F]fluorobenzy7l-

triphenylphosphonium; Gln, glutamine; PET, positron emission tomography; GLS, 

glutaminase.
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