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Cancer metabolism has its roots in the 
observations made by Otto Warburg, 
the winner of the 1931 Nobel Prize in 
Medicine or Physiology for his discovery  
of the mitochondrial respiratory chain 
complex IV1. Warburg observed that  
when compared with normal tissues, 
cancer tissue slices in vitro used copious 
amounts of glucose to generate lactate, even 
in the presence of oxygen, a phenomenon 
termed aerobic glycolysis or the Warburg 
effect. Warburg surmised that cancer cells 
cause an “injury to respiration” that was 
a prerequisite for the transformation of a 
differentiated cell into a proliferative  
cancer cell2. However, the majority of cancer  
cells respire to promote flux through the 
tricarboxylic acid (TCA) cycle for tumour 
growth3–8. There are tumours that do 
not respire but still use the TCA cycle to 
provide necessary metabolites for growth9. 
Nevertheless, the Warburg effect is a true 

At the beginning of this century, 
much of the research effort was focused 
on determining why the Warburg effect 
is advantageous for tumour growth. 
One proposed explanation is that through 
increased glycolysis, glycolytic intermediates 
can funnel into anabolic side pathways to 
support de novo synthesis of nucleotides, 
lipids and amino acids needed to support 
cell proliferation12,17,18. However, in the past 
decade, the TCA cycle has also re-​emerged 
as a key anabolic hub supporting tumour 
growth in both mouse models of cancer 
and patients with cancer4,6,18. A key finding 
was that genetic engineering of the electron 
transport chain (ETC) in cancer cells, 
leaving ETC-​linked TCA cycle function 
intact but disrupting ETC-​linked generation 
of ATP via oxidative phosphorylation, still 
allowed for tumour growth in vivo6. This 
indicates that ATP derived from glycolysis 
can support primary tumour growth. 
Moreover, pyruvate carboxylase (PC), 
which generates the TCA cycle metabolite 
oxaloacetate from pyruvate, has been shown 
to be necessary for primary and metastatic 
tumour growth19–21. Also, aspartate, which 
can be produced from oxaloacetate, and its 
derivative asparagine can both be limiting 
for tumour growth4,22–24. Thus, today it is 
appreciated that both glycolysis and the 
TCA cycle support tumour growth through 
metabolite biosynthesis3,18. A consequence 
of oxidative metabolism is the generation of 
reactive oxygen species (ROS) that can 
support tumorigenesis but which need to 
be tightly regulated at levels that do not 
incur cell death, that is, redox balance25. 
Strong evidence for the importance of 
ROS in cancer comes from human cancer 
genetics analysis and studies showing that 
loss-​of-​function mutations in KEAP1 result 
in activation of the master antioxidant 
transcription factor nuclear factor erythroid 
2-​related factor 2 (NRF2) in the context 
of other cancer-​promoting mutations26. 
A key set of observations that significantly 
impacted the field is the recognition that 
metabolites, beyond their biosynthetic 
role, can act as signalling molecules to 
promote tumour growth by controlling gene 
expression (that is, oncometabolites)27. In the 
past few years, the field has expanded from 
investigating central carbon pathways of 
glycolysis and the TCA cycle to a multitude 

phenomenon that can be observed  
in vitro and in vivo both in mouse models 
of cancer and in human patients with 
cancer10,11. The resurgence of cancer 
metabolism in the past 25 years coincides 
with discoveries that help explain why cancer 
cells exhibit the Warburg effect12. In the 
1990s, it was recognized that the glycolytic 
enzyme lactate dehydrogenase A (LDHA) 
is a transcriptional target of the oncogene  
MYC and is necessary for increased glycolysis 
and tumorigenic potential of cancer cells; 
thus, providing a molecular basis for the 
Warburg effect13. Moreover, AKT, mTOR 
and hypoxia-​inducible factors (HIFs), which 
are often deregulated in cancer and required 
for tumour survival and growth, were also 
discovered in the 1990s (refs14–16). These 
pathways individually increase glycolysis 
through transcriptional upregulation and 
phosphorylation of glucose transporters  
and glycolytic enzymes.
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Abstract | Tumour initiation and progression requires the metabolic reprogramming 
of cancer cells. Cancer cells autonomously alter their flux through various 
metabolic pathways in order to meet the increased bioenergetic and biosynthetic 
demand as well as mitigate oxidative stress required for cancer cell proliferation 
and survival. Cancer driver mutations coupled with environmental nutrient 
availability control flux through these metabolic pathways. Metabolites,  
when aberrantly accumulated, can also promote tumorigenesis. The development 
and application of new technologies over the last few decades has not only 
revealed the heterogeneity and plasticity of tumours but also allowed us to 
uncover new metabolic pathways involved in supporting tumour growth. The 
tumour microenvironment (TME), which can be depleted of certain nutrients, 
forces cancer cells to adapt by inducing nutrient scavenging mechanisms to 
sustain cancer cell proliferation. There is growing appreciation that the metabolism 
of cell types other than cancer cells within the TME, including endothelial cells, 
fibroblasts and immune cells, can modulate tumour progression. Because 
metastases are a major cause of death of patients with cancer, efforts are underway 
to understand how metabolism is harnessed by metastatic cells. Additionally, there 
is a new interest in exploiting cancer genetic analysis for patient stratification  
and/or dietary interventions in combination with therapies that target metabolism. 
In this Perspective, we highlight these main themes that are currently under 
investigation in the context of in vivo tumour metabolism, specifically emphasizing 
questions that remain unanswered.
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of branch metabolic pathways that are 
necessary for tumour growth, progression 
and metastasis. Today, the field is largely 
driven by findings in vivo rather than 
in vitro, due to the growing appreciation  
of the role of other cell types in the tumour 
microenvironment (TME), and the 
metabolic constraints imposed by different 
levels of nutrients and oxygen in vivo 
compared with in vitro conditions28. Recent 
data indicate that organismal metabolism 
can also modulate tumour growth29,30. The 
paucity of successful clinical data regarding 
metabolic therapies for patients with cancer 
continues to invigorate foundational science 
efforts. In this Perspective, we highlight 
recent key developments in the field, 
including signalling and metabolic pathways 
that support tumour growth; the molecular 
basis of how oncometabolites promote 
tumorigenesis; how cancer cells maintain 
redox balance during cancer progression; 
metabolic constraints imposed by the host 
organism and TME; and new approaches 
to targeting metabolism for cancer therapy. 
This article is not intended to provide 
detailed information about all of these 
important arenas of cancer metabolism, 
as this is covered in many recent excellent 
reviews16,25,28,29,31–33, but, rather, provides a 

perspective that paints broad brushstrokes 
of themes driving the field. Importantly, we 
highlight key in vivo questions that remain 
unanswered in cancer metabolism (Box 1).

Anabolism and tumour growth
The generation of two daughter cells requires 
macromolecules that support cellular 
proliferation (for example, nucleotides 
and lipids). Cancer cells use intracellular 
anabolic pathways to generate de novo 
macromolecules and can acquire them 
from the circulation. Two key questions are: 
(a) what are the macromolecules for which 
synthesis is rate-limiting in tumour growth; 
and (b) which intracellular pathways must be 
invoked to sustain tumour growth in vivo? 
These processes will likely be dependent on 
which macromolecules can be acquired from 
the TME. A hint comes from two recent 
studies using in vivo functional genomic 
CRISPR-​based screens in pancreatic and 
lung cancers driven by oncogenic KRAS 
and loss of p53, where the top essential 
genes were related to haem and nucleotide 
synthesis34,35. Indeed, haem synthesis is 
necessary for mitochondrial ETC function 
as shown in endothelial cells36. Other 
genes observed to be essential in cells with 
oncogenic KRAS and loss of p53, consistent 

with observations from multiple previous 
studies6,37,38, were encoding enzymes in 
glycolysis, one-​carbon metabolism, and 
mitochondrial ETC and TCA cycle pathways 
that are known to be necessary for haem 
and nucleotide synthesis (Fig. 1). Under 
these specific conditions, lipids are likely 
acquired from the microenvironment, 
where in other contexts cancer cells may 
require de novo lipid synthesis39. It is 
therefore tempting to speculate that the 
necessity of these metabolic pathways in 
cancer cells is to sustain de novo nucleotides 
and haem synthesis, but this hypothesis 
requires experimental validation in different 
tumour models as lipid availability in 
certain TMEs is also likely to be limiting. 
A recent provocative study demonstrated 
that immortalized cells, which normally 
require oncogene activation to become 
tumorigenic, could generate tumours 
in vivo only if mice were supplemented 
with nucleosides and antioxidants40. It would 
be ironic if nucleotide synthesis, increased 
activity of which was identified as a target 
for cancer therapy early on in the history 
of cancer research41, would again be one of 
the central themes of modern cancer 
metabolism research. So, has it all been 
a rediscovery? We would argue no. If one 
focuses on recent developments in research 
on nucleotide synthesis, it is apparent 
that there have been reports on numerous 
examples of previously unappreciated 
pathways that sustain nucleotide synthesis 
in cancer cells. For example, nucleotide 
synthesis requires nitrogen, which cells 
dispose of through urea. However, many 
cancer cells exhibit dysregulation in 
the expression of urea cycle enzymes, 
frequently with DNA methylation-​induced 
downregulation of argininosuccinate 
synthase (ASS1) expression, which uses 
aspartate and citrulline as substrates42 
(Fig. 1b). The decrease in ASS1 expression 
in some cancers increases aspartate 
availability to sustain pyrimidine 
synthesis42. Additionally, non-​small cell 
lung cancer (NSCLC) cells harbouring 
oncogenic KRAS and loss of tumour 
suppressor LKB1 upregulate expression 
of the urea cycle enzyme carbamoyl 
phosphate synthetase 1 (CPS1)43 (Fig. 1c). 
CPS1 produces carbamoyl phosphate 
in the mitochondria from ammonia 
and bicarbonate to provide nitrogen for 
pyrimidine synthesis43. It is important to 
note that beyond canonical mechanisms, 
enzymes known for regulating metabolism 
can also have ‘moonlighting functions’. 
One salient example of this phenomenon 
is how the loss of the gluconeogenic 

Box 1 | Key questions to decipher the in vivo metabolism of cancer cells

1.	� How can imaging, magnetic resonance and mass spectrometry techniques be used to detect 
the metabolic heterogeneity of cancer cells and normal cells within the tumour 
microenvironment (TME) in both mouse models of cancer and patients with cancer?

2.	�C ompared with cancer cells, how are the metabolism and nutrient sensing signalling pathways 
of non-​malignant cells in the TME as well as normal differentiated cells wired in vivo during 
development, in physiology or in distinct pathologies?

3.	� Why does the accumulation of succinate, fumarate or d/l-2-​hydroxyglutarate (d/l-2HG) exert 
its tumorigenic effects in only certain tissues and how do these oncometabolites alter gene 
expression at a specific locus?

4.	� How do some metabolic enzymes drive tumour progression through catalytically independent 
mechanisms?

5.	� Which reactive oxygen species (ROS) — that is, superoxide (O2
–), hydrogen peroxide (H2O2), 

hydroxyl radical (–OH) and lipid hydroperoxide (LOOH) — promote or suppress tumour 
initiation and progression? What are the relevant ROS targets for tumour initiation and 
progression?

6.	� What are the in vivo metabolic vulnerabilities imposed by the tissue of origin, driver mutations 
and the TME?

7.	� Are there distinct metabolites, which are not involved in anabolic pathways, that promote  
the metastatic invasive cellular phenotype as well as metastatic dormancy? How does the 
metabolism of cancer cells change to support cell survival when passing through the circulatory 
and lymphatic systems, ultimately leading to cancer cell colonization at a distal site?

8.	� How does the host organismal metabolism control tumour initiation and progression?  
What carbon fuels do different cancer cells utilize in vivo?

9.	� How can targeting metabolic pathways be best coupled with cancer genetics, diet and/or 
standard of care therapy such as immunotherapy? Why do effective current therapies 
targeting metabolism, for example 5-fluorouracil (5-FU), work in some patients and  
not others?

10.	� Does ageing increase the cancer risk through intracellular and/or organismal metabolic 
changes?
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enzymes fructose-1,6-​bisphosphatase 1 
(FBP1) in renal and liver cancer44,45, and 
FBP2 in soft tissue sarcoma46, can promote 
tumorigenesis through both the catalytically 
dependent increase in glycolytic flux and 
the catalytically independent control of 
gene expression (Fig. 2a). The generation 
of knock-​in alleles that discern between 
catalytic versus non-​catalytic functions 
of FBP1/2 will be crucial to resolve  
which function is dominant in cancer.

Our understanding of how anabolic 
pathways support tumour growth has also 
come from patients with cancer. Injection 
and tracing of isotope-​labelled glucose 
revealed that human lung tumours in 
patients and lung tumours in mouse models 
as well as human breast tumours display 
both enhanced flux through glycolysis 
and glucose oxidation by the TCA cycle 
compared with normal adjacent lung 
tissue18,21,47. Subsequent metabolic flux 
studies uncovered that multiple nutrients, 
including lactate and glutamine, funnel 
carbon into the TCA cycle in different 
human cancers, as well as in mouse models 
of cancer48,49. Moreover, mouse models of 
cancer have revealed that different 
oncogenic drivers within the same tissue 
of origin can induce distinct metabolism, 
whereas the same oncogenic driver in 
distinct tissues of origin elicits divergent 
metabolism50,51. Thus, metabolic profiles 
of tumours are dependent on the genotype 
and tissue of origin. It is important to note 
that isotope tracing studies do not indicate 
causality but, rather, these techniques are 
discovery tools to generate hypotheses. 
There have been spirited debates that arose 
from conducting similar isotope studies 
with different conclusions regarding the 
importance of glucose versus lactate as 
the dominant carbon fuel for the TCA 
cycle49,52,53. However, in the absence of 
genetic or pharmacologic perturbations, 
it is difficult to know whether a particular 
pathway is a dominant driver of tumour 
metabolism, and ultimately whether it 
impacts tumour growth in vivo. A recent 
study highlights this concept, where 
a combination of isotopic tracing and 
pharmacologic inhibition of serine 
hydroxymethyltranserases (SHMT1 and 
SHMT2) was used to show that SHMT 
inhibition synergized with methotrexate 
to diminish the T cell acute lymphoblastic 
leukaemia burden in mice54. Collectively, 
the study of cancer metabolism in vivo 
has led to a resurgence of using quantitative 
methods to examine cell metabolism 
in vivo during physiology and pathology55,56, 
leading researchers to decipher how 

anabolic pathways in healthy tissues are 
distinct from tumours.

Co-​opted signalling pathways
One aspect of anabolism that is not covered 
in classic biochemistry textbooks is the fact 
that cancer cells co-​opt signalling pathways 
and transcriptional networks (for example, 
PI3K–AKT–mTORC1 and MYC) to increase 
metabolic flux through intermediary 

metabolism to sustain proliferation16,57 
(Fig. 1a). Tumour suppressors such as p53 
can also regulate cellular metabolism58. 
A provocative genetic study suggested that 
the dominant tumour-​suppressive function 
of p53 in a mouse model of lymphoma is 
not linked to canonical p53-​dependent 
tumour-​suppressive functions — for 
example, cell cycle arrest, apoptosis or 
senescence — but, rather, control of 
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Fig. 1 | Metabolic and signalling pathways supporting tumour biomass production. a | MYC and 
PI3K–AKT–mTORC1 pathways are often deregulated in cancer cells and increase flux through glyco-
lysis, the tricarboxylic acid (TCA) cycle and one-​carbon metabolism to support production of nucleo-
tides and haem synthesis in vivo needed for tumour progression. b | Certain cancers downregulate 
argininosuccinate synthase (ASS1) expression to increase aspartate levels for pyrimidine synthesis.  
c | LKB1-​null non-​small cell lung cancer (NSCLC) tumours express carbamoyl phosphate synthetase 1 
(CPS1) concomitant with decreased ornithine transcarbamylase (OTC) expression, to produce 
carbamoyl phosphate in the mitochondria from ammonia and bicarbonate for pyrimidine synthesis. 
α-​KG, α-​ketoglutarate; ARG, arginase; PC, pyruvate carboxylase; PPP, pentose phosphate pathway.
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metabolism and antioxidant functions59. It is 
likely that distinct p53 tumour-​suppressive 
functions are context-​dependent.

The mTORC1 pathway has emerged 
as a central node for nutrient sensing 
and a coordinator for increased anabolic 
flux through pathways such as lipid and 
nucleotide synthesis in proliferating cells16,60. 
Recently, physiological growth signals 
or oncogenic activation of RAS or RAF 
stimulates the ERK signalling pathway 
to promote de novo purine synthesis 
for tumour growth61. A critical area 
currently being explored is the metabolic 
vulnerabilities that cancer cells incur upon 
hyperactivation of MYC and mTORC1, 
as this might provide unique therapeutic 
interventions in diminishing cancer cell 
proliferation and survival compared with 
non-​malignant cells62,63. The ability of 
cancer cells to prevent anabolism when 
nutrients are limiting is, in part, controlled 
by AMPK, activation of which decreases 
anabolic pathways and induces a catabolic 
programme including autophagy to promote 
survival64. LKB1, expression of which is lost 
in various cancers including NSCLC, is one 
of the upstream kinases that activates AMPK 
when the AMP to ATP ratio is elevated. 
Loss-​of-​function mutations in STK11, which 
encodes LKB1, promote cancer, and thus 
it was assumed that loss of AMPK activity 

would similarly promote tumour growth. 
However, a recent rigorous genetic study in 
an oncogenic KRAS-​driven mouse model 
of lung cancer clearly demonstrated that 
the loss of AMPK activity decreases tumour 
growth65. How these signalling pathways that 
are sensitive to nutrient inputs and control 
metabolic pathways are distinct between 
normal and cancer tissues in vivo remains 
an open question. For example, mTORC1 is 
inhibited by ETC inhibition in cancer cells66 
but, surprisingly, is hyperactivated in vivo 
in certain tissues that harbour mutations in 
genes encoding ETC proteins67. Moreover, 
there might be organ-​specificity of how 
signalling pathways are controlled based 
on the distinct environmental nutrient 
availability of tissues. Thus, examining 
both signalling and metabolic pathways 
in vivo in normal and cancer cells will yield 
new insights into regulation of metabolism 
in vivo.

Metabolites as signalling molecules
The abundance of the metabolites succinate, 
fumarate and 2-​hydroxyglutarate (2HG) 
was observed to increase to millimolar 
concentrations in specific tumours due  
to loss-​of-​function mutations in the genes 
encoding succinate dehydrogenase (SDH) 
subunits and fumarate hydratase (FH) as 
well as neomorphic mutations in the genes 

encoding isocitrate dehydrogenase 1 or 2  
(IDH1 or IDH2). These metabolites 
were termed ‘oncometabolites’ as they 
are causal agents in driving these distinct 
cancers68 (Fig. 2b). The accumulation of 
any of these three oncometabolites has 
proven to contribute to the development 
of malignancies, but only in certain tissues. 
Despite the ubiquitous expression of the 
TCA cycle enzymes SDH and FH, germline 
heterozygous mutations in the genes 
encoding SDH and FH progress to loss 
of heterozygosity only in certain tissues, 
resulting in cancer. For example, SDH 
loss-​of-​function mutations are commonly 
found in hereditary paraganglioma, 
pheochromocytoma and gastrointestinal 
stromal tumours, whereas inactivating 
mutations in FH cause hereditary 
leiomyomatosis and renal cell carcinoma69,70. 
A mystery is why some cells, upon losing  
the second allele, become transformed 
whereas others do not. It is important to 
note that cancer cells harbouring SDH  
and/or FH mutations (that is, a 
truncated TCA cycle) are still able to 
generate the TCA cycle metabolites 
necessary for growth. These include 
succinyl-​CoA for haem synthesis, as 
well as oxaloacetate, which is produced 
via PC or glutamine-​dependent reductive 
carboxylation, for nucleotide synthesis9,71. 
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Fig. 2 | Signalling and non-canonical mechanisms in cancer metab­
olism. a | Gluconeogenic enzymes fructose-1,6-​bisphosphatase 1 (FBP1) 
and FBP2 function as tumour suppressors in liver, soft tissue sarcoma and 
kidney cancers, in part, through a non-​canonical function in the nucleus. 
b | Mutations in the genes encoding succinate dehydrogenase (SDH), 
fumarate hydratase (FH) and isocitrate dehydrogenase 1 or 2 (IDH1 or 
IDH2) are linked to certain cancers because of the resulting accumulation 
of the oncometabolites succinate, fumarate and d(R)-2-​hydroxyglutarate 
(d(R)-2HG). The wild-​type enzyme phosphoglycerate dehydrogenase 

(PHGDH) can also generate D(R)-2HG. Wild-​type enzymes MDH2 and lac-
tate dehydrogenase A (LDHA) under conditions of high NADH/NAD+ such 
as hypoxia or electron transport chain (ETC) dysfunction can produce  
l(S)-2HG. These oncometabolites can inhibit enzymes that control histone 
and DNA demethylation to exert their pro-​tumorigenic effects. 
Oncometabolites can also suppress DNA repair through hypermethylation 
of histones. α-​KG, α-​ketoglutarate; HIF, hypoxia-​inducible factor;  
PPP, pentose phosphate pathway; TCA, tricarboxylic acid; TET, Ten–eleven 
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Thus, metabolic reprogramming such as 
PC activation must have taken place to 
adapt to these mutations and to ensure the 
synthesis of the macromolecules needed 
for cancer cell proliferation. It is likely that 
most tissues are tolerant to these mutations, 
and tumour initiation and progression only 
occurs under the right context, such as the 
presence of additional mutations coupled 
with environmental factors.

Active-​site mutations in the genes 
encoding IDH1 or IDH2 provide the 
neomorphic ability to reduce the TCA 
cycle intermediate α-​ketoglutarate 
(α-​KG) to d-2HG, instead of the canonical 
interconversion of isocitrate and α-​KG72,73. 
Of note, phosphoglycerate dehydrogenase 
(PHGDH) can also generate d-2HG in 
breast cancer74. These mutations occur 
in cholangiocarcinoma, chondrosarcoma, 
gliomas and acute myeloid leukaemias. 
To date, treatment with inhibitors specific 
for mutant IDH1 or mutant IDH2 has 
shown efficacy in reducing tumour 
progression only in patients with acute 
myeloid leukaemia. The metabolite 2HG 
also exists as the enantiomer l-2HG, which 
is produced from α-​KG by the promiscuous 
activity of various dehydrogenases, 
including malate dehydrogenases and 
lactate dehydrogenases. The FAD-​linked 
enzyme l-2HG dehydrogenase (L2HGDH) 
converts l-2HG back to α-​KG75. l-2HG 
is at low levels under normal conditions 
but accumulates in hypoxic and acidic 
conditions, in cells with disrupted ETC 
function and in human renal cell carcinoma 
displaying epigenetic silencing of the gene 
encoding L2HGDH (refs76,77). Notably, 
decreasing l-2HG levels by overexpression 
of L2HGDH in human renal cell carcinoma 
diminishes tumour growth in mice76. The 
severity of hypoxia correlates with tumour 
progression and metastasis, leading to the 
speculation that l-2HG might causally link 
hypoxia to tumour aggressiveness.

One outstanding question is how the 
accumulation of succinate, fumarate and 
d-2HG or l-2HG exerts tumorigenic 
effects in certain tissues. A feature shared 
between these metabolites is their ability 
to competitively inhibit α-​KG-​dependent 
dioxygenases (α-​KGDDs) through their 
structural similarity to α-​KG77 (Fig. 2b). 
These dioxygenases include prolyl 
hydroxylases (negative regulators of HIFs), 
histone demethylases, RNA demethylases 
and the Ten–eleven translocation (TET) 
family of 5-​methylcytosine hydroxylases 
that participate in DNA demethylation. 
All of these oncometabolites have been 
shown to inhibit dioxygenases involved 

in regulating epigenetic modifications, 
which directly influence gene expression 
by promoting a hypermethylation 
phenotype that blocks cell differentiation78. 
However, the specific mechanism linking 
oncometabolite accumulation to the 
observed undifferentiated state is not 
fully understood. Additionally, how any 
oncometabolite alters particular histones or 
DNA methylation at specific loci to modify 
gene expression is largely unknown. One 
provocative idea is that TCA cycle enzymes 
can be found within the nucleus to generate 
oncometabolites to alter the chromatin 
landscape79, but how these mitochondrial 
enzymes localize to nucleus is perplexing. 
Beyond cancer, these oncometabolites have 
been linked to various tissue functions 
including immune functions and control 
of organismal metabolism80. For example, 
lactate, an abundant metabolite in the TME, 
can cause histone lactylation to modulate 
gene expression81. Thus, there continue to be 
discoveries of metabolites that, beyond their 
role in supporting biomass production, can 
determine cell fate and function.

ROS in tumour progression
The major species of ROS generated in 
cancer cells are superoxide (O2

−), hydrogen 
peroxide (H2O2), hydroxyl radical (–OH) 
and lipid hydroperoxide (LOOH)25. 
Cancer cells have a high rate of superoxide 

production from the mitochondrial ETC 
and NADPH oxidases, which is rapidly 
converted to H2O2 by superoxide dismutase 1 
(SOD1) or SOD2 (ref.25). This localized 
H2O2 oxidizes specific cysteine residues 
in proteins to alter their function, that is, 
redox signalling to promote proliferation, 
survival and invasion of cancer cells (Fig. 3). 
Reactive cysteine residues in PTEN, SHP2 
and MAP kinase phosphatases are known 
targets of H2O2 linked to cancer82–84. 
Decreasing H2O2 levels in cancer cells by 
inhibiting mitochondrial ETC or NADPH 
oxidase activity has been shown to decrease 
tumorigenesis85–87. There is much interest 
in deciphering the key cysteine residues 
that undergo H2O2-​dependent oxidation 
or antioxidant-​dependent reduction, 
that is, reductive stress, to alter their 
function88,89. H2O2, which is primarily 
a signalling molecule, can be detoxified 
to water by peroxiredoxin enzymes, but 
other forms of ROS such as LOOH, –OH 
and O2

− can cause oxidation of proteins, 
lipids, and mitochondrial and nuclear 
DNA to incur toxicity. H2O2 can become 
–OH in the presence of iron by the Fenton 
reaction, and –OH can become LOOH 
in the presence of polyunsaturated fatty 
acids (PUFAs), that is, oxidative stress can 
occur25. Metals including selenium90 and 
iron91 are necessary for the function of ETC 
and antioxidant proteins as well as ROS 
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generation but are relatively understudied in 
the context of cancer in vivo. Interestingly, 
metals such as copper can modulate 
autophagy flux to control tumour growth92. 
LOOH can induce ferroptosis, a form 
of cell death caused by peroxidation of 
phospholipids93. Monounsaturated fatty 
acids (MUFAs), which compete with  
PUFAs for incorporation into phospholipids, 
ameliorate ferroptosis. Additionally, cancer 
cells utilize the cyst(e)ine–glutathione 
(GSH)–GPX4, CoQ10–FSP1, squalene  
and BH4–DHFR systems to reduce LOOH 
to harmless lipid alcohols (LOH), which 
prevents ferroptosis93 (Fig. 3).

At steady state, measuring the levels 
of any type of ROS is determined by the 
rate of ROS production relative to the rate 
of ROS scavenging. Thus, inhibition of 
antioxidant proteins in normal and cancer 
cells can expose an increase in ROS in  
cancer cells compared with normal cells 
at steady state25. This indicates that the 
rate of ROS production in cancer cells 
is much higher compared with normal 
cells. To limit the damaging effects of 
ROS, cancer cells utilize the transcription 
factor NRF2 to upregulate antioxidant 
proteins, as well as pathways that support 
NADPH and GSH production, which 
are necessary to maintain the function 
of certain antioxidant proteins25,94,95 (Fig. 3). 
Mutations in KEAP1, the negative regulator 
of NRF2, and gain-​of-​function mutations 
in NRF2 are observed in NSCLC and 
drive tumour progression26. Activation 
of NRF2 or dietary antioxidants can also 
increase metastasis, in part, by inhibiting 
the degradation of the pro-​metastatic 
factor BACH1 (refs96,97). Additionally, 
expression of the TP53-​induced glycolysis 
regulatory phosphatase gene (TIGAR), 
which boosts antioxidant capacity by 
activating the oxidative pentose phosphate 
pathway (PPP) and enhancing NADPH 
production, is elevated in many cancer 
types98. TIGAR expression levels increase 
during pancreatic tumour initiation, 
but subsequently decrease to support 
migration, invasion and metastatic capacity 
through MAPK signalling99. This would 
suggest that limiting ROS is necessary for 
initiation, whereas sustaining ROS levels 
promotes metastasis. By contrast, limiting 
ROS levels with dietary antioxidants or 
preventing ferroptosis promotes metastasis 
of melanoma cells100,101. Although these 
results seem contradictory, they likely 
reflect the type of ROS that is being affected 
by TIGAR at different stages of tumour 
progression. We speculate that high levels of 
toxic ROS (that is, O2

–, –OH, LOOH) may be 

a barrier to tumour initiation; thus, initiation 
requires elevated expression of both TIGAR 
and NRF2 activation to support toxic ROS 
scavenging. Indeed, immortalized cells can 
become tumorigenic in vivo by exogenous 
supplementation with antioxidants40. On the 
other hand, the metastatic phenotype could 
require high levels of localized H2O2 to 
promote redox signalling99 but prevention 
of toxic ROS production to avert ferroptosis 
when traversing the blood to colonize a 
distant site102,103. In fact, H2O2 can promote 
epithelial–mesenchymal transition (EMT)104, 
which is associated with a metastatic 
phenotype. Once the EMT phenotype is 
established, these cells express high levels 
of GPX4, which prevents ferroptosis105. 
We propose a model to understand the role 
of ROS in the context of tumour progression 
in which cancer cells allow for localized 
H2O2 for pro-​tumorigenic signalling but 
maintain high levels of antioxidant capacity 
to detoxify damaging ROS molecules such  
as O2

–, –OH and LOOH. The development  
of specific probes to measure different 
types of ROS as well as genetic interventions 
that specifically modulate different types of 
ROS during tumour progression are needed 
to bring clarity to the biology of ROS in the 
context of cancer.

Nutrient availability
Whereas the intrinsic effects of 
reprogrammed metabolism in cancer 
cells have been extensively characterized, 
the mechanisms by which cancer cells 
rewire their metabolism in vivo to thrive 
in a low-​nutrient and acidic milieu of the 
TME are not fully understood. Tumour 
type, anatomical location and host diet 
together affect local nutrient availability106. 
Moreover, how changes in metabolism 
determine the interplay between different 
cell types that coexist within the TME, 
including stromal and immune cells, is 
beginning to be understood33. During 
tumour evolution, accessibility to nutrients 
within solid tumours is often challenged by 
their proximity to the vasculature or by the 
perturbed tissue architecture107. Tumour 
vasculature, unlike normal blood vessels, 
branches irregularly, and therefore delivers 
nutrients poorly and causes considerable 
nutrient heterogeneity within the TME108. 
Autophagy is one of the key pathways 
that allows cell survival and proliferation 
when nutrients or growth factors are 
scarce30,109,110 (Fig. 4). AMPK activation in 
nutrient-​depleted conditions maintains 
both autophagy and lysosomal function 
in cancer65. Genetic studies in models of 
autochthonous pancreatic and lung cancers 

demonstrated that inhibition of autophagy 
impairs tumour progression111,112. In 
addition, inhibition of systemic autophagy 
decreased tumour growth through the 
release of arginase 1 (ARG1) from the 
liver, resulting in degradation of circulating 
arginine, which is essential for tumour 
growth in cancer cells lacking the ability 
to make intracellular arginine due to loss 
of ASS1 (ref.113). Interestingly, mTORC1, 
which prevents autophagy and supports 
anabolism, is activated on the lysosomal 
surface, a finding that has led to a resurgence 
of research into lysosomal biology14. 
Macropinocytosis is another pathway that 
supports cellular adaptation to nutrient 
deprivation by allowing cells to internalize 
proteins114,115 and necrotic cell debris 
(necrocytosis) in the extracellular milieu 
and deliver them for degradation in the 
lysosome, thus supporting macromolecule 
synthesis and feeding into central carbon 
metabolic pathways116 (Fig. 4). Oncogenic 
Kras-​driven pancreatic cells display robust 
macropinocytosis in nutrient-​limiting 
conditions115. Importantly, macropinocytosis 
allows cells to overcome therapies that  
target intracellular nucleotide synthesis 
in vivo117. There are ongoing efforts 
to find a specific protein that controls 
macropinocytosis in cancer cells as this 
would make for a promising therapeutic 
target. The importance of these nutrient 
scavenging pathways has been revealed  
only in conditions that mimic the 
in vivo TME and not in the artificial 
nutrient-​repleted conditions that are 
common in cell culture. There has been 
considerable progress in designing media 
that reflect the metabolite composition of 
human plasma and the tumour interstitial 
fluid using mass spectrometry to better 
mimic TME conditions in vitro106,118,119.

Metabolism in the TME
A hallmark of the in vivo TME beyond 
changes in nutrient availability and acidic 
conditions is its composition by distinct 
cell types that contribute to controlling 
tumour progression33 (Fig. 4). A simplified 
model is that endothelial cells and stromal 
cells support tumour growth whereas 
cytotoxic T cells (CTLs) can diminish 
tumour progression, although CTLs can 
be inhibited by certain myeloid cells and 
regulatory T cells in order to sustain tumour 
growth (Fig. 4). Central carbon pathways 
such as one-​carbon metabolism, glycolysis 
and the TCA cycle are not only essential for 
cancer cell proliferation but also critical 
for the function of endothelial cells, stromal 
cells, CTLs, regulatory T cells and myeloid 
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cells108,120,121. Thus, cancer cells must 
compete for nutrients with the various 
other cell types in the TME. For example, 
higher consumption of methionine by 
cancer cells due to increased levels of its 
transporter (SLC43A2) restricts methionine 
metabolism in CTLs, leading to impaired 
CTL function because of modified histone 
methylation patterns122. Ultimately, 
it will be important to determine which 
particular nutrients are limiting for each 
cell type within a certain TME. It is often 
assumed that oxygen and glucose would 
be limiting for tumour growth in vivo. 
Yet mitochondrial respiration can effectively 
work at oxygen levels as low as 0.5%7, and 
glucose concentrations as low as 0.5 mM 
are sufficient for cell proliferation123. 
A recent study highlighted that glucose is 
not limiting within the TME124. Therefore, 
low oxygen and glucose levels in the TME 
likely do not limit metabolism per se but, 
rather, affect changes in gene expression 
(for example, activation of HIFs) to alter 
signalling pathways that are necessary for 
metabolic adaptation. However, certain 
amino acids can be limiting for metabolism 
within the TME, including arginine, 
tryptophan, alanine, serine and glycine, 
which are needed not only for cancer cell 
proliferation but also for CTL function106. 
Beyond its cell autonomous role as a 
survival mechanism for nutrient-​starved 
cancer cells, autophagy controls how cancer 
cells increase local immunosuppression 
within the TME34,125 as well as systemic 

organismal-​dependent immune-​suppressive 
mechanisms126.

Aside from nutrient competition, 
there is also metabolic crosstalk between 
different cell types in the TME, a strategy 
that cancer cells use to continuously 
grow under unfavourable conditions. 
For example, in pancreatic tumours, 
stroma-​associated pancreatic stellate 
cells127 and cancer-​associated fibroblasts 
can provide carbon sources such as alanine 
and glutamine, respectively, to support 
TCA cycle metabolism in cancer cells128. 
Additionally, adipocytes surrounding 
epithelial ovarian cancer cells provide fatty 
acids for tumour progression129. By contrast, 
cancer cells evade CTL-​mediated killing 
through various mechanisms including the 
release of metabolites such as kynurenine 
and lactate, which boost regulatory 
T cell and myeloid cell-​dependent 
immune-​suppressive functions130. Finally, 
chronic antigen stimulation and immune 
inhibitory receptors, such as PD1, also 
contribute to metabolic impairment of 
T cells in the TME131. Currently, we do not 
fully understand the breadth of metabolite 
crosstalk between distinct cells within 
the TME. Furthermore, the metabolic 
phenotype of many cell types within the 
TME, including neurons, dendritic cells and 
natural killer T cells, is not fully understood.

A current limitation in examining 
in vivo cancer metabolism is the inability 
to determine whether the metabolite 
signals detected are coming from the 

cancer cells or other cells present within 
the TME, such as immune cells. Thus, it is 
critical to have cell type-​specific metabolic 
profiling in cancers with heterogenous cell 
compositions. Furthermore, cancer cell 
clones with divergent metabolism likely have 
different growth or metastatic trajectories102 
and their existence requires development 
of new technologies to assess this metabolic 
heterogeneity. Emerging technologies 
such as matrix-​assisted laser desorption 
ionization–imaging mass spectrometry 
enable in situ metabolic profiling in complex 
tissue samples132. The recognition that the 
TME has distinct cell types with divergent 
metabolism has increased our appreciation 
that therapeutically targeting a particular 
metabolic pathway in cancer cells could have 
similar or distinct effects on other cells in 
the TME, which in turn might determine 
therapeutic efficacy.

Metabolic control of metastasis
A burgeoning area of cancer metabolism 
research in the past few years has been 
research into metastasis, which is a major 
contributor to the death of patients with 
cancer32. There are relatively few papers in 
this arena, and it will be critical for the field 
to decipher the metabolic vulnerabilities 
of cells that metastasize and colonize distal 
sites. Metastasis is an inefficient process 
in disseminating primary cancer cells to 
secondary sites and metabolic constraints 
are now being recognized as a barrier to 
the metastatic potential of cancer cells. 
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Metabolic changes are linked to each of 
the sequential multistep processes involved 
in metastasis: invasion of the basement 
membrane and cell migration into the 
surrounding vasculature or lymphatic 
system (that is, intravasation); survival in 
the circulation; and extravasation from the 
vasculature and colonization of secondary 
tumour sites (Fig. 5). Intravasation is linked 
to a change in cell state of cancer cells from 
a proliferative to an invasive and migratory 
phenotype often associated with EMT, which 
is, in part, regulated by TGFβ-​dependent 
transcriptional changes. There is likely 
metabolic heterogeneity linked to metastatic 
potential within the primary tumour 
as exemplified by the observation that, 
within a primary tumour, cells with high 
MCT1 expression go on to metastasis102. 
The use of non-​invasive technologies with 
spatial resolution could assess metabolic 
heterogeneity that is causally linked to 
metastatic potential.

In the coming years, there will be much 
focus on cataloguing metabolic pathways 
that are dispensable for primary growth 
but become essential for metastasis. We are 
excited about the possibility of discovering 
metabolites and types of ROS that are not 
part of anabolic or catabolic programmes 
but support cell state transition into a 
metastatic phenotype with properties of 
invasion and migration. Multiple studies 
have demonstrated that metastatic potential 
is linked to mitochondrial function, 
potentially through the production of ROS 
as signalling molecules133,134. Loss of TIGAR 
can also increase mitochondrial ROS, 
thereby promoting EMT and metastatic 

potential99. Additionally, TGFβ, a dominant 
inducer of the EMT phenotype, can increase 
mitochondrial ROS135. Besides ROS, certain 
metabolites have been linked to promoting 
EMT by acting as signalling molecules. 
For example, studies in FH-​deficient 
tumours have demonstrated that excess 
fumarate can increase the EMT phenotype 
through epigenetic changes136. Hyaluronidase 
induction of glycolysis is required for 
concomitant acceleration of cell migration 
in cancer cells137. The cytoskeleton tethers 
glycolytic enzymes and releases them 
during growth factor signalling to increase 
flux through glycolysis138. We surmise that 
changes in the cytoskeleton that occur 
during the transition to a metastatic 
phenotype could be another mechanism 
to control flux through glycolysis or other 
metabolic pathways. In addition, normal 
ageing, which is associated with an increased 
risk of cancer, coincides with elevated 
levels of the metabolite methylmalonic 
acid (MMA), a by-​product of propionate 
metabolism that increases the EMT 
phenotype and cancer cell aggressiveness139. 
Thus, we are continuing to decipher a 
myriad of potential metabolites that are 
able to induce EMT and promote metastatic 
potential in vivo.

Metastatic cells need to survive in the 
circulatory or lymphatic system in order 
to reach and colonize distal sites. During 
their ‘journey’, cancer cells are not in an 
anabolic state but, rather, enter a catabolic 
state in order to survive the changing 
environment. The specific metabolic 
barriers imposed by the circulatory and 
lymphatic systems are just beginning to 

be addressed140. Loss of attachment to 
the extracellular matrix increases oxidative 
stress-​induced death of cancer cells141. This 
mechanism of cell death can be mitigated 
by cell clustering, which induces hypoxia, 
resulting in a HIF1-​mediated decrease in 
oxidative stress142. This might explain why 
increased HIF1 stabilization correlates 
with high metastatic potential143. The 
oxidative stress-​induced cell death that 
occurs in the circulation is likely to be 
mediated by LOOH-​induced ferroptosis. 
Accordingly, metastatic melanoma cells have 
been shown to increase their antioxidant 
capacity through upregulation of enzymes 
that control NADPH production as well as 
lactate uptake, which diverts glucose carbon 
into the oxidative PPP102. Interestingly, 
the lymphatic system provides a different 
microenvironment to traversing melanoma 
cells than the circulatory system. For 
example, the MUFA oleic acid in lymphatic 
vessels mitigates oxidative stress, which 
might explain the propensity for cancer 
cells to circulate through the lymphatic 
system for metastatic dissemination103. 
In mouse models of lung adenocarcinoma 
and melanoma, mitigation of oxidative 
stress by dietary antioxidants, which is 
known to decrease ferroptosis, increases 
metastasis100,144. Beyond oxidative stress,  
it will be of interest to determine which 
other metabolic barriers are imposed 
on cancer cells ‘travelling’ through the 
circulatory and lymphatic systems.

The colonization at distal sites requires 
metabolic adaptation based on the distinct 
nutrient availability in the new TME 
compared with the primary tumour site. 
A salient example comes from examining 
tumour metastases in the brain. Two 
limiting nutrients in the TME of the 
brain are serine and fatty acids; thus, breast 
cancer cells that colonize to the brain have 
high expression of PHGDH to allow for 
glucose-​dependent serine and glycine 
production145. Accordingly, genetic and 
pharmacologic inhibition of PHGDH 
attenuated brain metastasis, but not 
primary tumour growth. Metastatic breast 
cancer cells colonizing the brain are also 
more dependent on de novo lipogenesis 
compared with primary tumours146,147. 
Moreover, overcoming barriers to support 
anabolism in the new metastatic niche 
requires the specialized role of metabolites 
such as pyruvate and serine to drive collagen 
hydroxylation of the extracellular matrix 
and mTORC1 signalling, respectively148,149. 
Current efforts will continue to focus on 
cataloguing the nutrient compositions 
and metabolic liabilities within distinct 
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metastatic niches (for example, bone, liver, 
brain, lung), as it is unlikely that there is only 
one metabolic programme that allows for 
efficient colonization across tissues. Rather, 
it will be reflective of the nutrient availability 
of different tissues and the capacity of cancer 
cells to scavenge the necessary nutrients 
to support tumour growth, as well as their 
ability to generate de novo metabolites 
that are limiting in the microenvironment. 
Furthermore, it is not fully understood 
which metabolites control signalling 
pathways that support growth in the distal 
metastatic niche compared with the primary 
tumour. An understudied area is metastatic 
dormancy, where metastatic cancer cells stop 
proliferating but survive in a quiescent state 
after extravasation into a secondary site150. 
It is not known whether metabolites exert 
control in the transition of these dormant 
cells to reinitiate proliferation, which 
sometimes happens years after treatment 
of the primary tumour. Thus, much remains 
to be discovered about how metabolism 
promotes distinct steps of metastasis (Fig. 5).

Targeting metabolism for therapy
At first glance, metabolic enzymes are 
attractive therapeutic targets for cancer 
therapy, but there has been a paucity 
of new drugs targeting metabolism for 
numerous reasons. Nucleoside analogues 
were among the first chemotherapeutic 
agents to be introduced for cancer therapy; 
however, they were found to affect not only 
cancer cells but also normal proliferating 
cells151. Similarly, targeting other metabolic 
complexes or enzymes is limited due 
to toxicity in normal tissues. Tumours 
that relapse after acquiring resistance 
to standard of care therapies are more 
vulnerable to ETC inhibitors5,28, but these 
inhibitors undoubtedly cause toxicity to 
non-​cancer cells. Moreover, the metabolic 
plasticity of cancer cells, whereby cells can 
either upregulate alternative pathways or 
acquire nutrients from the environment 
to adapt to changes in metabolism, would 
require the challenging task of targeting 
both metabolic pathways and nutrient 
scavenging pathways117. It is not clear 
whether targeting biomass production is 
able to induce cytotoxicity in most cancer 
cells. This strategy is likely anti-​proliferative 
or could induce differentiation152. 
Therefore, we propose identifying specific, 
driver mutation-​dependent metabolic 
vulnerabilities within a particular cancer, 
targeting of which would synergize with 
radiation, chemotherapy or immunotherapy 
to induce cytotoxicity. For example, 
mutant IDH1 or mutant IDH2 inhibitors 

are not effective in gliomas harbouring 
mutations in the encoding genes, yet these 
gliomas have metabolic vulnerabilities 
due to the accumulation of d-2HG 
(ref.153). An interesting, newly discovered 
function of oncometabolites is their ability 
to inhibit homology-​dependent repair 
resulting in increased DNA damage154 
(Fig. 2). This discovery has led to the use 
of poly(ADP-​ribose) polymerase (PARP) 
inhibitors in clinical trials for gliomas that 
are refractory to mutant IDH inhibitors  
and could also be used in FH and SDH  
null tumours155.

Multiple studies have suggested that 
a diverse set of cancers are ‘addicted’ 
to particular antioxidants for tumour 
progression and metastasis in vivo94,96,97, 
which is analogous to the idea of ‘oncogene 
addiction’. Moreover, persister cancer cells 
after therapy rely on GPX4 for survival156. 
A big challenge is to determine whether 
there is a therapeutic window that exists 
to allow selective targeting of a particular 
antioxidant protein with minimal toxicity to 
normal tissues. Pharmacologic targeting of 
the NRF2 network in KEAP1-​null NSCLC 
is one promising approach157. In addition, 
certain tumours import extracellular 
cysteine to maintain antioxidant capacity 
in order to avoid ferroptosis and promote 
tumour progression25. Administration of 
cyst(e)inase, which depletes extracellular 
cysteine and cystine, has been shown to 
diminish tumour progression in mouse 
models of leukaemia and pancreatic 
cancer158,159. Interestingly, cyst(e)inase 
treatment of mice has been shown to 
synergize with T cell-​mediated antitumour 
immunity to enhance ferropotosis160. 
CTLs can become exhausted in the TME, 
in part, due to impaired mitochondrial 
metabolism161,162. Furthermore, targeting 
glutamine metabolism increased antitumour 
immunity in mouse models, in part, by 
upregulating mitochondrial metabolism of 
CTLs130,163. These findings have encouraged 
efforts to investigate whether the metabolic 
preconditioning of therapeutic T cells 
in vitro prior to adoptive transfer might be 
beneficial to improve T cell performance 
for cancer immunotherapy. Interestingly, 
targeting glutamine metabolism in mouse 
models of oncogenic KRAS-​driven NSCLCs 
harbouring Keap1 mutations, which have 
increased antioxidant capacity due to 
activated NRF2, is more effective than in 
other subtypes of NSCLC164. It will be of 
interest to see the outcome of clinical trials 
using glutaminase inhibitors in NSCLC with 
KEAP1 mutations, especially in conjunction 
with immunotherapy or radiation 

therapy. Moreover, glutamine uptake in 
KEAP1-​null NSCLC could be assessed 
with the glutamine analogue 4-18F-(2S,4R)- 
fluoroglutamine (18F-​FGln) to assess 
whether therapeutic targeting of glutamine 
metabolism is on target165. Ultimately, we 
speculate that there might be a therapeutic 
window for targeting antioxidant pathways, 
leading to increased susceptibility to 
ferroptosis in conjunction with radiation  
or immunotherapy.

In addition to cellular metabolism  
within cancer cells and other cell types  
in the TME, it is now recognized that 
organismal metabolism is critical for 
determining the efficacy of cancer 
therapies166. There is a resurgence in 
manipulating dietary serine or methionine 
as well as a ketogenic diet to modulate 
tumour progression122,167,168. For example,  
the PI3K signalling pathway is potently 
activated by insulin, and the efficacy of  
PI3K inhibitors is improved by the ketogenic 
diet or SGLT2 inhibitors, both of which 
lower insulin levels, in mouse models of 
pancreatic, endometrial, bladder and breast 
cancer as well as acute myeloid leukaemia169. 
Additionally, there is a link between obesity 
and the incidence of certain cancers170. 
In mouse models, the administration of 
a high-​fat diet increases both primary 
tumour growth and metastasis170. Metastatic 
cells have high expression of proteins 
that facilitate fatty acid uptake171, but the 
composition of the fatty acids in a high-​fat 
diet and how these impact tumour and 
immune cell biology are often overlooked. 
It is possible that diets rich in MUFAs 
are not beneficial as they may be able 
to prevent ferroptosis172 to potentially 
increase tumour growth and metastasis. 
Furthermore, systemic autophagy inhibition, 
another modulator of host metabolism, has 
been shown to be effective in conjunction 
with immunotherapy in tumours lacking 
ASS1 (ref.113). Autophagy inhibition is also 

Glossary

Autophagy
A highly regulated process through which proteins and 
organelles are delivered to the lysosome and degraded.

Ferroptosis
A distinct form of programmed cell death that requires 
reactive oxygen species (ROS) and iron accumulation 
to cause lethal lipid peroxidation.

Hyaluronidase
An enzyme that degrades hyaluronic acid into 
monosaccharides.

Peroxiredoxin enzymes
Cysteine-​dependent peroxidases that convert 
hydrogen peroxide (H2O2) to water.
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synthetic lethal with Lkb1-​deficiency in 
a mouse model of oncogenic Kras-​driven 
NSLC173. Thus, ongoing clinical trials 
could examine the ASS1 and LKB1 status 
of tumours and, potentially, combine 
autophagy inhibition with checkpoint 
blockade126. Finally, the combination  
of MEK inhibitors with autophagy  
inhibitors demonstrates remarkable 
results in preclinical models of pancreatic, 
melanoma and colon cancer174,175.

Metformin continues to be invoked as  
a cancer-​preventive and therapeutic agent 
by inhibiting mitochondrial complex I  
and modulating tumour immunity5. 
Factors that govern sensitivity to metformin 
include whether the cancer cells have 
robust ETC function and express organic 
cation transporters (OCTs), which allow 
efficient uptake of metformin in cancer 
cells5. Furthermore, metformin treatment 
can decrease intracellular asparagine 
levels, and its efficacy is enhanced in 
mouse models of cancer by the addition 
of l-​asparaginase, which diminishes 
extracellular asparagine4. Interestingly, 
a genetic screen identifying the genes 
required for metastasis demonstrated that 
intracellular asparagine availability within 
breast cancer cells determined the metastatic 
potential. We speculate that tumours with 
high expression of OCTs would likely benefit 
from metformin treatment with the addition 
of l-​asparaginase. Again, this would have 
to be combined with immunotherapy or 
other standard of care therapy to induce 
cytotoxic effects. Collectively, these studies 
indicate that targeting metabolism requires 
a ‘personalized medicine’ approach to 
define the correct cancer cell or organismal 
metabolism target, combined with standard 
of care therapy, in a particular subset of 
cancers defined by their genetics (Fig. 6).

Conclusions
The field of cancer metabolism has evolved 
from the simplistic model of the Warburg 
effect to our current knowledge of the vast 
metabolic complexity of tumours, and there 
are key questions that need addressing 
in the coming years (Box 1). There is now 
an appreciation of how the metabolic 
constraints imposed by the TME and the 
distinct cell composition within the TME 
influence tumour progression. The use 
of technology has enabled the discovery of 
new metabolic proteins and pathways used 
by cancer cells during tumour initiation, 
progression and metastasis. Furthermore, 
research is now focusing on the relevant 
human cancer biology of metastasis and 
exploring a ‘personalized medicine’ approach 
to target metabolism for cancer therapy.  
An area that is grossly understudied, but  
will likely blossom over the next years,  
is the study of how changes in metabolism 
increase the risk of cancer during ageing. 
A legacy of the field is that some of the 
technologies and ideas that originated 
from studying cancer metabolism have 
made an impact in the burgeoning fields 
of immunometabolism, stem cell 
metabolism and organismal metabolism. 
Additionally, the cancer metabolism  
field has facilitated the next generation 
of scientists to examine metabolism in 
these distinct fields. Over the next decade, 
metabolism, once relegated to the backwaters 
of the modern revolution in molecular 
biology and genetics, will continue to make 
inroads in our understanding of how human 
physiology and pathology occurs. After all, 
several of the drugs that have had a huge 
impact on human health and disease in 
the past decades have targeted metabolism, 
including statins, metformin and recent 
SGLT2 inhibitors.

Inmaculada Martínez-​Reyes   1 and 
Navdeep S. Chandel   1,2 ✉

1Department of Medicine, Northwestern University 
Feinberg School of Medicine, Chicago, IL, USA.
2Department of Biochemistry and Molecular Genetics, 
Northwestern University Feinberg School of Medicine, 
Chicago, IL, USA.

✉e-​mail: nav@northwestern.edu

https://doi.org/10.1038/s41568-021-00378-6

Published online 16 July 2021
1.	 Koppenol, W. H., Bounds, P. L. & Dang, C. V.  

Otto Warburg’s contributions to current concepts of 
cancer metabolism. Nat. Rev. Cancer 11, 325–337 
(2011).

2.	 Warburg, O. On the origin of cancer cells. Science 
123, 309–314 (1956).

3.	 DeBerardinis, R. J. & Chandel, N. S. We need to talk 
about the Warburg effect. Nat. Metab. 2, 127–129 
(2020).

4.	 Krall, A. S. et al. Asparagine couples mitochondrial 
respiration to ATF4 activity and tumor growth.  
Cell Metab. 33, 1013–1026.e6 (2021).

Patient stratification
• Driver mutations
• Diagnostic imaging
• Tumour microenvironment

Targeting metabolism
• Intracellular metabolism
• Organismal metabolism
• Diet

Standard of care
• Chemotherapy
• Radiotherapy
• Immunotherapy

Personalized cancer therapy

+

Fig. 6 | Personalized medicine approach to 
targeting cancer metabolism. A proposed 
‘personalized medicine’ approach that involves 
combining standard of care therapy with target-
ing cell autonomous and/or organismal meta-
bolic pathways in a particular subset of cancers 
defined by their genetics.

5.	 Vasan, K., Werner, M. & Chandel, N. S. Mitochondrial 
metabolism as a target for cancer therapy. Cell Metab. 
32, 341–352 (2020).

6.	 Martínez-​Reyes, I. et al. Mitochondrial ubiquinol 
oxidation is necessary for tumour growth. Nature 
585, 288–292 (2020).

7.	 Hollinshead, K. E. R. et al. Respiratory supercomplexes 
promote mitochondrial efficiency and growth in 
severely hypoxic pancreatic cancer. Cell Rep. 33, 
108231 (2020).

8.	 Bonekamp, N. A. et al. Small-​molecule inhibitors of 
human mitochondrial DNA transcription. Nature 588, 
712–716 (2020).

9.	 Cardaci, S. et al. Pyruvate carboxylation enables 
growth of SDH-​deficient cells by supporting aspartate 
biosynthesis. Nat. Cell Biol. 17, 1317–1326 (2015).

10.	 Engelman, J. A. et al. Effective use of PI3K and MEK 
inhibitors to treat mutant Kras G12D and PIK3CA 
H1047R murine lung cancers. Nat. Med. 14,  
1351–1356 (2008).

11.	 Gatenby, R. A. & Gillies, R. J. Why do cancers have 
high aerobic glycolysis? Nat. Rev. Cancer 4, 891–899 
(2004).

12.	 Vander Heiden, M. G., Cantley, L. C. & Thompson, C. B. 
Understanding the Warburg effect: the metabolic 
requirements of cell proliferation. Science 324, 
1029–1033 (2009).

13.	 Shim, H. et al. c-​Myc transactivation of LDH-​A: 
implications for tumor metabolism and growth.  
Proc. Natl Acad. Sci. USA 94, 6658–6663 (1997).

14.	 Sabatini, D. M. Twenty-​five years of mTOR: uncovering 
the link from nutrients to growth. Proc. Natl Acad.  
Sci. USA 114, 11818–11825 (2017).

15.	 Hurst, J. H. William Kaelin, Peter Ratcliffe, and Gregg 
Semenza receive the 2016 Albert Lasker Basic 
Medical Research Award. J. Clin. Invest. 126,  
3628–3638 (2016).

16.	 Hoxhaj, G. & Manning, B. D. The PI3K–AKT network 
at the interface of oncogenic signalling and cancer 
metabolism. Nat. Rev. Cancer 20, 74–88 (2020).

17.	 Vander Heiden, M. G. & DeBerardinis, R. J. 
Understanding the intersections between metabolism 
and cancer biology. Cell 168, 657–669 (2017).

18.	 Ghergurovich et al. Local production of lactate, ribose 
phosphate, and amino acids by human triple-​negative 
breast cancer. Med 2, 736–754.e6 (2021).

19.	 Sellers, K. et al. Pyruvate carboxylase is critical for 
non-​small-cell lung cancer proliferation. J. Clin. Invest. 
125, 687–698 (2015).

20.	 Christen, S. et al. Breast cancer-​derived lung 
metastases show increased pyruvate carboxylase-​
dependent anaplerosis. Cell Rep. 17, 837–848 
(2016).

21.	 Davidson, S. M. et al. Environment impacts the 
metabolic dependencies of ras-​driven non-​small cell 
lung cancer. Cell Metab. 23, 517–528 (2016).

22.	 Knott, S. R. V. et al. Asparagine bioavailability governs 
metastasis in a model of breast cancer. Nature 554, 
378–381 (2018).

23.	 Garcia-​Bermudez, J. et al. Aspartate is a limiting 
metabolite for cancer cell proliferation under hypoxia 
and in tumours. Nat. Cell Biol. 20, 775–781 (2018).

24.	 Sullivan, L. B. et al. Aspartate is an endogenous 
metabolic limitation for tumour growth. Nat. Cell Biol. 
20, 782–788 (2018).

25.	 Harris, I. S. & DeNicola, G. M. The complex interplay 
between antioxidants and ROS in cancer. Trends Cell 
Biol. 30, 440–451 (2020).

26.	 Sayin, V. I., LeBoeuf, S. E. & Papagiannakopoulos, T. 
Targeting metabolic bottlenecks in lung cancer. 
Trends Cancer 5, 457–459 (2019).

27.	 Liu, J. Y. & Wellen, K. E. Advances into understanding 
metabolites as signaling molecules in cancer 
progression. Curr. Opin. Cell Biol. 63, 144–153 (2020).

28.	 Faubert, B., Solmonson, A. & DeBerardinis, R. J. 
Metabolic reprogramming and cancer progression. 
Science 368, eaaw5473 (2020).

29.	 Tajan, M. & Vousden, K. H. Dietary approaches to 
cancer therapy. Cancer Cell 37, 767–785 (2020).

30.	 Poillet-​Perez, L. & White, E. Role of tumor and host 
autophagy in cancer metabolism. Genes Dev. 33, 
610–619 (2019).

31.	 Bader, J. E., Voss, K. & Rathmell, J. C. Targeting 
metabolism to improve the tumor microenvironment 
for cancer immunotherapy. Mol. Cell 78, 1019–1033 
(2020).

32.	 Bergers, G. & Fendt, S. M. The metabolism of cancer 
cells during metastasis. Nat. Rev. Cancer 21, 162–180 
(2021).

33.	 Dey, P., Kimmelman, A. C. & DePinho, R. A. Metabolic 
codependencies in the tumor microenvironment. 
Cancer Discov. 11, 1067–1081 (2021).

678 | October 2021 | volume 21	 www.nature.com/nrc

P e r s p e c t i v e s

http://orcid.org/0000-0003-0479-1535
http://orcid.org/0000-0001-7208-3886
mailto:nav@northwestern.edu
https://doi.org/10.1038/s41568-021-00378-6


0123456789();: 

34.	 Zhu, X. G. et al. Functional genomics in vivo reveal 
metabolic dependencies of pancreatic cancer cells.  
Cell Metab. 33, 211–221.e6 (2021).

35.	 Biancur, D. E. et al. Functional genomics identifies 
metabolic vulnerabilities in pancreatic cancer.  
Cell Metab. 33, 199–210.e8 (2021).

36.	 Vandekeere, S. et al. Serine synthesis via PHGDH  
is essential for heme production in endothelial cells.  
Cell Metab. 28, 573–587.e13 (2018).

37.	 Ducker, G. S. et al. Reversal of cytosolic one-​carbon 
flux compensates for loss of the mitochondrial folate 
pathway. Cell Metab. 24, 640–641 (2016).

38.	 Oshima, N. et al. Dynamic imaging of LDH inhibition 
in tumors reveals rapid in vivo metabolic rewiring and 
vulnerability to combination therapy. Cell Rep. 30, 
1798–1810.e4 (2020).

39.	 Svensson, R. U. et al. Inhibition of acetyl-​CoA 
carboxylase suppresses fatty acid synthesis and tumor 
growth of non-​small-cell lung cancer in preclinical 
models. Nat. Med. 22, 1108–1119 (2016).

40.	 Zhang, Y. et al. Upregulation of antioxidant capacity and 
nucleotide precursor availability suffices for oncogenic 
transformation. Cell Metab. 33, 94–109.e8 (2021).

41.	 Tennant, D. A., Durán, R. V. & Gottlieb, E. Targeting 
metabolic transformation for cancer therapy. Nat. Rev. 
Cancer 10, 267–277 (2010).

42.	 Rabinovich, S. et al. Diversion of aspartate in ASS1-
deficient tumours fosters de novo pyrimidine 
synthesis. Nature 527, 379–383 (2015).

43.	 Kim, J. et al. CPS1 maintains pyrimidine pools and 
DNA synthesis in KRAS/LKB1-mutant lung cancer 
cells. Nature 546, 168–172 (2017).

44.	 Li, B. et al. Fructose-1,6-bisphosphatase opposes 
renal carcinoma progression. Nature 513, 251–255 
(2014).

45.	 Li, F. et al. FBP1 loss disrupts liver metabolism and 
promotes tumorigenesis through a hepatic stellate cell 
senescence secretome. Nat. Cell Biol. 22, 728–739 
(2020).

46.	 Huangyang, P. et al. Fructose-1,6-bisphosphatase 2 
inhibits sarcoma progression by restraining 
mitochondrial biogenesis. Cell Metab. 31, 174–188 
(2020).

47.	 Hensley, C. T. et al. Metabolic heterogeneity in human 
lung tumors. Cell 164, 681–694 (2016).

48.	 Faubert, B. et al. Lactate metabolism in human lung 
tumors. Cell 171, 358–371.e9 (2017).

49.	 Hui, S. et al. Glucose feeds the TCA cycle via circulating 
lactate. Nature 551, 115–118 (2017).

50.	 Mayers, J. R. et al. Tissue of origin dictates branched-​
chain amino acid metabolism in mutant Kras-​driven 
cancers. Science 353, 1161–1165 (2016).

51.	 Yuneva, M. O. et al. The metabolic profile of tumors 
depends on both the responsible genetic lesion and 
tissue type. Cell Metab. 15, 157–170 (2012).

52.	 Hui, S. et al. Quantitative fluxomics of circulating 
metabolites. Cell Metab. 32, 676–688.e4 (2020).

53.	 Liu, S., Dai, Z., Cooper, D. E., Kirsch, D. G. &  
Locasale, J. W. Quantitative analysis of the physiological 
contributions of glucose to the TCA cycle. Cell Metab. 
32, 619–628.e21 (2020).

54.	 García-​Cañaveras, J. C. et al. SHMT inhibition is 
effective and synergizes with methotrexate in T-​cell 
acute lymphoblastic leukemia. Leukemia 35, 377–388 
(2021).

55.	 Ma, E. H. et al. Metabolic profiling using stable 
isotope tracing reveals distinct patterns of glucose 
utilization by physiologically activated CD8. Immunity 
51, 856–870.e5 (2019).

56.	 Murashige, D. et al. Comprehensive quantification  
of fuel use by the failing and nonfailing human heart. 
Science 370, 364–368 (2020).

57.	 Carroll, P. A., Freie, B. W., Mathsyaraja, H. & 
Eisenman, R. N. The MYC transcription factor 
network: balancing metabolism, proliferation and 
oncogenesis. Front. Med. 12, 412–425 (2018).

58.	 Lacroix, M., Riscal, R., Arena, G., Linares, L. K. &  
Le Cam, L. Metabolic functions of the tumor suppressor 
p53: implications in normal physiology, metabolic 
disorders, and cancer. Mol. Metab. 33, 2–22 (2020).

59.	 Li, T. et al. Tumor suppression in the absence of p53-
mediated cell-​cycle arrest, apoptosis, and senescence. 
Cell 149, 1269–1283 (2012).

60.	 Liu, G. Y. & Sabatini, D. M. mTOR at the nexus of 
nutrition, growth, ageing and disease. Nat. Rev. Mol. 
Cell Biol. 21, 183–203 (2020).

61.	 Ali, E. S. et al. ERK2 phosphorylates PFAS to mediate 
posttranslational control of de novo purine synthesis. 
Mol. Cell 78, 1178–1191.e6 (2020).

62.	 Huang, F. et al. Inosine monophosphate 
dehydrogenase dependence in a subset of small cell 
lung cancers. Cell Metab. 28, 369–382.e5 (2018).

63.	 Valvezan, A. J. et al. IMPDH inhibitors for antitumor 
therapy in tuberous sclerosis complex. JCI Insight 5, 
e135071 (2020).

64.	 González, A., Hall, M. N., Lin, S. C. & Hardie, D. G. 
AMPK and TOR: the yin and yang of cellular nutrient 
sensing and growth control. Cell Metab. 31, 472–492 
(2020).

65.	 Eichner, L. J. et al. Genetic analysis reveals AMPK is 
required to support tumor growth in murine Kras-​
dependent lung cancer models. Cell Metab. 29,  
285–302.e7 (2019).

66.	 Condon, K. J. et al. Genome-​wide CRISPR screens 
reveal multitiered mechanisms through which 
mTORC1 senses mitochondrial dysfunction. Proc. Natl 
Acad. Sci. USA 118, e2022120118 (2021).

67.	 Khan, N. A. et al. mTORC1 regulates mitochondrial 
integrated stress response and mitochondrial 
myopathy progression. Cell Metab. 26, 419–428.e5 
(2017).

68.	 Thompson, C. B. Metabolic enzymes as oncogenes or 
tumor suppressors. N. Engl. J. Med. 360, 813–815 
(2009).

69.	 Yong, C., Stewart, G. D. & Frezza, C. Oncometabolites 
in renal cancer. Nat. Rev. Nephrol. 16, 156–172 
(2020).

70.	 Frezza, C., Pollard, P. J. & Gottlieb, E. Inborn and 
acquired metabolic defects in cancer. J. Mol. Med. 89, 
213–220 (2011).

71.	 Mullen, A. R. et al. Reductive carboxylation supports 
growth in tumour cells with defective mitochondria. 
Nature 481, 385–388 (2011).

72.	 Dang, L. et al. Cancer-​associated IDH1 mutations 
produce 2-hydroxyglutarate. Nature 462, 739–744 
(2009).

73.	 Ye, D., Guan, K. L. & Xiong, Y. Metabolism, activity, 
and targeting of d- and l-2-hydroxyglutarates. Trends 
Cancer 4, 151–165 (2018).

74.	 Fan, J. et al. Human phosphoglycerate dehydrogenase 
produces the oncometabolite d-2-hydroxyglutarate. 
ACS Chem. Biol. 10, 510–516 (2015).

75.	 Engqvist, M. K., Eßer, C., Maier, A., Lercher, M. J.  
& Maurino, V. G. Mitochondrial 2-hydroxyglutarate 
metabolism. Mitochondrion 19, 275–281 (2014).

76.	 Shim, E. H. et al. l-2-Hydroxyglutarate: an epigenetic 
modifier and putative oncometabolite in renal cancer. 
Cancer Discov. 4, 1290–1298 (2014).

77.	 Baksh, S. C. & Finley, L. W. S. Metabolic coordination 
of cell fate by α-​ketoglutarate-dependent dioxygenases. 
Trends Cell Biol. 31, 24–36 (2021).

78.	 Losman, J. A. et al. (R)-2-Hydroxyglutarate is sufficient 
to promote leukemogenesis and its effects are 
reversible. Science 339, 1621–1625 (2013).

79.	 Xu, D. et al. The evolving landscape of noncanonical 
functions of metabolic enzymes in cancer and other 
pathologies. Cell Metab. 33, 33–50 (2021).

80.	 Martínez-​Reyes, I. & Chandel, N. S. Mitochondrial  
TCA cycle metabolites control physiology and disease. 
Nat. Commun. 11, 102 (2020).

81.	 Zhang, D. et al. Metabolic regulation of gene 
expression by histone lactylation. Nature 574,  
575–580 (2019).

82.	 Kamata, H. et al. Reactive oxygen species promote 
TNFα-​induced death and sustained JNK activation  
by inhibiting MAP kinase phosphatases. Cell 120, 
649–661 (2005).

83.	 Tsutsumi, R. et al. Assay to visualize specific protein 
oxidation reveals spatio-​temporal regulation of SHP2. 
Nat. Commun. 8, 466 (2017).

84.	 Tonks, N. K. Protein tyrosine phosphatases: from 
genes, to function, to disease. Nat. Rev. Mol. Cell Biol. 
7, 833–846 (2006).

85.	 Konaté, M. M., Antony, S. & Doroshow, J. H. Inhibiting 
the activity of NADPH oxidase in cancer. Antioxid. 
Redox Signal. 33, 435–454 (2020).

86.	 Kong, H. et al. Metabolic determinants of cellular 
fitness dependent on mitochondrial reactive oxygen 
species. Sci. Adv. 6, eabb7272 (2020).

87.	 Woo, D. K. et al. Mitochondrial genome instability and 
ROS enhance intestinal tumorigenesis in APCMin/+ mice. 
Am. J. Pathol. 180, 24–31 (2012).

88.	 Xiao, H. et al. A quantitative tissue-​specific landscape 
of protein redox regulation during aging. Cell 180, 
968–983.e24 (2020).

89.	 Manford, A. G. et al. A cellular mechanism to detect 
and alleviate reductive stress. Cell 183, 46–61.e21 
(2020).

90.	 Ingold, I. et al. Selenium utilization by GPX4 is 
required to prevent hydroperoxide-​induced 
ferroptosis. Cell 172, 409–422.e21 (2018).

91.	 Alvarez, S. W. et al. NFS1 undergoes positive selection 
in lung tumours and protects cells from ferroptosis. 
Nature 551, 639–643 (2017).

92.	 Tsang, T. et al. Copper is an essential regulator  
of the autophagic kinases ULK1/2 to drive lung 
adenocarcinoma. Nat. Cell Biol. 22, 412–424 
(2020).

93.	 Jiang, X., Stockwell, B. R. & Conrad, M. Ferroptosis: 
mechanisms, biology and role in disease. Nat. Rev. 
Mol. Cell. Biol. 22, 266–282 (2021).

94.	 Harris, I. S. et al. Glutathione and thioredoxin 
antioxidant pathways synergize to drive cancer 
initiation and progression. Cancer Cell 27, 211–222 
(2015).

95.	 DeNicola, G. M. et al. Oncogene-​induced Nrf2 
transcription promotes ROS detoxification and 
tumorigenesis. Nature 475, 106–109 (2011).

96.	 Lignitto, L. et al. Nrf2 activation promotes lung cancer 
metastasis by inhibiting the degradation of Bach1. 
Cell 178, 316–329.e18 (2019).

97.	 Wiel, C. et al. BACH1 stabilization by antioxidants 
stimulates lung cancer metastasis. Cell 178,  
330–345.e22 (2019).

98.	 Lee, P., Vousden, K. H. & Cheung, E. C. TIGAR, TIGAR, 
burning bright. Cancer Metab. 2, 1 (2014).

99.	 Cheung, E. C. et al. Dynamic ROS control by TIGAR 
regulates the initiation and progression of pancreatic 
cancer. Cancer Cell 37, 168–182.e4 (2020).

100.	Le Gal, K. et al. Antioxidants can increase melanoma 
metastasis in mice. Sci. Transl. Med. 7, 308re308 
(2015).

101.	Piskounova, E. et al. Oxidative stress inhibits distant 
metastasis by human melanoma cells. Nature 527, 
186–191 (2015).

102.	Tasdogan, A. et al. Metabolic heterogeneity confers 
differences in melanoma metastatic potential. Nature 
577, 115–120 (2020).

103.	Ubellacker, J. M. et al. Lymph protects metastasizing 
melanoma cells from ferroptosis. Nature 585, 113–118 
(2020).

104.	Radisky, D. C. et al. Rac1b and reactive oxygen 
species mediate MMP-3-induced EMT and genomic 
instability. Nature 436, 123–127 (2005).

105.	Viswanathan, V. S. et al. Dependency of a therapy-​
resistant state of cancer cells on a lipid peroxidase 
pathway. Nature 547, 453–457 (2017).

106.	Sullivan, M. R. et al. Quantification of 
microenvironmental metabolites in murine cancers 
reveals determinants of tumor nutrient availability. 
eLife 8, e44235 (2019).

107.	Gillies, R. J., Brown, J. S., Anderson, A. R. A.  
& Gatenby, R. A. Eco-​evolutionary causes and 
consequences of temporal changes in intratumoural 
blood flow. Nat. Rev. Cancer 18, 576–585 (2018).

108.	Li, X., Sun, X. & Carmeliet, P. Hallmarks of endothelial 
cell metabolism in health and disease. Cell Metab. 30, 
414–433 (2019).

109.	Amaravadi, R. K., Kimmelman, A. C. & Debnath, J. 
Targeting autophagy in cancer: recent advances  
and future directions. Cancer Discov. 9, 1167–1181 
(2019).

110.	 Bosc, C. et al. Autophagy regulates fatty acid 
availability for oxidative phosphorylation through 
mitochondria–endoplasmic reticulum contact sites. 
Nat. Commun. 11, 4056 (2020).

111.	 Yang, A. et al. Autophagy sustains pancreatic  
cancer growth through both cell-​autonomous and 
nonautonomous mechanisms. Cancer Discov. 8, 
276–287 (2018).

112.	Guo, J. Y. et al. Autophagy suppresses progression  
of K-​ras-induced lung tumors to oncocytomas  
and maintains lipid homeostasis. Genes Dev. 27, 
1447–1461 (2013).

113.	Poillet-​Perez, L. et al. Autophagy maintains tumour 
growth through circulating arginine. Nature 563, 
569–573 (2018).

114.	Davidson, S. M. et al. Direct evidence for cancer-​cell-
autonomous extracellular protein catabolism in 
pancreatic tumors. Nat. Med. 23, 235–241 (2017).

115.	Commisso, C. et al. Macropinocytosis of protein is an 
amino acid supply route in Ras-​transformed cells. 
Nature 497, 633–637 (2013).

116.	Zhang, Y. & Commisso, C. Macropinocytosis in  
cancer: a complex signaling network. Trends Cancer 5, 
332–334 (2019).

117.	Jayashankar, V. & Edinger, A. L. Macropinocytosis 
confers resistance to therapies targeting cancer 
anabolism. Nat. Commun. 11, 1121 (2020).

118.	Cantor, J. R. et al. Physiologic medium rewires cellular 
metabolism and reveals uric acid as an endogenous 
inhibitor of UMP synthase. Cell 169, 258–272.e17 
(2017).

119.	Vande Voorde, J. et al. Improving the metabolic fidelity 
of cancer models with a physiological cell culture 
medium. Sci. Adv. 5, eaau7314 (2019).

	  volume 21 | October 2021 | 679NAture RevieWS | Cancer

P e r s p e c t i v e s



0123456789();: 

120.	Ryan, D. G. & O’Neill, L. A. J. Krebs cycle reborn in 
macrophage immunometabolism. Annu. Rev. Immunol. 
38, 289–313 (2020).

121.	Makowski, L., Chaib, M. & Rathmell, J. C. 
Immunometabolism: from basic mechanisms  
to translation. Immunol. Rev. 295, 5–14 (2020).

122.	Bian, Y. et al. Cancer SLC43A2 alters T cell methionine 
metabolism and histone methylation. Nature 585, 
277–282 (2020).

123.	Jacobs, S. R. et al. Glucose uptake is limiting in T cell 
activation and requires CD28-mediated Akt-dependent 
and independent pathways. J. Immunol. 180,  
4476–4486 (2008).

124.	Reinfeld, B. I. et al. Cell-​programmed nutrient 
partitioning in the tumour microenvironment. Nature 
593, 282–288 (2021).

125.	Yamamoto, K. et al. Autophagy promotes immune 
evasion of pancreatic cancer by degrading MHC-​I. 
Nature 581, 100–105 (2020).

126.	Poillet-​Perez, L. et al. Autophagy promotes growth  
of tumors with high mutational burden by inhibiting  
a T-cell immune response. Nat. Cancer 1, 923–934 
(2020).

127.	Sousa, C. M. et al. Pancreatic stellate cells support 
tumour metabolism through autophagic alanine 
secretion. Nature 536, 479–483 (2016).

128.	Zhu, Z. et al. Tumour-​reprogrammed stromal BCAT1 
fuels branched-​chain ketoacid dependency in 
stromal-rich PDAC tumours. Nat. Metab. 2, 775–792 
(2020).

129.	Mukherjee, A. et al. Adipocyte-​induced FABP4 
expression in ovarian cancer cells promotes 
metastasis and mediates carboplatin resistance. 
Cancer Res. 80, 1748–1761 (2020).

130.	Leone, R. D. & Powell, J. D. Metabolism of immune 
cells in cancer. Nat. Rev. Cancer 20, 516–531 (2020).

131.	Madden, M. Z. & Rathmell, J. C. The complex 
integration of T-​cell metabolism and immunotherapy. 
Cancer Discov. Online ahead of print. https://doi.org/ 
10.1158/2159-8290.CD-20-0569 (2021).

132.	Gilmore, I. S., Heiles, S. & Pieterse, C. L. Metabolic 
imaging at the single-​cell scale: recent advances in 
mass spectrometry imaging. Annu. Rev. Anal. Chem. 
12, 201–224 (2019).

133.	Chuang, C. H. et al. Altered mitochondria functionality 
defines a metastatic cell state in lung cancer and 
creates an exploitable vulnerability. Cancer Res. 81, 
567–579 (2020).

134.	Porporato, P. E. et al. A mitochondrial switch promotes 
tumor metastasis. Cell Rep. 8, 754–766 (2014).

135.	Schwörer, S. et al. Proline biosynthesis is a vent for 
TGFβ-​induced mitochondrial redox stress. EMBO J. 
39, e103334 (2020).

136.	Sciacovelli, M. et al. Fumarate is an epigenetic 
modifier that elicits epithelial-​to-mesenchymal 
transition. Nature 537, 544–547 (2016).

137.	Sullivan, W. J. et al. Extracellular matrix remodeling 
regulates glucose metabolism through TXNIP 
destabilization. Cell 175, 117–132.e21 (2018).

138.	Hu, H. et al. Phosphoinositide 3-kinase regulates 
glycolysis through mobilization of aldolase from the 
actin cytoskeleton. Cell 164, 433–446 (2016).

139.	Gomes, A. P. et al. Age-​induced accumulation of 
methylmalonic acid promotes tumour progression. 
Nature 585, 283–287 (2020).

140.	Ubellacker, J. M. & Morrison, S. J. Metabolic 
adaptation fuels lymph node metastasis. Cell Metab. 
29, 785–786 (2019).

141.	Takahashi, N. et al. 3D culture models with CRISPR 
screens reveal hyperactive NRF2 as a prerequisite for 

spheroid formation via regulation of proliferation and 
ferroptosis. Mol. Cell 80, 828–844.e6 (2020).

142.	Labuschagne, C. F., Cheung, E. C., Blagih, J.,  
Domart, M. C. & Vousden, K. H. Cell clustering 
promotes a metabolic switch that supports metastatic 
colonization. Cell Metab. 30, 720–734.e5 (2019).

143.	Schito, L. & Semenza, G. L. Hypoxia-​inducible factors: 
master regulators of cancer progression. Trends Cancer 
2, 758–770 (2016).

144.	Sayin, V. I. et al. Antioxidants accelerate lung cancer 
progression in mice. Sci. Transl. Med. 6, 221ra215 
(2014).

145.	Ngo, B. et al. Limited environmental serine and glycine 
confer brain metastasis sensitivity to PHGDH 
inhibition. Cancer Discov. 10, 1352–1373 (2020).

146.	Jin, X. et al. A metastasis map of human cancer cell 
lines. Nature 588, 331–336 (2020).

147.	Ferraro, G. B. et al. Fatty acid synthesis is required  
for breast cancer brain metastasis. Nat. Cancer 2, 
414–428 (2021).

148.	Elia, I. et al. Breast cancer cells rely on environmental 
pyruvate to shape the metastatic niche. Nature 568, 
117–121 (2019).

149.	Rinaldi, G. et al. In vivo evidence for serine biosynthesis- 
defined sensitivity of lung metastasis, but not of 
primary breast tumors, to mTORC1 inhibition. Mol. Cell 
81, 386–397.e7 (2021).

150.	Phan, T. G. & Croucher, P. I. The dormant cancer cell 
life cycle. Nat. Rev. Cancer 20, 398–411 (2020).

151.	Vander Heiden, M. G. Targeting cancer metabolism:  
a therapeutic window opens. Nat. Rev. Drug Discov. 
10, 671–684 (2011).

152.	Sykes, D. B. et al. Inhibition of dihydroorotate 
dehydrogenase overcomes differentiation blockade  
in acute myeloid leukemia. Cell 167, 171–186.e15 
(2016).

153.	McBrayer, S. K. et al. Transaminase inhibition by 
2-hydroxyglutarate impairs glutamate biosynthesis 
and redox homeostasis in glioma. Cell 175, 101–116.
e25 (2018).

154.	Sulkowski, P. L. et al. Oncometabolites suppress DNA 
repair by disrupting local chromatin signalling. Nature 
582, 586–591 (2020).

155.	Sulkowski, P. L. et al. 2-Hydroxyglutarate produced by 
neomorphic IDH mutations suppresses homologous 
recombination and induces PARP inhibitor sensitivity. 
Sci. Transl. Med. 9, eaal2463 (2017).

156.	Hangauer, M. J. et al. Drug-​tolerant persister cancer 
cells are vulnerable to GPX4 inhibition. Nature 551, 
247–250 (2017).

157.	Bar-​Peled, L. et al. Chemical proteomics identifies 
druggable vulnerabilities in a genetically defined 
cancer. Cell 171, 696–709.e23 (2017).

158.	Badgley, M. A. et al. Cysteine depletion induces 
pancreatic tumor ferroptosis in mice. Science 368, 
85–89 (2020).

159.	Cramer, S. L. et al. Systemic depletion of l-​cyst(e)ine 
with cyst(e)inase increases reactive oxygen species 
and suppresses tumor growth. Nat. Med. 23, 120–127 
(2017).

160.	Wang, W. et al. CD8 T cells regulate tumor ferroptosis 
during cancer immunotherapy. Nature 569, 270–274 
(2019).

161.	Vardhana, S. A. et al. Impaired mitochondrial 
oxidative phosphorylation limits the self-​renewal of 
T cells exposed to persistent antigen. Nat. Immunol. 
21, 1022–1033 (2020).

162.	Scharping, N. E. et al. Mitochondrial stress induced by 
continuous stimulation under hypoxia rapidly drives 
T cell exhaustion. Nat. Immunol. 22, 205–215 (2021).

163.	Leone, R. D. et al. Glutamine blockade induces 
divergent metabolic programs to overcome tumor 
immune evasion. Science 366, 1013–1021 (2019).

164.	Romero, R. et al. Keap1 loss promotes Kras-​driven lung 
cancer and results in dependence on glutaminolysis. 
Nat. Med. 23, 1362–1368 (2017).

165.	Venneti, S. et al. Glutamine-​based PET imaging 
facilitates enhanced metabolic evaluation of gliomas 
in vivo. Sci. Transl. Med. 7, 274ra217 (2015).

166.	Lien, E. C. & Vander Heiden, M. G. A framework  
for examining how diet impacts tumour metabolism.  
Nat. Rev. Cancer 19, 651–661 (2019).

167.	Gao, X. et al. Dietary methionine influences therapy  
in mouse cancer models and alters human metabolism. 
Nature 572, 397–401 (2019).

168.	Maddocks, O. D. K. et al. Modulating the therapeutic 
response of tumours to dietary serine and glycine 
starvation. Nature 544, 372–376 (2017).

169.	Hopkins, B. D. et al. Suppression of insulin feedback 
enhances the efficacy of PI3K inhibitors. Nature 560, 
499–503 (2018).

170.	Peck, B. & Schulze, A. Lipid metabolism at the nexus 
of diet and tumor microenvironment. Trends Cancer 5, 
693–703 (2019).

171.	Pascual, G. et al. Targeting metastasis-​initiating cells 
through the fatty acid receptor CD36. Nature 541, 
41–45 (2017).

172.	Magtanong, L. et al. Exogenous monounsaturated 
fatty acids promote a ferroptosis-​resistant cell state. 
Cell Chem. Biol. 26, 420–432.e9 (2019).

173.	Bhatt, V. et al. Autophagy modulates lipid metabolism 
to maintain metabolic flexibility for Lkb1-deficient 
Kras-​driven lung tumorigenesis. Genes Dev. 33, 
150–165 (2019).

174.	Bryant, K. L. et al. Combination of ERK and autophagy 
inhibition as a treatment approach for pancreatic 
cancer. Nat. Med. 25, 628–640 (2019).

175.	Kinsey, C. G. et al. Protective autophagy elicited by 
RAF→MEK→ERK inhibition suggests a treatment 
strategy for RAS-​driven cancers. Nat. Med. 25,  
620–627 (2019).

Acknowledgements
The authors are grateful to R. Deberardinis (UT South
western) for helpful and insightful comments. They thank  
L. Diebold and C. Reczek from the Chandel laboratory for 
their helpful input and editing. This work was funded by 
National Institutes of Health (NIH) Grant 5R35CA197532. 
We have largely confined the references to the past few years 
with the emphasis on in vivo findings in the field and have 
cited many excellent references in the past year.

Author contributions
The authors contributed equally to all aspects of the article.

Competing interests
N.S.C. is on the scientific advisory board of Rafael 
Pharmaceuticals and Penrose TherapeuTx. I.M.-R. declares 
no competing interests.

Peer review information
Nature Reviews Cancer thanks C. Frezza, E. White and the 
other, anonymous, reviewer(s) for their contribution to the peer 
review of this work.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional 
claims in published maps and institutional affiliations.
 
© Springer Nature Limited 2021

680 | October 2021 | volume 21	 www.nature.com/nrc

P e r s p e c t i v e s

https://doi.org/10.1158/2159-8290.CD-20-0569
https://doi.org/10.1158/2159-8290.CD-20-0569

	Cancer metabolism: looking forward

	Key questions to decipher the in vivo metabolism of cancer cells

	Anabolism and tumour growth

	Co-​opted signalling pathways

	Metabolites as signalling molecules

	ROS in tumour progression

	Nutrient availability

	Metabolism in the TME

	Metabolic control of metastasis

	Targeting metabolism for therapy

	Conclusions

	Acknowledgements

	Fig. 1 Metabolic and signalling pathways supporting tumour biomass production.
	Fig. 2 Signalling and non-canonical mechanisms in cancer metab­olism.
	Fig. 3 Biology of ROS in cancer cells.
	Fig. 4 Metabolic crosstalk of cells within the TME.
	Fig. 5 Metabolism regulates multisteps of metastasis.
	Fig. 6 Personalized medicine approach to targeting cancer metabolism.




