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The RAS family of proteins is ubiquitously expressed 
in mammals and consists of KRAS, NRAS and HRAS 
isoforms1. RAS proteins drive signalling through growth 
and survival pathways, such as the phosphatidylinositol 
3- kinase (PI3K) and mitogen- activated protein kinase 
(MAPK) cascades2. Point mutations in genes encoding 
RAS proteins are common across numerous cancer 
types3,4. Among these, KRAS is most frequently mutated 
in colorectal carcinoma (CRC; 40%), non- small- cell lung 
cancer (NSCLC; 35%) and pancreatic ductal adeno-
carcinoma (PDA; more than 95%)5, and its associated 
oncogenic activity is implicated in all the hallmarks of 
cancer6,7. KRAS mutations render the protein constitu-
tively active, thereby driving signalling through pro-
growth and anti- apoptotic pathways in the absence of 
stimulation. Thus, in principle, KRAS has considerable 
potential as an oncology drug target. Indeed, substantial 
progress has been made in recent years in developing 
potent, KRAS- G12C isoform- specific inhibitors2,6,8,9. 
Tempering this optimism, a significant percentage of 
oncogenic mutant KRAS (KRAS*) tumours are not 
driven by G12C mutations, and the complexity of 
RAS signalling still presents a significant therapeutic  
obstacle.

Despite KRAS mutations being common among 
colon, lung and pancreas tumours, nuanced aspects 
of KRAS signalling and tissue physiology differen-
tially influence how KRAS* impacts cancer biology. 
Expression levels of KRAS*, as well as the specific 
mutations of KRAS, influence its activity and also dif-
fer between the tissues of origin10–12. For example,  

NSCLC more frequently harbours the tobacco smoking-  
associated KRAS- G12C mutation, while the KRAS-  
G12D mutation is predominant in PDA5. In contrast to 
PDA and NSCLC, where KRAS* is the disease- initiating 
mutation, KRAS mutations are secondary hits in  
CRC progression13–15. The expression levels and  
activity of KRAS* can also differ on the basis of mutation 
type10.

Adding further complexity, tissue-specific, 
co-occurring mutations cooperate with KRAS* to dic-
tate downstream effector signalling16, and the unique 
physiological function, architecture and cellular com-
position of the tissue of origin impact crosstalk between 
KRAS*- driven cancer cells and surrounding parenchymal, 
stromal and immune cell types17–19. Thus, despite shar-
ing the expression of KRAS*, CRC, NSCLC and PDA 
develop distinct phenotypes with unique tumour micro-
environments (TMEs) that regulate tumour properties 
and response to therapy.

In the past decade, a wealth of studies have delin-
eated how KRAS* signalling can reprogramme cancer 
cell metabolism to support tumour growth. In addi-
tion, tumours arising in different tissues have unique 
metabolic programmes and associated dependencies. 
Because KRAS* promotes a number of targetable 
common and/or tissue- specific pathways across can-
cer types, an alternative approach to directly targeting 
KRAS* is to block KRAS* metabolic effector pathways 
(refs2,20). Furthermore, the exposure of tissue- specific 
supporting cell types to the dysregulated metabolism 
of KRAS*- driven cancer cells can affect their own 
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metabolism and function. In this Review, we therefore 
examine how KRAS* orchestrates the metabolism of 
CRC, NSCLC and PDA. We discuss the intrinsic metab-
olism of KRAS*- driven cancer cells and metabolic inter-
actions in the broader TME. Finally, we describe novel 
metabolic vulnerabilities garnered from these studies 
and the associated therapeutic inroads.

Cancer cell metabolism
Common metabolic pathways between cancers
KRAS* drives bioenergetic, biosynthetic and redox pro-
grammes, many of which in a manner independent of 
tumour type21,22. These programmes build biomass and 
support an overall energetic state within the cancer cell 
favourable to deregulated proliferation (fig. 1).

Central carbon metabolism. KRAS* signalling con-
fers a competitive advantage to cancer cells through 
increased glucose uptake and elevated flux through 
glycolysis, concurrently fuelling numerous branching 
biosynthetic pathways23–29. Cells harbouring KRAS* 
highly express glucose transporters (GLUTs), leading to 
efficient glucose uptake30,31 (fig. 1). The flux of glucose 
through glycolysis is elevated due to KRAS*- regulated 
expression and/or activity of key glycolytic enzymes32,33. 
Several glycolytic intermediates are shunted into bio-
synthetic pathways essential for nucleotide production, 
amino acid synthesis or glycosylation reactions23,34, the 
activity of which is coordinated by KRAS* signalling35–38 
(fig. 1). To prevent an unfavourable cellular oxidation state 
and glycolytic stalling, KRAS* also promotes the rapid 
reduction of glycolysis- derived pyruvate to lactate23,39,40 
(fig. 1). Lactate transporters are expressed in a KRAS*- 
dependent manner and efficiently export lactate from 
the cell40–42 (fig. 1). As a whole, this glycolytic pheno-
type driven by KRAS* supports malignant progression 
and correlates with poorer prognoses in patients with 
KRAS*- driven cancers40,43.

Mitochondria. Mitochondria are hubs for bio-
synthesis44–46, regulate signalling and gene expres-
sion, and are implicated in tumour initiation and 
progression47–49. KRAS* modulates the total mito-
chondrial content and function through induction of 
mitophagy, and disrupted mitophagy delays tumour 
progression50. Mitochondrial metabolism and flux of 
electrons through the electron transport chain (ETC) gen-
erate reactive oxygen species (ROS)51. Mitochondrial ROS 
are required for KRAS*- driven tumour growth in mouse 
models52. However, damaged mitochondria are ineffi-
cient, and aberrant or excessive mitochondrial metab-
olism can lead to toxic ROS levels. As noted, KRAS* 
signalling leads to removal of defective mitochon-
dria through mitophagy and prevents excessive levels  
of ROS50. Additionally, KRAS* signalling is vital for  
fine- tuning mitochondrial dynamics, maintaining an 
optimal balance of mitochondrial fission or mitochondrial  
fusion53–55 (fig. 1).

Amino acids and protein synthesis. In addition to their 
classical role in protein biosynthesis, amino acids can 
also be a valuable fuel. For example, glutamine is a vital 
source of carbon and nitrogen for tumours56. KRAS* 
also promotes alternative glutamine catabolism, lead-
ing to production of nicotinamide adenine dinucleo-
tide phosphate (NADPH)26,57 (fig. 1). Cultured colon, 
lung and pancreatic cancer cells expressing KRAS* 
have been shown to be ‘addicted’ to glutaminolysis57–59 
(fig. 1) for growth and survival. While glutamine is the 
most abundant amino acid in serum56, in vitro studies 
are often conducted in media with supraphysiological 
concentrations of glutamine and lacking stromal or 
immune compartments. These factors have contributed 
to an important debate on the degree of this depend-
ency on glutaminolysis in vivo (which substantially dif-
fers from that determined in vitro), as well as its tissue 
specificity56,58,60,61. Nevertheless, the expression of mito-
chondrial glutamate transporters was elevated in KRAS* 
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Fig. 1 | KRAS* rewires cancer cell metabolism. a | Glucose (Glc) transport via glucose 
transporters (GLUTs) and flux through glycolysis is upregulated to provide intermediates 
for branching biosynthetic pathways. The hexosamine biosynthetic pathway (HBP) 
produces uridine diphosphate N- acetylglucosamine (UDP- GlcNAc) for glycosylation.  
The two arms of the pentose phosphate pathway (PPP) generate nicotinamide adenine 
dinucleotide phosphate (NADPH) as well as ribose bases for nucleotide synthesis. Flux 
through the serine biosynthesis pathway (SBP) generates the amino acids serine (Ser) and 
glycine (Gly). To maintain redox balance, increased expression of lactate dehydrogenase 
(LDH) converts pyruvate (Pyr) to lactate (Lac), which is transported out of the cell via 
monocarboxylate transporters (MCTs) to sustain glycolysis. Pyruvate also contributes 
carbon to the tricarboxylic acid (TCA) cycle in mitochondria. Glutamine (Gln) is imported 
by SLC1A5 and converted to glutamate (Glu) by glutaminase 1 (GLS1) and fuels the TCA 
cycle. Mutant KRAS (KRAS*) diverts TCA cycle intermediates through malic enzyme 1 
(ME1) for NADPH production, as well as synthesis of amino acids such as aspartate (Asp) 
and asparagine (Asn). b | KRAS* cells are dependent on nutrient- scavenging pathways, 
such as macropinocytosis and autophagy, whereby free biosynthetic precursors are 
released for utilization by cancer cells. c | KRAS* regulates mitochondrial dynamics 
through DRP1 to fine- tune mitochondrial fission and maintain optimal reactive oxygen 
species (ROS) levels for signalling, while avoiding toxicity. d | Depending on the 
intracellular redox state, KRAS* cells use fatty acid synthesis (FAS) to regenerate NAD(P)+ 
and synthesize lipids or fatty acid oxidation (FAO), whereby lipids are used for energy and 
NAD(P)H production. AA, amino acid; FA, fatty acid; Fe2+, iron.

Glycolysis
The enzymatic oxidation of 
glucose to pyruvate, which 
produces energy and carbon 
for bioenergetic and 
biosynthetic processes.

Oxidation state
in cellular metabolism,  
the availability of electron 
acceptors as determined by 
the breakdown or production 
of metabolites.

NAtuRe RevIeWs | CANCER

R e v i e w s

  volume 21 | August 2021 | 511



0123456789();: 

tumour tissue compared with matched non- transformed 
tissue, and blockade of mitochondrial glutamate trans-
port in cells with KRAS* decreased the abundances of 
tricarboxylic acid (TCA) cycle intermediates, disrupted 
redox homeostasis and impaired proliferation both 
in vitro and in tumour xenografts62.

Glutamine anaplerosis is also important for the pro-
duction of amino acids such as aspartate and asparagine 
from TCA cycle intermediates, which are critical for 
nucleotide and protein synthesis (fig. 1)63–65 (non- peer 
reviewed data in ref.64). Aside from glutamine catab-
olism, recent work in cell lines and mouse models 
demonstrated that glutamine synthesis is crucial to PDA, 
as glutamine serves as a vital source of nitrogen needed 
to produce nucleotides and other amino acids66. Clearly, 
the role of glutamine metabolism in KRAS* tumours is 
complex and requires further study.

Nutrient scavenging. Dysregulated growth and lack of 
proper vasculature leads to oxygen and nutrient depri-
vation in tumours. Therefore, cancer cells often rely on 
scavenging and recycling pathways to fuel biosynthesis 

and combat cellular stressors67. RAS pathway activa-
tion induces macropinocytosis68,69, which provides an 
array of fuel sources that can be degraded in the lyso-
some, endowing cancer cells with the building blocks 
to support biomass generation in nutrient- deprived 
conditions70 (fig. 1). Recent studies have illustrated that 
the regulation of macropinocytosis by KRAS requires a 
complex interplay with other signalling cascades67,70–75.

Autophagy is tightly regulated in cancer cells express-
ing KRAS* and is a crucial scavenging pathway under 
acute nutrient deprivation, by which intracellular 
nutrients can be diverted to meet metabolic demands 
required for survival76–83 (fig. 1). Therefore, during 
culture in buffered saline lacking essential nutrients, 
limited mitochondrial substrate availability can lead to 
dangerous levels of ROS and depleted nucleotide pools. 
In this setting, autophagic flux provided KRAS*- driven 
cancer cells with glutamine and glutamate to fuel the 
TCA cycle and support nucleotide production84. 
Interestingly, blockade of downstream KRAS* signal-
ling through ERK or RAF promoted autophagic activ-
ity, suggesting a potential mechanism by which cancer 
cells might sustain metabolism even when KRAS* 
signalling is targeted directly85,86. In a broader con-
text, autophagy within the host has also been shown 
to maintain circulating glucose and arginine levels, 
and ablation of the autophagic machinery systemically 
led to regression of KRAS* tumours in mice, although 
tumours with other oncogenic drivers were similarly 
affected87,88.

Lipid metabolism. Proliferating cells require fatty acid 
synthesis (FAS) to generate lipids for processes such as 
membrane synthesis. Lipids derived from intracellular 
stores or through extracellular uptake can also be uti-
lized as a fuel source through fatty acid oxidation (FAO) 
to generate ATP89. FAS requires reducing potential, while 
FAO generates reducing potential. Therefore, the redox 
state of a cancer cell can determine whether FAS or 
FAO is predominant (fig. 1). In studies with human and 
murine models of NSCLC, tumours showed increased 
expression of FAS- related enzymes and were sensitive 
to FAS inhibition compared with either the normal lung 
or non- KRAS* lung adenocarcinoma90–93. Conversely, 
in another study, KRAS* promoted fatty acid uptake  
and FAO in mouse models of NSCLC, and deletion 
of a key FAO enzyme impaired tumour growth94. 
Additionally, in PDA, KRAS* induces scavenging of 
environmental lipids or utilization of previously stored 
lipid droplets, both in cell culture and in mouse KRAS*- 
expressing allografts, under conditions that are unfa-
vourable for FAS such as hypoxia or during invasion95–97. 
These findings highlight that lipid metabolism is regu-
lated not by KRAS* alone but also by other contextual 
factors, such as the energetic state of the cell, the tissue 
of origin or the experimental model.

Dependence on co- occurring mutations
Co- occurring mutations in oncogenic drivers or tumour 
suppressors cooperate with KRAS* to shape the pheno-
type of a cancer cell, and these depend on the tissue of 
origin (Box 1).

Mitophagy
selective targeting and 
degradation of mitochondria, 
often those that are defective 
or excessive.

Electron transport chain
(eTC). A series of 
electron- accepting enzymes 
embedded in the inner 
mitochondrial membrane 
responsible for producing the 
proton- motive force needed  
for energy production.

Reactive oxygen species
(ros). small, oxygen- 
containing molecules that  
are highly reactive due to the 
electron-accepting nature  
of oxygen.

Box 1 | Tissue- specific metabolism: oncogenic KRAS and the cell of origin

the physiological properties and functions of an organ influence tissue metabolism. 
these include oxygen tension, microbiota presence and composition, vascularity and 
immunosurveillance. the cell within a tissue that experiences the initial oncogenic  
hit and drives tumorigenesis is known as the cell of origin250. the intrinsic metabolic 
programmes in the cell of origin, or those available through dedifferentiation events, 
can be hijacked by oncogenic mutant KRAs (KRAs*) to support transformation. 
Collectively, the metabolic parameters in the tissues and the cell of origin interact  
with KRAs* to impose distinct features, some of which enact unique metabolic 
vulnerabilities.

Colorectal cancer
lgR5+ intestinal stem cells residing in the crypt are a major cell of origin in colon cancer. 
In these cells, loss of the tumour suppressor adenomatous polyposis coli (APC) and 
overactive β- catenin–Wnt pathway activity drive adenoma formation251. these cells rely 
on fatty acid oxidation for self- renewal and regeneration, which is similarly utilized by 
transformed stem cells following loss of APC to enhance tumorigenicity106,107. As KRAs 
mutations follow loss of APC, an existing question remains as to how KRAs* changes 
fatty acid metabolism to support the progression of adenomas to carcinomas14.

Non- small- cell lung cancer
Bronchiolar, alveolar type II and bronchoalveolar stem cells have been postulated  
as the cell of origin in lung cancer252–255. susceptibility to transformation is complex  
and influenced by cell type, physical location, co- occurring mutations and immune 
signalling256–258. A common requirement for transformation is the ability to adapt to 
oxidative stress, as KRAs* induces high levels of reactive oxygen species and the lung  
is a naturally oxidative environment. Indeed, loss- of- function Kelch- like eCH- associated 
protein 1 (KeAP1) mutations and gain- of- function nuclear factor erythroid 2- related 
factor 2 (NRF2) mutations lead to overactive NRF2 signalling in lung cancer relative  
to other tumour types. In the KRAs* lung, these additional mutations confer a survival 
advantage on transformed cells to buffer reactive oxygen species due to an oxygenated 
environment.

Pancreatic ductal adenocarcinoma
In the normal pancreas, acinar cells avidly consume amino acids to synthesize digestive 
enzymes, whereas ductal cells are primarily responsible for transport of peptides and 
hormones. Acinar cells in the pancreas transdifferentiate into ductal cells in response  
to injury or KRAs mutation and are the presumed cell of origin in pancreatic ductal 
adenocarcinoma, although ongoing investigations have also implicated ductal 
cells174,175,259–261. In the transformed state, KRAs* pancreatic ductal adenocarcinoma 
cells possess metabolic programmes inherent to both acinar and ductal cells. this  
could explain why acinar- derived tumours demonstrate a ductal- like programme  
of decreased uptake and metabolism of branched- chain amino acids178.
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APC and KRAS* in CRC metabolism. Loss- of- function 
(LOF) mutations in the gene encoding the tumour 
suppressor adenomatous polyposis coli (APC) initially 
drive tumorigenesis in ~80% of CRCs14. APC is a nega-
tive regulator of the transcription factor β- catenin. APC 
loss in colon epithelial cells results in the activation and 
nuclear translocation of β- catenin, which then promotes 
aberrant WNT signalling and early adenoma formation. 
Subsequent oncogenic activation of KRAS* occurs in 
40% of colon adenomas and enables maximal activa-
tion of β- catenin and WNT signalling and progression 
to carcinoma98. One metabolic mechanism that supports 
this finding is KRAS*- induced production of succinate 
from glutamine in CRC cells in vitro. This in turn inhib-
its demethylases, resulting in hypermethylation and 
increased expression of WNT pathway components, 
along with elevated β- catenin activity99 (fig. 2a).

MYC is a target of β- catenin and cooperates with 
KRAS* during malignant transformation in CRC100. 
Indeed, MYC is required for activation of the majority of 
WNT target genes following loss of APC101. An in- depth 
metabolomics analysis of CRC cells demonstrated a 
role for MYC mediated metabolic reprogramming in 
early adenoma formation in tumours from patients102. 
Furthermore, APC loss induced the expression of met-
abolic target genes of MYC103. These data show that 
loss of APC requires MYC for induction of oncogenic 
programmes, yet how KRAS* and MYC cooperate in 
CRC following loss of APC warrants deeper investiga-
tion. As an aside, MYC activity has also been shown 
to be essential in KRAS*- driven NSCLC and PDA, 
and there is considerable overlap in the metabolic pro-
grammes induced by KRAS* and MYC, emphasizing 
the complex interplay between these two oncogenic  
drivers23,100,104,105.

Fatty acid metabolism in APC- null progenitor cells 
also plays a role in tumorigenesis. A high- fat diet induces 
FAO in intestinal stem and progenitor cells in mice, 
and FAO increases stem cell function and renewal in 
mice and in ex vivo organoid cultures106,107. These more 
numerous progenitor cells are susceptible to oncogenic 
transformation, and subsequent loss of APC combined 
with elevated FAO resulted in increased tumour forma-
tion and progression106. However, cooperation between 
loss of APC and KRAS* in fatty acid metabolism and 
stem cell fate remains to be elucidated.

Colorectal tumours at the primary site display hetero-
geneity in KRAS status, as not all transformed cells  
harbour KRAS mutations. Therefore, it is reasonable to 
assume that remarkable metabolic heterogeneity exists 
within a colorectal tumour. Because KRAS* is sufficient 
to drive invasive and metastatic disease progression108, 
it is tempting to speculate that targeting KRAS*- driven 
metabolism could preferentially block invasion and 
cause regression of metastatic tumours. In mouse mod-
els, aggressive tumours arise from cells harbouring 
both KRAS* and LOF APC mutations compared with 
tumours driven by either mutation alone, suggesting a 
highly complex genotype- dependent interaction109–111. 
An area that has not been well studied in CRC is coop-
erative network regulation by LOF APC mutations 
and KRAS* that promote metabolic pathways critical 
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−, which is also 
upregulated by NRF2. Cysteine is incorporated into glutathione (GSH) for protection from 
reactive oxygen species. NRF2 also stimulates production of GSH through the pentose 
phosphate pathway (PPP) and regulates asparagine (Asn) production through activating 
transcription 4 (ATF) activity (right). c | In pancreatic ductal adenocarcinoma (PDA), 
mutations of p53 (p53mut) lead to reduced αKG levels and impaired demethylase activity, 
affecting epigenetic programmes and cell state (left). Loss of the tumour suppressor p16 
leads to increased NADH oxidase (NOX) expression and activity, which is important for 
nicotinamide adenine dinucleotide phosphate (NADPH) turnover and redox balance 
(middle). Loss of the SMAD4 genetic locus coincides with loss of malic enzyme 2 (ME2), 
rendering cells dependent on compensatory ME3 activity for NADPH production (right).
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for tumour progression. Additional work into intratu-
moural metabolic differences based on the driving onco-
genic events could uncover a differential dependence on 
metabolic pathways for primary tumour maintenance or 
metastasis of CRC.

LKB1 and KEAP1 loss synergize with KRAS* in lung 
tumour metabolism. STK11 encodes the tumour suppres-
sor liver kinase B1 (LKB1) and is lost in approximately 
20% of NSCLCs15,16. LKB1 enacts its tumour suppres-
sive programme primarily through phosphorylation and 
activation of adenosine 5′- monophosphate- activated 
protein kinase (AMPK) and related AMPK family  
members112–115. In this manner, the LKB1–AMPK 
axis senses energetic stress and acts as a metabolic 
brake under unfavourable nutrient conditions113,116,117. 
In line with this, loss of LKB1 in human NSCLC cell 
lines induced an aberrant metabolic programme sup-
portive of malignant progression, with increased con-
sumption and metabolism of glucose and glutamine118 
(fig. 2b). Dysregulated AMPK activity is also required 
for tumour growth in vivo as loss of AMPK in a KRAS*, 
LKB1- deficient autochthonous mouse model of NSCLC 
reduced tumour burden119.

During energetic stress, AMPK promotes FAO112, 
a pathway also utilized by normal lung epithelial cells 
during starvation120. Suggesting a role for AMPK 
activity, KRAS*, LKB1- deficient lung tumours relied 
on FAO following acute energy crisis caused by dele-
tion of autophagic components, a finding that was not 
observed in NSCLC with p53 mutations121. AMPK 
activity following loss of LKB1 also induces scavenging 
of nitrogen from urea cycle ammonia for incorpora-
tion into pyrimidines and is required for the growth of 
KRAS*- driven, LKB1- deficient human NSCLC cell lines 
and xenografts122 (fig. 2b). As a side note, some PDAs 
have also been shown to harbour LOF mutations in 
STK11, and preclinical studies in mouse models of PDA 
demonstrated that LKB1 loss cooperates with KRAS* to 
drive tumour progression123–125. Further work remains 
to determine whether the metabolic programmes found 
in KRAS*- driven, LKB1- deficient NSCLC are relevant 
for PDA.

Approximately 20% of patients with KRAS*-driven 
NSCLC have tumours that harbour LOF mutations 
in the gene encoding Kelch- like ECH- associated pro-
tein 1 (KEAP1), the negative regulator of nuclear factor 
erythroid 2- related factor 2 (NRF2)15,16,126. KEAP1 loss 
promotes NSCLC progression127, and conversely, loss of 
NRF2 blocks tumour growth in autochthonous mouse 
models of both NSCLC and PDA128. It has been shown 
that NRF2 induces an antioxidant transcriptional pro-
gramme in NSCLC cell lines and in human tumours in 
part through modulation of activating transcription fac-
tor 4 (ATF4)129. Similarly, KRAS* promotes expression of 
asparagine synthase (ASNS) and asparagine production 
through ATF4 (ref.65) (fig. 2b), demonstrating the coop-
eration between KRAS* and NRF2 following KEAP1 
deletion. In the normal lung, production of NAPDH 
through the pentose phosphate pathway (PPP) is neces-
sary for protection against free radicals, detoxification 
reactions and lipid synthesis130,131. NRF2 activity due to 

loss of KEAP1 also enhances PPP flux and production 
of NADPH and glutathione (GSH) in human NSCLC cell 
lines132 Remarkably, despite the essentiality of the PPP 
for KRAS*- driven tumours, a recent study demonstrated 
that loss of a key PPP enzyme did not abrogate growth of 
CRC or NSCLC tumour models, suggesting KRAS* can 
adapt to loss of PPP activity via compensatory metabolic 
pathways133.

Indeed, KEAP1- mutant cells can utilize glutami-
nolysis as an alternative to the PPP to produce GSH 
and to replenish intracellular glutamate pools127,134.  
In particular, NRF2 can induce transcription of SLC7A11,  
which encodes for xCT, the rate limiting subunit of 
the glutamate–cystine exchanger system xC

−. While this 
NRF2- driven glutamate–cystine exchange promotes 
cystine import and GSH production, it also depletes 
intracellular glutamate, which is also needed for the 
TCA cycle. Therefore, cancer cells with overactive NRF2 
rely on glutaminolysis through glutaminase 1 (GLS1) 
to maintain sufficient glutamate pools to both import 
cystine and fuel the TCA cycle135 (fig. 2b). Conversely, 
wild- type KEAP1 NSCLC cells were insensitive to GLS1 
inhibition in vivo due to compensatory incorporation 
of glucose into the TCA cycle, as opposed to relying on 
glutamine for anapleurosis58. Collectively, these data 
illustrate how co- occurring mutations can drive meta-
bolic heterogeneity in lung tumours and highlight the 
importance of characterizing metabolic dependencies in 
genetic subtypes of lung cancer136.

Loss of TP53, INK4A or SMAD4 cooperates with KRAS* 
to direct PDA metabolism. LOF mutations in the TP53 
gene encoding the tumour suppressor p53 in the con-
text of KRAS* are observed in about 50% of PDAs137,138. 
As mentioned previously, KRAS*- driven cells rely on 
nutrient scavenging and recycling pathways6,67,68,81. 
Surprisingly, an initial study in KRAS*- driven PDA 
lacking p53 showed inhibition of autophagy with 
hydroxychloroquine actually increased tumour growth 
in comparison with KRAS*- driven tumours with p53 
(ref.139). A follow- up study using a mouse model of PDA 
with Trp53 loss of heterozygosity, one that more closely 
resembles the genetic evolution as well as the tissue and 
immune architecture of human disease, showed that 
autophagy is critical for PDA metabolism independently 
of p53 status140. Furthermore, an earlier study established 
that autophagy is required for oxidative phosphorylation, 
ROS modulation and tumour growth in PDA, regardless 
of p53 status141.

p53 has also been shown to play a role in the epi-
genetic regulation of cell state in PDA through mod-
ulation of the TCA cycle intermediate α- ketoglutarate 
(αKG) in orthotopic allografts, autochthonous mouse 
models and human PDA. Decreased levels of αKG 
resulting from loss of p53 impair the activity of certain 
chromatin- modifying enzymes, ultimately inducing 
a dedifferentiated cell state with enhanced cellular fit-
ness. Conversely, re- expression of wild- type p53 leads 
to elevated levels of αKG and promotes a differentiated, 
less aggressive state142. This is an important mecha-
nism by which p53 suppresses tumour progression in  
PDA (fig. 2c).

Mitochondrial fission or 
mitochondrial fusion
A process by which 
mitochondria are combined 
(fusion) or divided into smaller 
fragments (fission).

Glutaminolysis
The enzymatic breakdown  
of the amino acid glutamine.

Tricarboxylic acid (TCA) 
cycle
A series of mitochondrial 
enzymatic reactions that 
oxidize metabolic 
intermediates to produce 
reducing equivalents that drive 
the electron transport chain 
and intermediates for the 
synthesis of lipids and amino 
acids.

Anaplerosis
replenishment of tricarboxylic 
acid cycle intermediates.

Macropinocytosis
regulated, non- specific 
engulfment of the extracellular 
space by the cellular plasma 
membrane to obtain nutrients.

Autophagy
Degradation of intracellular 
metabolites and organelles  
to eliminate damaged cellular 
components and/or provide 
basic metabolic building 
blocks.

Urea cycle
A series of chemical reactions 
involving nitrogen- containing 
metabolites essential for 
recycling nitrogen or excreting 
toxic ammonia waste as urea.

Glutathione
(gsH). Cellular antioxidant 
composed of glutamate, 
cysteine and glycine important 
for quenching damaging 
reactive oxygen species levels.

Cystine
The water- soluble dimer  
of the amino acid cysteine.

System XC
−

Amino acid antiporter system 
that exchanges glutamate for 
cystine.

Oxidative phosphorylation
oxygen- dependent process  
by which the proton- motive 
force between the inner 
mitochondrial membrane 
space and matrix is used to 
generate ATP.
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The tumour suppressor p16 (INK4A) is inactivated 
in more than 90% of KRAS* PDAs143. Loss of p16 in  
the context of KRAS* cell lines in  vitro resulted  

in upregulation of levels of NADPH oxidase 4 (NOX4) 
and increased glycolytic flux compared with cells 
expressing p16 (ref.144). Thus, NOX4 activity, which sus-
tains glycolysis by oxidizing NADPH, and resulting from 
loss of p16, supports the broader metabolic programmes 
induced by KRAS* (fig. 2c).

The genomic locus for the tumour suppressor 
SMAD4 is deleted in more than 50% of KRAS* PDAs143. 
This tumour suppressor loss is a non- specific process 
that often results in the concurrent deletion of neigh-
bouring chromosomal genes. In the case of SMAD4, the 
gene encoding mitochondrial malic enzyme 2 (ME2) is 
in close genomic proximity and is co- deleted in ~25% of 
cases. ME2 converts malate to pyruvate and is required 
for NADPH production145. KRAS* PDA cells can com-
pensate for ME2 loss through ME3 activity, and this 
genomic context creates a vulnerability for inhibition of 
ME3 in ME2- null cells145 (fig. 2c). This is an important 
example in which a co- occurring genetic event indirectly 
influences KRAS* metabolism and provides a novel 
therapeutic target.

It is important to note that these highlighted 
co- occurring mutations are not exclusive to the 
tumour types in which they are discussed here. For 
instance, TP53 is also commonly mutated in colon 
and lung tumours, and the metabolic perturbations 
induced by mutant p53 have been reviewed extensively 
elsewhere14,146,147. Nor are the highlighted mutations the 
only co- occurring mutations found in these tumours. 
Each tumour is a complex amalgam of unique and 
sometimes rare mutations all working in tandem with 
KRAS* to drive aberrant metabolism. We have aimed to 
use these studies in colon, lung and pancreas tumours  
to demonstrate the importance of co- occurring muta-
tions in shaping tumour metabolism. Given the genetic 
heterogeneity seen in patients, much work remains to 
both model this heterogeneity and identify metabolic 
pathways that can be targeted in certain genetic subtypes 
of these diseases.

Tissue- dependent features
Even though we can rapidly identify the driving muta-
tions in a patient’s tumour using advanced genomics and 
high- throughput sequencing, we must also consider the  
effects of the cell of origin and tissue constraints on  
the biology of the tumour. While the metabolic features 
discussed in the following sections are not exclusive to 
the indicated tumour type, there are instances in which 
KRAS*- transformed cells co- opt the metabolic machin-
ery in the tissues of origin. Here we discuss how this 
is influenced by tissue structure and how this impacts 
nutrient and oxygen access.

Hypoxia, inflammation and iron in the colon. The oxy-
gen tension in the colonic lumen can be as much as ten 
times lower than that in oxygenated blood or tissue (that 
is, ~10 mmHg)148 (fig. 3a). This hypoxic lumen supports 
growth of facultative anaerobic microorganisms, and 
consequently symbiotic metabolic interactions with 
colonocytes149 (Box 2), which in certain contexts, such 
as dysbiosis or wound healing, can drive inflammatory 
signalling in the colon150.
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Fig. 3 | Tissue specific metabolism hijacked by KRAS*. a | Hypoxic gradients in the 
colon stabilize hypoxia- inducible factors (HIFs) in normal colonocytes, which can then 
cooperate with mutant KRAS (KRAS*) following transformation. The hypoxic lumen also 
promotes colonization by short- chain fatty acid (SCFA)- producing bacteria. SCFAs are 
used by heathy colon cells for fuel and are prohibitive for development of colon tumours. 
Normal colonocytes are essential for iron (Fe3+) absorption, and iron (Fe2+) uptake through 
divalent metal transporter 1 (DMT1) is utilized by KRAS* colon cancer cells to drive 
protumorigenic JAK–STAT signalling. b | Normal lung epithelial cells demonstrate high 
glucose (Glc) uptake and export of lactate (Lac). In non- small- cell lung cancer, KRAS* 
cancer cells located far from a blood vessel in hypoxia utilize glycolysis and produce 
lactate, which can be taken up by tumour cells nearer to the blood vessel and utilized  
for oxidative respiration. c | Zymogen- producing acinar cells are branched- chain amino 
acid (BCAA) avid to obtain building blocks for peptides and digestive enzymes and 
display elevated branched- chain amino acid transaminase 2 (BCAT2) expression. BCAT2 
levels are lower in normal ductal cells. During transformation by KRAS*, acinar cells 
dedifferentiate into ductal cells and progress to pancreatic ductal adenocarcinoma. 
KRAS* stabilizes and increases BCAT2 expression in cancer cells, demonstrating how  
the duct- like pancreatic ductal adenocarcinoma cells retain acinar cell metabolic 
programmes. pO2, oxygen tension; TCA, tricarboxylic acid.
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Both hypoxia and chronic inflammation can contrib-
ute to the development of CRC. Hypoxia- inducible factors 
(HIFs) modulate the cellular response to low oxygen 
tension and serve to integrate oxygen sensing, metabo-
lism and inflammation150–153. They are thus essential for 
proper functioning of cells in the colon152,154–156. Some 
evidence indicates an overlap between KRAS*- regulated 
and HIF- regulated genes in CRC157,158. Hypoxia increases 
expression of KRAS* in CRC cell lines159, and KRAS* 
reciprocally stabilizes HIF1α via several effector path-
ways, indicating a potential positive- feedback loop 
between HIFs and KRAS*160–162 (fig. 3a), thereby pro-
moting CRC cell survival in hypoxia. It also renders 
CRC cells dependent on HIF activity, as loss of HIF1α 
or HIF2α in CRC xenografts and autochthonous models 
has been shown to impair tumour cell proliferation163.

A crucial function of the colon is to absorb nutri-
ents from the diet. Iron is required for red blood cell 
development and systemic delivery of oxygen and is a 
cofactor in numerous metabolic reactions. Iron import is 
regulated primarily by HIF2α in the colon164,165. In CRC, 
HIF2α- mediated iron import through divalent metal 
transporter 1 (DMT1) promoted JAK–STAT signalling 
and tumour growth in vivo166,167 (fig. 3a). Currently the 
role of KRAS* in iron metabolism is unclear, although 
haem iron intake is correlated with an increased risk of 
colon tumours harbouring KRAS* (refs157,158). Indeed, 
The Cancer Genome Atlas data revealed that in CRC, 
KRAS* potentiates the expression of iron importers166 
(fig. 3a). Therefore, KRAS* may initiate a feedforward 
cycle via regulation of HIF2α to sustain high iron lev-
els for CRC growth. Further work on iron metabo-
lism in CRC is warranted, especially given the recent 
interest in ferroptosis168–170 and the discovery that 

ferroptosis- inducing compounds are selectively lethal 
in cells engineered to express oncogenic HRAS- G12V171.

Oxygen gradients and alternative fuel sources in the 
lung. The lung is essential for oxygen transfer and 
transport throughout the body120,130,131. Despite its high 
oxygen tension and proximity to oxygen- laden blood 
vessels, oxygen gradients still develop throughout the 
lung148 (fig. 3b). Interestingly, work with tissue slices and 
perfused lungs decades ago discovered the normal lung 
is glucose avid and releases lactate130,131. This finding was 
confirmed recently by isotope tracing and metabolomics 
analysis172 in normal lungs of pigs showing that glucose- 
derived lactate was released in large quantities from the 
lung. Lactate was a major source of carbon for the TCA 
cycle within lung cells (in contrast to other organs such 
as the pancreas and colon)172. It is tempting to speculate 
that cells further from blood vessels convert glucose to 
lactate, which can be used by cells closer to oxygenated 
blood vessels as an alternative fuel source120 (fig. 3b). The 
release of lactate from one cell population and its use as 
a carbon source in other cells seems to occur in NSCLC 
as well. Isotopic tracing experiments with labelled glu-
cose in human patients demonstrated that NSCLC 
tumours are metabolically heterogeneous in their glu-
cose utilization136. More perfused areas of the tumours 
used alternative fuel sources such as lactate, while 
poorly perfused regions relied on glycolysis and glucose  
incorporation into the TCA cycle136,173 (fig. 3b).

Branched- chain amino acid metabolism in the pan-
creas. Recent work has shown that PDA can arise from 
either acinar or ductal cells depending on mutational 
profiles and stromal cues. This has fuelled a critical 
debate regarding the putative cell of origin in PDA, 
although a common theory ascribes the origin of PDA 
to the dedifferentiation programme known as acinar- 
ductal metaplasia174,175. In normal physiology, acinar cells 
of the exocrine pancreas produce copious peptides and 
enzymes to aid digestion, making the pancreas highly 
amino acid avid to obtain the building blocks for these 
zymogens172,176 (fig. 3c). Compared with ductal cells, aci-
nar cells display elevated expression of the mitochon-
drial protein branched-chain amino acid transaminase 2  
(BCAT2) and rapidly incorporate branched-chain 
amino acids (BCAAs) into protein176,177 (fig. 3c). Despite 
low levels of BCAT2 in normal ductal cells, BCAT2 
expression increased as KRAS*- transformed cells pro-
gressed from an acinar to a ductal fate177. Indeed, over-
expression of KRAS in normal pancreatic ductal cells 
stabilized BCAT2 expression, and inhibition of BCAT2 
hindered the formation of early pancreatic lesions 
in a genetic mouse model of tumorigenesis driven by 
KrasG12D (ref.177). These results suggest a model by which 
normal acinar cells express BCAT2 to regulate incorpo-
ration of BCAAs into proteins to perform their cellular 
functions, while KRAS*- harbouring ductal cells hijack 
BCAT2 catabolic activity to meet biosynthetic and  
energetic demands (fig. 3c).

However, unlike in this model of PDA driven solely 
by KRAS*, tumours with both KRAS* and loss of p53 
displayed low BCAA catabolism, and the growth of 

Hypoxia- inducible factors
(Hifs). Transcription factors, 
stabilized under conditions of 
low oxygen levels, targeting the 
promoters of genes containing 
hypoxia response elements.

Ferroptosis
An oxidative, iron- dependent 
form of programmed cell 
death.

Isotope tracing
Application of metabolites  
in which stable isotopes are 
incorporated to follow the 
metabolism or fate of a given 
nutrient (for example via mass 
spectroscopy- based 
metabolomics).

Acinar–ductal metaplasia
The morphological and 
transcriptional programmes  
by which acinar cells 
dedifferentiate into ductal  
cells in response to injury or 
oncogenic stress.

Box 2 | Metabolic interactions between oncogenic KRAS and the microbiota

symbiotic interactions between commensal microorganisms and host cells maintain 
tissue homeostasis. For instance, colonocytes in the normal colon rely on oxidative 
phosphorylation and deplete the lumen of oxygen, fostering the growth of obligate 
anaerobes that process dietary fibre into by- products for epithelial cells262.  
some microbial products, such as the short- chain fatty acid (sCFA) butyrate,  
inhibit proliferation and renewal of stem cells located at the base of intestinal crypts,  
so colonocytes in the upper crypt consume and oxidize sCFAs for fuel as well as to 
protect the intestinal stem cells263.

exposure to the sCFA butyrate produced by obligate anaerobes also caused cell  
cycle arrest in colon cancer cells in vitro264. Colon cells transformed by mutant KRAs 
(KRAs*) upregulate glycolysis and lactate release and decrease oxygen consumption.  
elevated lactate levels in the lumen and increased oxygenation skew the microbiota 
towards facultative anaerobes that do not produce sCFAs from fibre262. In this  
manner, KRAs* signalling might lead to avoidance of the growth- inhibitory effects  
of butyrate.

transformation by KRAs* disrupts tissue architecture in the colon, lung and pancreas 
and rewires metabolism. this induces dysbiosis to promote tumour progression and 
suppress the innate and adaptive immune systems265–268. Increased KRAs*- driven eRK 
and phosphatidylinositol 3- kinase (PI3K) signalling can lead to enriched commensal 
bacteria in lung tumours269. In the diseased lung, changes to the metabolome positively 
correlated with the bacterial load in the lower airways, indicating the microbiota could 
also shape the metabolic environment encountered by cancer cells270.

Future work will investigate how KRAs*-dysregulated metabolism shapes the tumour 
microbiota. For example, an understudied area concerns how the microbiota affects 
the composition of metabolites that regulate immune responses to cancer. Additionally, 
systemic changes to the broader host microbiota resulting from KRAs*-driven tumours 
could reciprocally affect the nutrients available to tumours.
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subcutaneous allografts in mice was not affected by 
dual loss of BCAT1 and BCAT2 (ref.178). Furthermore, 
a recent study found that pancreatic cancer- associated 
fibroblasts (CAFs) in the tumour stroma synthesized 
and released BCAAs, and that BCAT activity in human 
PDA cells was required for the use of BCAAs for oxida-
tion and protein synthesis179. These seemingly contra-
dictory findings regarding BCAA metabolism showcase 
the complex interplay between KRAS*, co- occurring  
mutations and environmental context.

Comparative studies of metabolic pathways. In some 
studies, KRAS*- driven metabolic pathways have been 
directly contrasted between cancer types in different 
tissues. For instance, while glutamate oxaloacetate 
transaminase 1 (GOT1) is essential in PDA for protec-
tion from ROS, and GOT1 inhibition sensitized PDA cell 
lines to radiation in vitro and in murine xenografts, CRC 
cells were not affected by inhibition of GOT1 (ref.180). 
Interestingly, the aforementioned study demonstrating 
BCAA metabolism is not an essential pathway in PDA 
concurrently showed that NSCLC tumours also driven 
by KRAS* and LOF p53 had elevated flux through the 
BCATs and relied on BCAAs for tumour growth178, 
emphasizing the tissue dependence of the metabolic 
phenotype in cancer cells driven by the same genotype. 
Finally, the tissue of origin dictates whether a cancer cell 
depends on the Preiss–Handler de novo NAD+ synthe-
sis or NAD salvage pathway181. Tumours arising in the 
pancreas have greater amplifications in Preiss–Handler 
pathway enzymes compared with those of the lung or 
colon, suggesting PDA depends more on NAD synthe-
sis than salvage in comparison with NSCLC or CRC181. 
These studies collectively demonstrate that contextual 
cues such as the TME, cell of origin and model system 
must be considered in addition to oncogenic drivers 
when tumour metabolism is being studied.

Metabolism in the TME
KRAS*- driven programmes in cancer cells can shape the 
cellular composition and thus the vascularity and archi-
tecture of the TME. This, in turn, impacts the availability 
of nutrients and oxygen, while establishing gradients of 
pH and metabolic by- products, collectively dictating 
the metabolic nature of the TME182. Furthermore, the 
depletion or accumulation of metabolites, resulting 
from aberrant cancer metabolism, has ramifications 
for the function of surrounding immune and stromal 
cells182–186. To manage the metabolic challenges imposed 
by the TME, cancer and non- cancer cells participate in 
cooperative metabolic interactions that support tumour 
growth, as well as competitive metabolic interactions 
that promote tumour survival by limiting nutrient 
availability to, and thus the activity of, the antitumour 
immune system182,187,188 (fig. 4).

Hypoxia and inflammation
Solid tumours are marked by a prolonged, dysregulated 
inflammatory response189. KRAS* drives inflammatory 
signalling early in tumour progression and cooperates 
with exogenous factors such as tobacco or pollutants 
in the lung, the microbiota in the colon and secretory 

enzymes in the pancreas to generate an inflammatory 
environment that potentiates oncogenic signalling190–193. 
Similarly, KRAS* drives aberrant proliferation and  
signalling, which contributes to tumour hypoxia182.

KRAS* signalling, tumour hypoxia and the activa-
tion of HIFs remodel the immune microenvironment in 
the tumour. For example, hypoxia in a poorly perfused, 
late- stage KRAS*- driven tumour drives expression of 
HIF1α, which led to B cell exclusion from the tumour 
in a mouse model of PDA194,195 (fig. 4a). This could be 
speculated as a mechanism by which KRAS* leads to 
recruitment of immune cells to support tumour initia-
tion under conditions of sufficient oxygen and low HIF 
expression, and exclusion of metabolically competitive 
immune cells via HIF activity late in tumour progression 
when oxygen and nutrients are scarce.

Proinflammatory signalling in the TME enhances 
dysregulated metabolic programmes in PDA. For 
instance, upon recruitment to the PDA tumour stroma, 
CD4+ T cells differentiate into the T helper 2 (TH2) sub-
type, which creates an immunosuppressive environ-
ment by promoting the anti- inflammatory phenotype 
of tumour- associated macrophages (TAMs)196. Of note, 
TH2 cell- derived IL-4 and IL-13 signalling supports the 
metabolism of PDA cells. In a mouse model of PDA, 
KRAS* upregulated surface expression of IL-4Rα197, ren-
dering cancer cells more sensitive to TH2 cell- derived 
cytokines. This in turn elevated MYC activity via JAK–
STAT signalling and increased glycolytic gene expres-
sion and flux in cancer cells, thereby contributing to 
tumour growth197 (fig. 4a). Future work with KRAS*-  
driven mouse models of NSCLC and CRC could deter-
mine whether these phenotypes are unique to PDA or  
dependent on KRAS* across tumour types.

Glucose competition
Proliferative cell types in the TME, such as effector 
immune cells, are sensitive to the glucose- depleted 
state common in, but not exclusive to, KRAS*- driven 
tumours184,185,188. Low glucose levels in the TME result-
ing from elevated uptake and utilization by cancer  
cells prevent expansion of and cytokine release by T cells 
(fig.4b). Also, expression of glycolytic enzymes in sam-
ples from patients with NSCLC was inversely correlated 
with T cell infiltration198. Mechanistically, interactions 
between programmed death ligand 1 (PDL1) on murine 
CRC cancer cells and PD1 on T cells can stimulate glycol-
ysis in cancer cells187 (fig. 4b). This suggests that immune  
checkpoint blockade could dampen glycolysis in cancer 
cells, increasing glucose availability for effector T cells.

CAFs undergo metabolic reprogramming upon acti-
vation, marked by increased glycolysis and dependence 
on glucose183 (fig. 4b). In support of this, CAFs from 
human CRC tissue had increased expression of glycolytic 
enzymes and decreased TCA cycle activity compared with  
normal fibroblasts199. Co- injection of these CAFs  
with CRC cell lines in mouse subcutaneous xenografts 
promoted tumour growth199. Isotope tracing studies 
similarly demonstrated that pancreatic CAFs are highly 
glycolytic41. Thus, while depriving antitumour immune 
cells of glucose clearly conferred a survival advantage on 
cancer cells as reported in several studies, limiting access 
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of CAFs to glucose could impair tumour- promoting 
interactions between cancer cells and CAFs. Therefore, 
further work remains to determine how CAFs and can-
cer cells engage in cooperative glucose metabolism in a 
TME with limited glucose.

Lactate accumulation
Rapid glucose metabolism through glycolysis in 
KRAS*- driven cancer cells leads to an accumulation of 
lactate in the TME (fig. 4b). Lactate is transported by the 
family of monocarboxylate transporters (MCTs)200,201. 
Interestingly, in tissue from primary PDAs, expres-
sion of the lactate export protein MCT4 correlated 
with expression of immunosuppressive markers in 
the TME202. In support of an immunosuppressive 
role of extracellular lactate in tumours, a recent study 

discovered that macrophages exposed to lactate- high 
medium conditioned by KRAS*- driven CRC cells, or 
supplemented with exogenous lactate, demonstrated 
increased expression of genes associated with the TAM 
anti- inflammatory state in contrast with macrophages 
cultured in normal growth media203 (fig. 4b). Moreover, 
the accumulation of intracellular lactate in T cells 
blocked glycolytic flux, rendering T cells unable to per-
form cytotoxic functions against cancer cells204 (fig. 4b). 
Furthermore, lactate in the TME of colon liver metasta-
ses induced apoptosis in infiltrating natural killer cells 
due to increased intracellular pH and production of 
mitochondrial ROS205 (fig. 4b). Collectively, these data 
demonstrate how lactate, a metabolic by- product of 
KRAS*- driven metabolism in cancer cells, creates an 
immunosuppressive TME.
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cytokines. Mutant KRAS (KRAS*) increases expression of their receptors on the surface of cancer cells. Downstream 
signalling through JAK–STAT activates MYC to increase expression of glycolytic enzymes. Hypoxia- inducible factor (HIF) 
activity excludes B cells from the TME. b | Glucose (Glc) is required by effector T cells (Teff cells) to mount an antitumour 
immune response, yet glucose is depleted due to elevated glycolysis in KRAS*- expressing cancer cells and cancer-  
associated fibroblasts (CAFs). Expression of programmed death ligand 1 (PDL1) on cancer cells and binding with its  
PD1 receptor on Teff cells also stimulates glycolysis in cancer cells. Increased levels of lactate (Lac) released into the 
extracellular space by cancer cells and taken up by other cells further inhibits glycolysis in Teff cells and natural killer (NK) 
cells, while polarizing macrophages to a tumour- associated macrophage (TAM) state. c | Elevated glutaminolysis and 
glutamine (Gln) uptake in KRAS* cells depletes glutamine, which is required by Teff cells. Expression of tryptophan-  
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express arginase 1 (ARG1) to break down arginine in the TME. ARG1 is also expressed in CAFs and TAMs. d | Induction of 
autophagy in CAFs increases release of alanine (Ala) for uptake and use by cancer cells. CAFs also release pyruvate (Pyr), 
branched- chain amino acids (BCAAs) and metabolite- filled exosomes to support dysregulated KRAS* metabolism in 
cancer cells. Deoxycytidine (dC) released from CAFs and TAMs is taken up by cancer cells and blunts chemotherapy 
efficacy. Innervating neurons release serine (Ser) to support protein translation in cancer cells under serine deprivation. 
MDSC, myeloid- derived suppressor cell.
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Regulation of amino acid levels
Effector T cells require specific amino acids to mount 
an antitumour response185. The metabolic pathways 
in KRAS*- expressing cancer cells lead to depletion of 
certain amino acids from the TME (fig. 4c). Specifically, 
increased glutamine uptake and metabolism mediated 
by KRAS* depletes glutamine from the TME57,206,207 
(fig. 4c). This process deprives T cells of a fuel source vital 
for their activation, because effector T cells also rely on 
glutamine to proliferate and produce cytokines during 
an antitumour response207.

Tryptophan is another important amino acid for 
T cell responses, and its depletion limits effector T cell 
infiltration and expansion208–212. Although direct links 
between KRAS* driving tryptophan depletion remain 
to be uncovered, tryptophan is depleted from the TME 
in colon, lung and pancreas tumours due to the activity 
of tryptophan- degrading enzymes expressed by can-
cer cells, CAFs, myeloid- derived suppressor cells, and  
regulatory T cells185,207,212,213 (fig. 4c).

There is considerable competition for the amino acid 
arginine in the KRAS*-shaped TME182 (fig. 4c). Arginine 
catabolism or conversion serves as a source of nitrogen 
through the urea cycle, and generates proline, polyam-
ines and/or nitric oxide. Arginine thus contributes to the 
biosynthetic capacity of tumour cells and/or the activ-
ity of proinflammatory or anti- inflammatory immune 
cells185,214. Lung and pancreatic cancer cells are unable to 
synthesize arginine as they do not express argininosuc-
cinate synthetase (ASS) and therefore depend on exog-
enous arginine214. Colon cancer cells, however, express 
ASS and can generate arginine, providing them with 
a survival advantage in an arginine- depleted TME214.  
In terms of immune cells in the TME, proinflammatory  
M1- like macrophages have been shown to generate 
nitric oxide from arginine via inducible nitric oxide 
synthase (iNOS) to perform an antitumour cytotoxic 
response, whereas TAMs express arginase 1 (ARG1) to 
break down arginine into polyamines, which supports 
the anti- inflammatory response185. In addition, CAFs, 
and myeloid- derived suppressor cells in the TME also 
express ARG1195,215 (fig. 4c). As effector T cells require 
arginine for full activation and cytotoxic responses207, 
these processes, combined with increased uptake of argi-
nine by arginine- auxotrophic cancer cells, suppress the 
inflammatory, antitumour immune response182,191,203,212.

Cooperative interactions between cancer cells and 
the tumour stroma compensate for limited amino acid 
availability (fig. 4d). As mentioned earlier, during nutri-
ent deprivation, autophagy can be deployed to recycle 
critical metabolites. Indeed, CAFs in both NSCLC and 
PDA displayed elevated autophagy compared with nor-
mal fibroblasts216,217. This can be to the advantage of 
cancer cells, because, for example, elevated autophagy 
in pancreatic CAFs increased the availability of alanine 
to PDA cells, which was released by CAFs and taken up 
by PDA cells to fuel the TCA cycle217 (fig. 4d). Pancreatic 
CAFs have also been shown to package numerous 
metabolites, including amino acids, into exosomes for 
delivery to cancer cells218 (fig. 4d). Moreover, recent 
work demonstrated that pancreatic CAFs display ele-
vated synthesis and release of BCAAs to be taken up and  

metabolized by PDA cells179, as highlighted earlier and 
in fig. 4d.

Lastly, an emerging area of research concerns the 
role of the nervous system in regulating tumour metab-
olism. Pancreatic tumours are highly innervated, and 
the presence of neurons correlates with more aggressive 
disease and poorer outcomes219. A recent study revealed 
that under conditions of serine deprivation in mice with 
PDA, such as a serine- free diet, neurons were recruited 
to the tumour and synthesized and released serine for 
uptake by PDA cells (fig. 4d). This allowed translation 
of proteins in cancer cells to proceed uninterrupted220. 
While this study was specific to PDA, future work in this 
emerging area could reveal whether this mechanism is 
also active in NSCLC or CRC.

Dysregulated lipid metabolism
The composition of lipids in the TME is affected by fatty 
acid metabolism of KRAS*- driven cancer cells, which 
access intracellular lipid stores or take up extracellular 
lipids91,97. This leads to the accumulation or depletion  
of lipid species in the TME, which can affect the metab-
o lism of surrounding cells. For instance, long- chain fatty 
acids are abundant in the pancreatic TME221. In a mouse 
model of PDA, cytotoxic CD8+ T cells infiltrating PDAs 
imported long- chain fatty acids. However, these T cells 
had low expression of the enzyme critical for breakdown 
of long- chain fatty acids, and therefore fatty acids accu-
mulated in T cells, leading to metabolic exhaustion and 
impaired cytotoxic activity221. T cells possess remarka-
ble metabolic plasticity, and it is possible that signalling 
induced by KRAS* in cancer cells indirectly prevents 
utilization of alternative fuel sources in T cells, although 
this remains to be proven mechanistically207. New lipi-
domics technologies for studying lipid metabolism will 
enable their further characterization in other non- cancer 
cell types in the TME.

Targeting metabolism in KRAS* tumours
KRAS*- driven tumours have a remarkable ability to 
develop resistance to inhibition of KRAS* even after 
ablation of the oncogenic driver222–225. For instance, 
PI3K- mediated reactivation of the MAPK pathway, as 
well as focal adhesion kinase signalling, has been shown 
to drive resistance to KRAS* genetic silencing in vitro 
and in vivo226,227. (Of note, there is evidence suggesting 
in vitro culture conditions underestimate the essentiality 
of KRAS* for in vivo tumour growth228.) Furthermore, 
a KRAS- G12C- specific chemical inhibitor effectively 
inhibited in vitro and in vivo tumour growth, empha-
sizing caution is required when one is drawing infer-
ences from genetic silencing of KRAS* (ref.228). Given the 
current lack of drugs targeting other KRAS mutants, an 
important strategy to consider is to target downstream 
metabolic effector pathways alone, in combinations with 
other effectors, or even in combination with inhibition 
of KRAS* to block resistance mechanisms inherent to 
cancer cells or driven by the TME.

Drug- induced vulnerabilities
Cancer cells can utilize metabolic mechanisms to com-
pensate for loss of KRAS*. Therefore, genetic ablation of 
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KRAS* in a mouse model of PDA led to tumour regres-
sion, but a subset of cancer cells persisted and reconsti-
tuted the tumour. These residual cells relied on oxidative 
phosphorylation (as opposed to glycolysis), inhibition of 
which in combination with oncogene ablation prevented 
tumour recurrence222.

As mentioned earlier, scavenging mechanisms are 
upregulated by KRAS* and are potential targets in 
combination with KRAS* inhibition. For example, 
knockdown of KRAS* or ERK inhibition in PDA cells 
in vitro led to an increase in autophagy, potentially to 
manage the bioenergetic defects imposed by MAPK 
pathway inhibition85,86,222. This notion was confirmed 
by blocking autophagy with chloroquine in combina-
tion with ERK inhibitors, which slowed PDA growth 
in mice and increased apoptosis in PDA cells in vitro85. 
Combining autophagy and ERK inhibition in PDA is 
now being examined in clinical trials (NCT04214418 
and NCT04386057). Furthermore, targeting the reg-
ulatory machinery or signalling pathways associated 
with macropinocytosis inhibits tumour progression in 
NSCLC and PDA70,229, suggesting this strategy could 
undermine the ability of KRAS* cancer cells to survive 
under metabolic stress.

Like the cell intrinsic pathways, the TME can also 
support tumour growth after loss of KRAS* signal-
ling. For example, pancreatic TAMs have been shown 
to release TGFβ, which drove tumour progression via 
SMAD4 in mice after doxycycline- inducible KRAS* 
had been extinguished223. Furthermore, short hairpin 
RNA- mediated knockdown of IL-4Rα or JAK chemi-
cal inhibition in KRAS* PDA cells abrogated the TH2 
cell- derived cytokine cascade discussed earlier, and 
reduced tumour progression in mice197. While these 
findings were shown in PDA, similar mechanisms might 
occur in lung and colon tumours.

Vulnerabilities from co- occurring mutations
The inhibition of mechanisms induced by co- occurring 
mutations that cooperate with KRAS* is another avenue  
to consider when metabolism is being targeted in KRAS*-  
driven tumours. LKB1 loss mediated activation of AMPK 
in cell lines and rendered tumours sensitive to phen-
formin in a mouse model of KRAS*- driven NSCLC. This 
ETC- inhibiting drug selectively induced apoptosis and  
slowed growth in LKB1- deficient cells both in vitro  
and in vivo in comparison with NSCLC cells with loss 
of p53 (ref.230). Also, inhibiting the pyrimidine synthesis 
enzyme CPS1 in LKB1- deficient, KRAS*- driven human 
NSCLC cell lines (as compared with cell lines with either 
LKB1 loss of KRAS* alone) led to cellular DNA damage, 
cell cycle stalling and impaired tumour growth in murine 
xenografts122. Inhibition of another pyrimidine synthe-
sis enzyme, deoxythymidylate kinase (DTYMK), was 
synthetic lethal in human and mouse LKB1- deficient 
lung cancer cells in vitro compared with wild- type 
LKB1 NSCLC cell lines231. Similarly, LKB1- deficient, 
KRAS*- driven mouse NSCLC cells cultured ex vivo were 
sensitized to inhibition of the serine biosynthesis path-
way or DNA methylation, while cells with either KRAS* 
alone or co- occurring loss of p53 remained unaffected125. 
Additionally, inhibition of the hexosamine biosynthetic 

pathway enzyme glutamine–fructose 6- phosphate 
transaminase (isomerizing) 2 (GFPT2) with azaserine 
was a unique vulnerability for KRAS–LKB1- co- mutated 
NSCLC cell lines, xenografts and genetic tumour models 
compared with NSCLC with mutant p53 (ref.34). Finally, 
loss of the autophagic gene Atg7 was synthetic lethal in 
a KRAS*, LKB1- deficient NSCLC mouse model com-
pared with KRAS*, p53- deficient tumours, suggesting 
that LKB1- deficient NSCLC tumours may be selectively 
sensitive to inhibition of autophagy121.

In NSCLC, KEAP1 mutations rendered mouse 
NSCLC orthotopic allografts and patient- derived xeno-
grafts dependent on glutaminolysis and sensitive to 
chemical inhibition of GLS1 with CB-839, while tumours 
with active KEAP1 were unaffected58,127. CB-839 is cur-
rently being tested in a clinical trial (NCT03872427).  
In addition, the overactive NRF2 antioxidant programme 
resulting from KEAP1 deficiency depleted intracellular 
glutamate levels in mouse NSCLC cells. As glutamate 
is needed to synthesize non- essential amino acids 
(NEAAs), including serine and glycine, glutamate deple-
tion rendered these cells reliant on exogenous NEAAs. 
Thus, dietary intervention with a serine and glycine- free 
diet to deprive tumours of these NEAAs slowed mouse 
KEAP1- mutant allograft growth, yet this had no effect 
on wild- type KEAP1 tumours. Additionally, GLS1 inhi-
bition with CB-839 further reduced intracellular gluta-
mate levels and synergized with the NEAA- free diet in 
these models232. This is one example of how a specific 
dietary intervention informed by tumour genotype can 
improve metabolic therapies downstream of KRAS*.

Cooperative interactions in the stroma
The KRAS*- driven remodelling of the TME observed in 
PDA dictates much of the biology of these tumours138. 
Therefore, PDA is an optimal model in which to study 
metabolic interactions with the TME, and a wealth of lit-
erature exists on reprogramming the pancreatic tumour 
stroma. The activation and expansion of CAFs from 
quiescent fibroblasts drives the desmoplastic response 
in pancreatic tumours233, and CAFs can contribute to 
therapy resistance mechanisms in PDA. One of these 
mechanisms involves expression of the vitamin D recep-
tor (VDR) in CAFs. Treatment of PDA- bearing mice 
with the VDR agonist calcipotriol caused CAFs to revert 
to an inactivated cell state, induced stromal remodel-
ling and improved delivery of the chemotherapeutic 
gemcitabine233. Another mechanism of treatment resis-
tance involves the release of pyruvate by CAFs (fig. 4d). 
CAF- derived pyruvate decreased the efficacy of ETC 
complex I inhibitors in cancer cells, and blocking pyru-
vate import increased sensitivity to these therapeutics 
in vitro (non- peer reviewed data in ref.41). As mentioned 
previously, interactions with cancer cells induce CAFs in 
NSCLC and PDA to increase autophagy and supply can-
cer cells with critical metabolites216–218. Treatment of mice 
bearing KRAS*- driven tumours with autophagy inhibitors 
could block not only cancer cell metabolism but could also 
limit the availability of nutrients derived from the tumour 
stroma by reprogramming CAFs to a less activated state234.

CAFs have also been shown to release deoxycytidine 
(dC)235. From a study on TAMs in KRAS*- driven PDA,  

Pyrimidine synthesis
The metabolic pathway 
producing the nucleotides 
uridine, cytidine and thymidine.
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we know that dC can be released by TAMs and con-
tribute to gemcitabine resistance236. Gemcitabine is 
structurally similar to dC, and TAM- derived dC was 
shown to compete with gemcitabine for uptake and 
metabolism by PDA cells, thereby lessening this chemo-
therapeutic’s efficacy. Thus, ablation of TAMs from 
tumours or targeting dC production in TAMs increased 
the response of PDA tumours to gemcitabine236. As dC  
secretion from CAFs might contribute to chemoresis-
tance, these findings indicate that multiple cell types 
may cooperate to provide resistance to PDA cells to  
chemotherapy (fig. 4d).

Lastly, as mentioned earlier, neurons recruited to the 
pancreatic TME release serine to support PDA metabo-
lism. This interaction was impaired by treatment with a 
neuron- specific TRK inhibitor, to block innervation, in 
combination with a serine- free diet, and together these 
blocked tumour growth in PDA mouse models220.

Myriad cell types exist in KRAS* tumours. We have 
only recently begun to disentangle cooperative meta-
bolic crosstalk between cancer cells and the TME, and 
future work has the potential to identify additional 
opportunities to block these supportive interactions.

Harnessing the immune system
The advent of immunotherapy has improved treatments 
for some cancers and demonstrated that the immune 
system can be reprogrammed to recognize and attack 
cancer cells237. However, colon, lung and pancreas 
tumours with KRAS* are among the least responsive 
cancers to immune checkpoint- based therapy238,239. 
This is in part due to non- metabolic factors such as the 
type of oncogenic driver, the overall tumour mutational 
burden or the degree of microsatellite instability (MSI), 
as, for example, MSI- high CRCs typically respond bet-
ter to immunotherapy than MSI- low tumours238. The 
metabolic changes in the TME induced by KRAS* also 
suppress the antitumour immune system. Targeting 
these metabolic networks to reprogramme immune cells  
and/or prevent the depletion of metabolites required 
for an immune response has considerable potential to 
increase the efficacy of immunotherapy in these cancers.

The glutamine antagonist 6- diazo-5- oxo- l-  
norleucine (DON) broadly inhibits glutaminolysis 
by blocking the activities of glutamine deamidases. 
Because KRAS* induced dependence on glutamine in 
colon cancer cells, mice bearing syngeneic transplants 
of murine colon tumour cells were treated with DON 
to analyse its effect on tumour growth240. Surprisingly, 
DON treatment resulted not only in impaired mouse 
CRC allograft growth but also in an increased number  
of tumour- infiltrating T  cells in comparison with 
untreated tumour- bearing mice240. While DON impaired 
glutamine metabolism in both cancer cells and T cells, 
T cells displayed remarkable metabolic plasticity and 
compensated for the lack of glutamine- derived carbon 
in the TCA cycle by incorporating glucose- derived or 
acetate- derived carbons instead240–242. This endowed 
T cells with a robust proliferative and energetic response 
and conferred a long- lasting memory phenotype240,242. 
Immune checkpoint inhibition with anti- PD1 synergized 
with DON treatment to inhibit tumour progression240. 

KRAS*- driven NSCLCs that harbour co- occurring 
mutations in KEAP1 and/or LKB1 are often resistant to 
immune checkpoint- based therapy243–246. Thus, a pro-
drug derivative of DON is now in clinical trials for treat-
ment of multiple cancers, and a phase II trial will test its 
efficacy in KEAP1- mutant and LKB1- mutant NSCLC 
(NCT04471415).

Similarly, a potential synergy between GLS1 inhi-
bition and immune checkpoint blockade is currently 
being tested in a phase II clinical trial in KEAP1- mutant 
tumours (NCT04265534). Future studies will need to 
determine how LKB1 and KEAP1 mutations might 
promote immune evasion in NSCLC and identify 
novel or existing metabolic therapies that can enhance 
anti tumour immune responses in combination with 
immune checkpoint blockade.

Immunologically ‘cold’ PDAs are also resistant to 
immune checkpoint blockade247. A recent study demon-
strated that activity of autophagy in PDA in vivo leads 
to the selective lysosomal degradation of major histo-
compatibility complex class I (MHC- I) in cancer cells248. 
MHC- I is required for antigen presentation on cancer 
cells and recognition by the immune system. Thus, 
MHC- I downregulation allowed PDA cells to evade the 
antitumour immune system. Additionally, autophagy 
was implicated in preventing T cell killing through mod-
ulation of TNF signalling249. Indeed, in mouse models of 
PDA, autophagy inhibition with chloroquine synergized 
with both anti- PD1 and anti- CTLA4 to inhibit tumour 
progression248.

In summary, targeting the metabolism of KRAS* 
tumours can provide nutrients to the immune system 
to increase the number and heighten the activity of the 
antitumour effector cells, priming tumours for immune 
checkpoint blockade therapy.

Conclusion
A better understanding of effector pathways down-
stream of KRAS*, such as dysregulated metabolism, 
could lead to enhanced therapeutic interventions alone 
or in combination with direct inhibition of KRAS*. This 
will require future work to disentangle metabolic path-
ways mediated by specific KRAS mutations and synergy 
with co- occurring mutations, as well contextual cues 
determined by the tissue of origin.

We are only beginning to appreciate how KRAS* 
signalling directly and indirectly shapes the broader 
metabolism of the TME. Continuing to identify meta-
bolic networks that support KRAS*- driven metabolism, 
mediate resistance to therapy and suppress the immune 
system will identify opportunities to cut off nutrient 
sources, enhance chemotherapy and/or promote anti-
tumour immune responses. Cutting- edge approaches 
such as in vivo isotope tracing, spatially resolved mass 
spectrometry and single- cell sequencing technologies 
will be critical in these endeavours. Moving forwards, 
exploiting metabolic networks in CRC, NSCLC and 
PDA according to both genetic and environment con-
texts is a promising therapeutic strategy for improving 
the treatment of KRAS*- driven tumours.

Published online 9 July 2021

Microsatellite instability
(Msi). An inherent propensity 
for genomic mutations caused 
by malfunctioning DNA repair 
machinery.

Deamidases
enzymes that catalyse the 
removal of amido groups.
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