
Alessandro Carrer, PhD

Cancer Metabolism
How cancer reprograms cell’s machinery for energy and 
biomass production



Metabolic rewiring is one of the “HALLMARKS OF CANCER” 
Hanahan D & Weinberg RA - Cell, 2000 & 2011; Cancer Discovery 2022.



Metabolic rewiring is one of the “HALLMARKS OF CANCER” 
Hanahan D & Weinberg RA - Cell, 2000 & 2011; Cancer Discovery 2022.



Cancer  metabolism is different than normal tissue. First time it was noted in 
1920 by biochemist Otto Warburg that when cancer cells are provided with 
glucose , they generate large amount of lactate regardless of whether oxygen 
is present or not. 

This metabolic difference is referred as THE WARBURG EFFECT

Cancer metabolism



Cancer  metabolism is different than normal tissue. First time it was noted in 
1920 by biochemist Otto Warburg that when cancer cells are provided with 
glucose , they generate large amount of lactate regardless of whether oxygen 
is present or not. 

This metabolic difference is referred as THE WARBURG EFFECT

Cancer metabolism

• Warburg made vital contributions to many areas of 
biochemistry, including respiration, photosynthesis, and 
the enzymology of intermediary metabolism (Nobel 
Prize in 1931). 

• In the mid 1920s Warburg and co-workers showed 
that, under Aerobic conditions, tumor tissues 
metabolize approximately tenfold more glucose to 
lactate in a given time than normal tissues. This 
phenomenon later came to be known as “Warburg 
Effect”. 

• Warburg purified and crystallized seven of the 
enzymes of glycolysis. He used a tool called as “ 
Warburg Manometer” which measured directly the 
consumption of oxygen by monitoring changes in gas 
volume.



Catabolic reactions generate energy-carrying molecules

Vander Heiden M, Cantley LC, Thompson CB, Science, 2009

In presence of O2, most 
tissues rely on oxidative 
phosphorylation (cellular 
respiration) to produce ATP



The Warburg Effect, aka Aerobic Glycolysis

Vander Heiden M, Cantley LC, Thompson CB, Science, 2009



Augmented glucose uptake is useful (!!) in the clinic

FDG-PET of 18F-glucose is widely used in diagnosis, staging, monitoring of a variety of tumors

Kimura H et al, Lung Cancer, 2012

Fluoro(18F)-deoxyGlucose



• Mitochondrial Defects: mtDNA mutations lead to malfunction in respiration and 
oxidative phosphorylation.  

• Hypoxia: Possible adaptation owing to lack of Oxygen availability in the 
Environment. 

• Oncogenic Signals: Point Mutations in genes such as Ras family can result in 
proliferation of cells and signal initiation. 

• Altered Metabolic Enzymes:  Overproduction and mimicking of metabolic 
enzymes such as Hexokinase-II result in increased Glycolytic activity.

Causes of the Warburg Effect

What Warburg though:
• Mitochondrial Defects: organelles are damaged and malfunctioning. In fact, 

cancer originates because of injuries to mitochondria and can be attacked with 
anti-acidic treatments.

What modern science thinks:



Why the Warburg Effect? We still don’t get it….

Liberti M, Locasale JW, Trends Biochem Sci, 2016
DeBerardinis RJ, Chandel NS, Nat Metab, 2020
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(Fibroblasts, T cells, macrophages,…)

ONCOGENES



Tumor cells need to reprogram their metabolism in order to: 

• Produce more biomass (accelerated cell division) 
• Produce more nucleotides (accelerated cell division) 
• Cope with oxidative stress (replication and nutrient stress) 
• Adapt to different environments (dissemination, 3D growth) 
• Secrete immunomodulatory molecules (evade immune response) 
• Adjust availability of “signaling metabolites” (support growth signals) 

Several reviews from: Thompson, CB; Chandel, NS; DeBerardinis, RJ; Locasale, JW; Wellen, KE; Sabatini, DM; Lyssiotis, C; others



Metabolism is reprogrammed to support proliferation
1



Nutrient sensing regulates growth in unicellular organisms 
Growth factor signals induce proliferation in multicellular organisms
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Commonly activated oncogenes enhance glycolysis

Hoxhaj G & Manning BD, Nat Rev Cancer, 2019

KRAS mutant
KRAS wild-type

Ying H et al, Cell, 2012



Glycolytic flux is regulated  
and provides substrates for biosynthetic pathways
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Glycolytic flux is regulated  
and provides substrates for biosynthetic pathways

Glycine, 
Serine Folates

Phospho-Lipids

Glycans

Nucleotides

Lactate + NAD+



Fast proliferating cells express an alternative form of Pyruvate Kinase
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Fast proliferating cells express an alternative form of Pyruvate Kinase

PKM2
1. Allosteric/metabolic
2. Transcription
(Growth Factor 
Signaling)
3. Phosphorylation



Tumors (and proliferating tissues) express PKM2

Dayton et al, EMBO Rep, 2016



PKM2 has LOWER activity



Lower PKM activity leads to accumulation of glycolytic intermediates



Oncogenes hijack cell ability to uptake nutrients

Enhanced uptake of glucose, glutamine AND alternative carbon sources
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Cancer cells thrive in harsh environments:  
they can pick up ALL sorts of nutrients



Commisso et al, Nature, 2013

Stow & Wall, Curr Opin Cell Biol, 2020

Oncogenic Kras induces macropinocytosis for 
nutrient scavenging

Uniformly 13C-labelled intracellular amino acid pools were detected in NIH 
3T3 KrasV12 cells supplemented with 2% 13C-labelled yeast protein. Protein-

derived alanine enters central carbon metabolism upon transamination to 
pyruvate, and pyruvate can be directly converted to lactate.



Exploiting metabolic reprogramming of cancer cells:  
Nab-paclitaxel (Abraxane®)

ABRAXANE® is a prescription medicine used to treat advanced pancreatic cancer, when used in 
combination with gemcitabine, as the first medicine you receive for advanced pancreatic cancer.



mTORC1 is an ancient regulator of cell growth that is activated by intracellular nutrients. The 
ancient function of mTORC2 is unclear, but it may have evolved to indirectly sense nutrients by 
way of insulin signaling. Circulating glucose triggers the release of insulin into the bloodstream. In 
peripheral tissues harboring growth factor responsive cells, insulin activates the PI3K-mTORC2-
AKT pathway. In individual cells, activation of AKT promotes survival, nutrient influx, and energy 
(ATP) generation. Signals from intracellular nutrients, energy, and from AKT itself subsequently 
activate mTORC1, which drives protein synthesis and promotes cell growth.

Guertin & Sabatini, Cancer Cell, 2007

mTOR is hyper activated in cancer to sustain growth



mTOR is hyper activated in cancer to sustain growth

Mutations, over nutrition, obesity, aging



Mossman et al, Nat Rev Cancer, 2018

mTOR sustains growth: 
lipid synthesis



Cells can turn a “glycolytic switch”

DeBerardinis RJ, Chandel N, Science Signal, 2016
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to knock out Uqcrq, which encodes the QPC subunit of complex III, 
in KrasG12D/+p53−/− (KP; p53 is also known as Trp53) cells isolated from 
mouse lung tumours (Fig. 1c). Loss of QPC in KP cells diminished basal 
and coupled OCRs (Fig. 1d, Extended Data Fig. 1k), and significantly 
reduced tumour growth after orthotopic mouse lung transplanta-
tion (Fig. 1e). Mice injected with non-targeting KP (KP-NT) cells had 
significantly worse survival than mice injected with QPC-knockout KP 
(KP-QPC_KO) cells (Fig. 1f). In addition, we explored the effect of the loss 
of complex III in T cell acute lymphoblastic leukaemia (T-ALL) in vivo 
(Extended Data Fig. 2a). Haematopoietic stem cells (HSCs) from donor 
mice with loxP-flanked (Uqcrqflox/−) or wild-type (UqcrqWT/−) Uqcrc alleles 
and tamoxifen-inducible Ubc-creERT2 were transformed and adoptively 
transferred into immunocompetent mice. After establishment of T-ALL 
detectable in the peripheral blood of the recipients, tamoxifen was 
administered to induce the loss (QPC-KO) or maintenance (QPC-WT) of 
complex III function in T-ALL cells (Extended Data Fig. 2a). Analysis of 
GFP+ T-ALL cell contents in the spleen and bone marrow revealed that 
only wild-type QPC cells were able to establish significant T-ALL burden 
(Extended Data Fig. 2b–e). Accordindly, the spleens of mice contain-
ing wild-type QPC T-ALL cells were significantly enlarged compared 
with those containing knockout QPC (Extended Data Fig. 2f), and mice 
containing leukaemic cells with functional mitochondria (wild-type 
QPC) had significantly worse survival (Extended Data Fig. 2g). Collec-
tively, these data indicate that mitochondrial complex III is required 
for tumour growth in vivo.

Ubiquinol oxidation is an essential activity of mitochondrial complex 
III that allows complex I, II and DHODH to function. We ectopically 
and stably expressed GFP or Ciona intestinalis AOX in 143B-CYTB-∆ 
cells to restore ubiquinol oxidation14 (Extended Data Fig. 3a). AOX 
transports electrons from ubiquinol directly to oxygen, bypassing ETC 
complex III and IV activities12. As a result, AOX restored the basal OCR in 
143B-CYTB-∆ cells (Fig. 2a). AOX conducts electron flux but not proton 
pumping, thus it does not directly contribute to the proton-motive 
force for ATP synthesis. However, ubiquinol oxidation by AOX allows 
complex I to proton pump, consequently restoring OXPHOS (Extended 
Data Fig. 3b). AOX expression in 143B-CYTB-∆ cells alleviated their 

auxotrophy for pyruvate and uridine (Fig. 2b), restored the NAD+/
NADH ratio (Fig. 2c), aspartate levels (Fig. 2d), and partially rescued TCA 
cycle metabolite levels in the absence of methyl pyruvate and uridine 
(Extended Data Fig. 1h). Notably, AOX expression in 143B-CYTB-∆ cells 
rescued tumour growth in vivo (Fig. 2e, Extended Data Fig. 3c). Simi-
larly, AOX expression in KP-QPC_KO cells rescued basal and coupled 
OCR (Fig. 2f, Extended Data Fig. 3d), and in vivo lung tumour growth 
(Fig. 2g). Mice transplanted with KP-QPC_KO AOX-expressing cells had 
significantly worse survival than mice transplanted with KP-QPC_KO 
GFP-expressing control cells (Fig. 2h). Our results indicate that the 
essential function of mitochondrial complex III for tumour growth 
is ubiquinol oxidation and not its ability to proton pump or donate 
electrons to the downstream electron carrier cytochrome c.

Ubiquinol oxidation supports DHODH function (Extended Data 
Fig. 3a). Similar to the genetic inactivation of cytochrome b, treatment 
with the complex III inhibitor antimycin A rendered 143B-CYTB-WT 
cells auxotrophic for pyruvate and uridine (Extended Data Fig. 3e). 
However, the complex I inhibitor piericidin A made the cells auxo-
trophic for pyruvate but not uridine (Extended Data Fig. 3e). Notably, 
the dihydroorate-to-orotate ratio increased in 143B-CYTB-WT cells 
treated with antimycin A, but not with piericidin A (Extended Data 
Fig. 3f). These results indicate that the availability of the ubiquinone 
(Q) pool, which is only compromised when complex III function is 
inhibited, is the key factor for the maintenance of de novo pyrimidine 
synthesis. We tested the necessity of the de novo pyrimidine synthesis 
pathway through CRISPR–Cas9-mediated inactivation of DHODH in 
AOX-expressing 143B-CYTB-∆ cells (Extended Data Fig. 4a). Loss of 
DHODH caused uridine auxotrophy and reduced tumour growth in vivo 
(Extended Data Fig. 4b–e), and reconstituting its cDNA restored those 
phenotypes (Extended Data Fig. 4f–i).

Ubiquinol oxidation is required for mitochondrial complex I func-
tion. Therefore, we tested the necessity of complex I in AOX-expressing 
143B-CYTB-∆ cells by inactivating NDUFS2, which encodes an essential 
subunit of complex I (Fig. 3a, Extended Data Fig. 5a). The loss of NDUFS2 
made AOX-expressing 143B-CYTB-∆ cells auxotrophic for pyruvate 
in vitro (Fig. 3b), and ablated their in vivo tumour growth (Fig. 3c, 

c

d e f

a b

0

2 × 10 2

4 × 10 2

6 × 10 2

8 × 10 2

B
as

al
 O

C
R

(p
m

ol
 m

in
–1

 p
er

 1
05  

ce
lls

) 143B-CYTB

WT Δ

Δ

**

10 20 30 40
0

1 × 10 3

2 × 10 3

3 × 10 3

Time (days)

Tu
m

ou
r v

ol
um

e 
(m

m
3 )

WT

143B-CYTB

**
**

** QPC

NT KO1 KO2

KP

QPC

β-Actin

0

2 × 102

4 × 102

6 × 102

B
as

al
 O

C
R

(p
m

ol
 m

in
–1

 p
er

 1
05  

ce
lls

)

**
**

0

1.5 × 107

3 × 107

5 × 108

1 × 109

NT QPC_KO1

QPC_K
O1NT

QPC_K
O2 To

ta
l fl

ux
 (p

ho
to

ns
 s

–1
)

*

KP KP KP

0 10 2 0 30 4 0 50
0

50

100

Time (days)

S
ur

vi
va

l (
%

)

NT
QPC_KO1

Fig. 1 | Complex III is necessary for tumour growth. a, Basal OCR of 
143B-CYTB-WT and 143B-CYTB-∆ cells (n = 5 biologically independent 
experiments). b, Average tumour volume of xenografts from 143B-CYTB-WT 
and 143B-CYTB-∆ cells (n = 10 mice). c, Western blot analysis of QPC in KP-non 
targeting (NT) and knockout (KO) clones. β-actin was used as a loading control. 
d, Basal OCR of KP-NT and KP-QPC_KO cells (n = 10 replicates from two 
independent experiments). e, Luminescence values from the tumours. Values 
between days 19 and 33 after implantation with KP-NT cells (n = 7 mice), or day 

33 after implantation with KP-QPC_KO cells (n = 10 mice). f, Survival of mice 
implanted with KP-NT (n = 7) and QPC_KO cells (n = 10). Data are mean ± s.e.m. 
(a, b, e) or mean ± s.d. (d). *P < 0.05, **P < 0.01, two-tailed t-tests (a, e), two-way 
analysis of variance (ANOVA) (b) with a Bonferroni test for multiple 
comparisons, or a one-way ANOVA (d) with a Bonferroni test for multiple 
comparisons (exact P values are in the Source Data). Survival curves (f) were 
compared using the log-rank test (P < 0.0001). Tumour studies are from two 
independent cohorts. For gel source data, see Supplementary Fig. 1.

Targeting mitochondrial genes impairs tumor growth

Martinez-Reyes et al, Nature, 2020
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Extended Data Fig. 1 | See next page for caption.

Mitochondria have been proposed as targets for cancer therapy
Bachman et al, Int J Mol Sci, 2018
Vasan et al, Cell Metab, 2020
Fulda et al, Nat Rev Drug Discov, 2010



Mitochondria couple pyruvate oxidation, electron transport and oxidative 
phosphorylation



Mitochondrial ATP production is NOT essential for tumor growth

Martinez-Reyes et al, Nature, 2020
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Extended Data Fig. 1 | See next page for caption.

Complex III deficiency suppresses: 
- ATP synthesis 
- Proton pumping 
- Electron transport 
- TCA cycle 
- CoQ oxidation (necessary for DHODH activity in pyrimidine biosynthesis)



Mitochondrial ATP production is NOT essential for tumor growth
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Extended Data Fig. 5b). Reconstitution of NDUFS2 cDNA restored the 
OCR, pyruvate prototrophy and in vivo tumour growth (Extended 
Data Fig. 5c–g). Mitochondrial complex I has two key functions: (1) 

donating electrons from NADH to ubiquinone to result in the gen-
eration of NAD+, which allows the oxidative TCA cycle to function, 
and (2) proton-pumping, which contributes to the generation of ATP 
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Fig. 2 | Ubiquinol oxidation by complex III is necessary for tumour growth. 
a, Basal OCR of 143B-CYTB-∆-GFP and 143B-CYTB-∆-AOX cells (n = 5 biologically 
independent experiments). b, 143B-CYTB-∆-GFP and 143B-CYTB-∆-AOX cells 
were grown in the presence or absence of methyl pyruvate (MP) and/or uridine, 
and cell number was assessed after 72 h (n = 5 biologically independent 
experiments). c, d, Intracellular NAD+/NADH ratio (c) and aspartate levels (d) 
of 143B-CYTB-∆-GFP and 143B-CYTB-∆-AOX cells in the absence of methyl 
pyruvate and uridine (n = 5 biologically independent experiments). e, Average 
tumour volume of xenografts from 143B-CYTB-∆-GFP and 143B-CYTB-∆-AOX 
cells (n = 9 mice). f, Basal OCR of KP-QPC_KO-GFP and KP-QPC_KO-AOX cells 
(n = 7 technical replicates; representative of five biologically independent 
experiments). g, Luminescence values from the tumours. Values before 

euthanasia between days 49 and 83 after implantation with KP-QPC_KO-AOX, 
or day 81 or 83 after implantation with KP-QPC_KO-GFP cells (n = 9 mice).  
h, Survival of mice implanted with KP-QPC_KO-GFP and KP-QPC_KO-AOX cells. 
(n = 9 mice). Data are mean ± s.e.m. (a–e, g) or mean ± s.d. (f). *P < 0.05, 
**P < 0.01, two-tailed t-tests (a, c, f, g) or two-way ANOVA (b, e) with a Bonferroni 
test for multiple comparisons (exact P values are in the Source Data). Survival 
curves were compared using the log-rank test (P < 0.0001). Aspartate levels (d) 
were analysed with multiple one-way ANOVA using a false discovery rate (FDR) 
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Q = 10% (*Q < 0.1; exact Q values are in the Source Data). Tumour studies are 
from two independent cohorts.
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Fig. 3 | Complex I is necessary for tumour growth. a, Western blot analysis of 
NDUFS2 protein levels in 143B-CYTB-∆ non-targeting (NT) and 
143B-CYTB-∆-NDUFS2_KO cells. GAPDH was used as a loading control. 
Representative of two independent experiments. b, 143B-CYTB-∆-NT and 
143B-CYTB-∆-NDUFS2_KO cells expressing either GFP or AOX were grown in 
medium containing uridine and in the presence or absence of methyl pyruvate, 
and cell number was assessed after 72 h (n = 5 biologically independent 
experiments). c, Average tumour volume of xenografts from 
143B-CYTB-∆-NT-AOX and 143B-CYTB-∆-NDUFS2_KO1-AOX cells (n = 10 mice).  
d, Complex I-driven OCR of permeabilized 143B-CYTB-∆-NDUFS2_KO1 cells 
expressing AOX and either RFP or NDI1. Piericidin A (Pier; 1 µM) and antimycin A 

(Ant; 1 µM) were used to inhibit complex I and III, respectively. 
Salicylhydroxamic acid (SHAM; 2 mM) was used to inhibit AOX activity (n = 6 
biologically independent experiments). e, OCR in the presence or absence of 
oligomycin in 143B-CYTB-∆-NDUFS2_KO1 cells expressing AOX and NDI1 (n = 4 
biologically independent experiments). f, Average tumour volume of 
xenografts from 143B-CYTB-∆-NDUFS2_KO1 cells expressing AOX and either 
RFP or NDI1 (n = 10 mice). Data are mean ± s.e.m. (b–f). *P < 0.05, **P < 0.01, 
two-tailed t-tests (e) or two-way ANOVA (b, c, f) with a Bonferroni test for 
multiple comparisons (exact P values are in the Source Data). For gel source 
data, see Supplementary Fig. 2. Tumour studies are from two independent 
cohorts.

AOX expression (in C3-KO tumors) re-establish fully functional C1-C2 activity, only modestly rescues 
proton pumping, ATP synthesis

Martinez-Reyes et al, Nature, 2020



Mitochondrial ATP production is NOT essential for tumor growth
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Extended Data Fig. 5b). Reconstitution of NDUFS2 cDNA restored the 
OCR, pyruvate prototrophy and in vivo tumour growth (Extended 
Data Fig. 5c–g). Mitochondrial complex I has two key functions: (1) 

donating electrons from NADH to ubiquinone to result in the gen-
eration of NAD+, which allows the oxidative TCA cycle to function, 
and (2) proton-pumping, which contributes to the generation of ATP 
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Fig. 2 | Ubiquinol oxidation by complex III is necessary for tumour growth. 
a, Basal OCR of 143B-CYTB-∆-GFP and 143B-CYTB-∆-AOX cells (n = 5 biologically 
independent experiments). b, 143B-CYTB-∆-GFP and 143B-CYTB-∆-AOX cells 
were grown in the presence or absence of methyl pyruvate (MP) and/or uridine, 
and cell number was assessed after 72 h (n = 5 biologically independent 
experiments). c, d, Intracellular NAD+/NADH ratio (c) and aspartate levels (d) 
of 143B-CYTB-∆-GFP and 143B-CYTB-∆-AOX cells in the absence of methyl 
pyruvate and uridine (n = 5 biologically independent experiments). e, Average 
tumour volume of xenografts from 143B-CYTB-∆-GFP and 143B-CYTB-∆-AOX 
cells (n = 9 mice). f, Basal OCR of KP-QPC_KO-GFP and KP-QPC_KO-AOX cells 
(n = 7 technical replicates; representative of five biologically independent 
experiments). g, Luminescence values from the tumours. Values before 

euthanasia between days 49 and 83 after implantation with KP-QPC_KO-AOX, 
or day 81 or 83 after implantation with KP-QPC_KO-GFP cells (n = 9 mice).  
h, Survival of mice implanted with KP-QPC_KO-GFP and KP-QPC_KO-AOX cells. 
(n = 9 mice). Data are mean ± s.e.m. (a–e, g) or mean ± s.d. (f). *P < 0.05, 
**P < 0.01, two-tailed t-tests (a, c, f, g) or two-way ANOVA (b, e) with a Bonferroni 
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curves were compared using the log-rank test (P < 0.0001). Aspartate levels (d) 
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Fig. 3 | Complex I is necessary for tumour growth. a, Western blot analysis of 
NDUFS2 protein levels in 143B-CYTB-∆ non-targeting (NT) and 
143B-CYTB-∆-NDUFS2_KO cells. GAPDH was used as a loading control. 
Representative of two independent experiments. b, 143B-CYTB-∆-NT and 
143B-CYTB-∆-NDUFS2_KO cells expressing either GFP or AOX were grown in 
medium containing uridine and in the presence or absence of methyl pyruvate, 
and cell number was assessed after 72 h (n = 5 biologically independent 
experiments). c, Average tumour volume of xenografts from 
143B-CYTB-∆-NT-AOX and 143B-CYTB-∆-NDUFS2_KO1-AOX cells (n = 10 mice).  
d, Complex I-driven OCR of permeabilized 143B-CYTB-∆-NDUFS2_KO1 cells 
expressing AOX and either RFP or NDI1. Piericidin A (Pier; 1 µM) and antimycin A 

(Ant; 1 µM) were used to inhibit complex I and III, respectively. 
Salicylhydroxamic acid (SHAM; 2 mM) was used to inhibit AOX activity (n = 6 
biologically independent experiments). e, OCR in the presence or absence of 
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multiple comparisons (exact P values are in the Source Data). For gel source 
data, see Supplementary Fig. 2. Tumour studies are from two independent 
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CoQ oxidation and TCA cycle are most important for tumor growth

Martinez-Reyes et al, Nature, 2020



Mitochondria are major metabolic hubs

DeBerardinis RJ, Thompson CB, Cell Metab, 2008
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The TCA cycle at the crossroad of catabolism and anabolism 



The TCA cycle at the crossroad of catabolism and anabolism 

acetyl-CoA
(Cytoplasm)

Fatty Acids
Cholesterol
Vit D
Heme
CoQAspartate

Nucleotides

Heme

Glutamate

Oxaloacetate



Cancer cells need TCA metabolites for:

• Fatty acids: proliferating cells need to rapidly double their membranes. 

• Cholesterol: essential component of plasma and mitochondrial membranes. Regulates trans-

membrane signaling. 

• Heme: buffer redox stress. 

• CoQ: essential for electron transport in the mitochondria. Limiting co-factor of nucleotide 

biosynthesis. 

• Nucleotides: proliferating cells need to rapidly double their DNA. 

• Glutamate: signaling molecule. Also involved in nitrogen metabolism.

DeBerardinis RJ, Chandel NS, Nat Metab, 2020
DeBerardinis RJ, Thompson CB, Cell Metab, 2008
Libert M, Locasale JW, Trends Biochem Sci, 2016
Cantor JR, Sabatini DM, Cancer Discov, 2012
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Metabolism is reprogrammed to produce nucleotides
2

Nature Reviews Cancer | Volume 23 | May 2023 | 275–294 282
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Nucleotides fuels cancer cell growth and proliferation: 
• DNA synthesis 
• DNS repair 
• rRNA synthesis and proteostasis 
• glycosylation



Nucleotide metabolism is a common anti-cancer target



Wu et al, J Hematol Oncol, 2022

Nucleotide metabolism is a common anti-cancer target



mTOR signaling enhances nucleotide metabolism

Mossman et al, Nat Rev Cancer, 2018



DHODH is a pan-cancer metabolic vulnerability



DHODH is a pan-cancer metabolic vulnerability

DHODH inhibition is a hot topic in cancer research: 

• Can suppress pyrimidine synthesis, impair DNA replication 
• Can promote cell differentiation (Sykes et al, Cell, 2016) 
• Can sensitize to ferroptosis (Mao et al, Nature, 2021)



Nucleotide metabolism can also be reprogrammed for: 

• Regulation of ROS homeostasis (NADPH saving) 
• Immune evasion (purinergic signaling, cytosolic acidification, …) 
• Metastatic spread (RHO-GTPases activity) 
• Cell de-differentiation (DHODH activity - mechanism??) 
• Therapy resistance (competition with nucleoside analogues) 
• Protection from ferroptosis (CoQ reduction) 

For complete review: Mullen & Singh, Nat Rev Cancer, 2023



Figure 1. TEMs Confer Gem Resistance to PDA Cells through dC Release
(A) Heat map of metabolites in the CM of TEM, M2, M1, iKras*3 PDA cell line, and DMEM. Blue represents higher relative metabolite, red represents lower relative

metabolite. Metabolites with arrow are presented in (B) (n = 3).

(legend continued on next page)
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Tumor-educated macrophages produce and 
secrete nucleotides
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SUMMARY

Pancreatic ductal adenocarcinoma (PDA) is charac-
terized by abundant infiltration of tumor-associated
macrophages (TAMs). TAMs have been reported
to drive resistance to gemcitabine, a frontline
chemotherapy in PDA, though the mechanism of
this resistance remains unclear. Profiling metabo-
lite exchange, we demonstrate that macrophages
programmed by PDA cells release a spectrum
of pyrimidine species. These include deoxycyti-
dine, which inhibits gemcitabine through molecular
competition at the level of drug uptake and meta-
bolism. Accordingly, genetic or pharmacological
depletion of TAMs in murine models of PDA sensi-
tizes these tumors to gemcitabine. Consistent with
this, patients with low macrophage burden demon-
strate superior response to gemcitabine treatment.
Together, these findings provide insights into the
role of macrophages in pancreatic cancer therapy
and have potential to inform the design of future
treatments. Additionally, we report that pyrimidine
release is a general function of alternatively acti-
vated macrophage cells, suggesting an unknown
physiological role of pyrimidine exchange by im-
mune cells.

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDA) has emerged as one of
the most lethal human cancers (Siegel et al., 2018). It is charac-
terized by a dense matrix rich with activated fibroblasts and

tumor-associated macrophages (TAMs). This inhibits vasculari-
zation and/or vessel function and thus presumably delivery of
therapeutic agents (Feig et al., 2012; Olive et al., 2009; Proven-
zano et al., 2012; Rhim et al., 2014). Patients respond poorly to
current treatments, where the degree of therapeutic resistance
correlates with the fibroinflammatory response (Koay et al.,
2014) and the composition is predictive of survival (Mahajan
et al., 2018).
Nutrient acquisition and metabolic pathways are rewired in

PDA cells to support survival and growth in this environment
(Halbrook and Lyssiotis, 2017; Perera and Bardeesy, 2015).
TAMs constitute a large proportion of the overall cellularity and
are important regulators of the tumor microenvironment (Di
Caro et al., 2016). TAM abundance correlates with a worse
response to therapy in PDA (Di Caro et al., 2016), and sys-
temic TAM depletion can block pancreatic tumorigenesis and
regress established PDA tumors (Mitchem et al., 2013; Zhang
et al., 2017a).
In physiological settings, inflammatory and anti-inflammatory

properties of macrophages can be directed and mediated by
cellular metabolism programs (Van den Bossche et al., 2017).
Similarly, TAM functions are also shaped by cell-intrinsic meta-
bolism and the functional consequences of this metabolism on
the tumor microenvironment (Lyssiotis and Kimmelman, 2017;
Murray, 2016). Based on this and the abundance of TAMs in
PDA tumors, we hypothesized that TAMs may influence thera-
peutic response in PDA tumors through metabolic crosstalk
with cancer cells.

RESULTS

Macrophage-Released Pyrimidines Confer Gemcitabine
Resistance to PDA Cells
To study metabolite crosstalk between macrophages and PDA
cells, we generated tumor-educated macrophages (TEMs) by
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Figure 1. TEMs Confer Gem Resistance to PDA Cells through dC Release
(A) Heat map of metabolites in the CM of TEM, M2, M1, iKras*3 PDA cell line, and DMEM. Blue represents higher relative metabolite, red represents lower relative

metabolite. Metabolites with arrow are presented in (B) (n = 3).

(legend continued on next page)
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dC confers resistance to gemcitabine

Figure 3. dC Blocks the Uptake and Incorporation of Gem and Other DCK-Activated Pyrimidine-Based Chemotherapies
(A) Schematic representation of the mechanism of Gem uptake and metabolism. ENT, equilibrative nucleoside transporter; CNT, concentrative nucleoside

transporter; DCK, deoxycytidine kinase; p-Gem, Gem monophosphate; ppp-Gem, Gem triphosphate.

(B) Relative intra and extracellular abundance of Gem in KPC-MT3 cells or media, respectively, after 16 h of treatment with 6 nMGem in the presence or absence

of 3 mM dC, as measured by LC-MS/MS (n = 3).

(C) Incorporation of Gem into the DNA in KPC-MT3 cells treated with 60 nM 3H-labeled Gem in the presence or absence of dC (n = 3).

(D) Chemical structures of dC and pyrimidine chemotherapies.

(E) Relative viability and IC50 of MT3-KPC cells treated with 5-FU in the presence of 75% TEM CM versus control (n = 3).

(F) Relative viability and IC50 of MT3-KPC cells treated with 5-FU in the presence of 75% 3 mM dC versus control (n = 3).

(G–J) Relative viability and IC50 of MT3-KPC cells treated with 5-aza-cytidine (G), 5-aza-deoxycytidine (H), fialuridine (I), or trifluorothymidine (J) in the presence of

3 mM dC or control (n = 3).

Error bars represent mean ± SD, *p % 0.05; **p % 0.01; ****p % 0.0001. See also Figure S3; Table S3.
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Metabolism is reprogrammed to cope with oxidative stress
3



Chandel NV, Cell Metab, 2015

Metabolism is reprogrammed to cope with oxidative stress
3

Enhanced mitochondrial activity has redox implications



Metabolism is reprogrammed to cope with oxidative stress
3

Mitochondria are major sources of ROS



ROS influence Cysteine state and protein conformation



ROS influence Cysteine state and protein conformation

…the presence/absence of disulfide bonds influence protein conformation and activity 
(i.e.: HIF, mTOR, PTEN, others)



Anti-Oxidants make cancer WORSE

Sayin et al, Sci Transl Med, 2014



Anti-Oxidants promote cancer progression and metastasis

Sayin et al, Sci Transl Med, 2014 
DeNicola GM et al, Nature, 2011 
Al-Mehdi et al, Sci Signal, 2012 
Tasdogan et al, Nature, 2020 
Lignitto et al, Cell, 2019

[paraphrase] For most 
people, I recommend a 
healthy diet with plenty 
of fruits and vegetables. 
Once you have cancer: 

steak and whiskey. 
–Sean Morrison



ROS exert signaling functions

Weinberg F et al, Cancers, 2019

Cancer cells need to carefully watch and control ROS levels to avoid 
negative consequences



Excessive ROS levels cause ferroptosis

Sensitivity to ferroptosis is dictated by cell metabolism 
Cancer cell reprogram their metabolism to be protected from ferroptotis stress 
and death



Doll et al. and Bersuker et al. hypothesized that cells have a way of protecting themselves against 
ferroptosis even in the absence of GPX4. This was a heretical idea given that, during the short history 
of ferroptosis research, the dogma that GPX4 is essential to guard against ferroptosis in all contexts 
had already been established. Nevertheless, these two teams searched for other such protective 
mechanisms. Both groups analysed human cells grown in vitro to test whether any components block 
ferroptosis when GPX4 is not present, and they independently identified a gene encoding a protein 
that they name ferroptosis suppressor protein 1 (FSP1), which was previously called AIFM2.

Doll et al, Nature, 2019 
Bersuker et al, Nature, 2019 

Stokwell,  Nature, 2019

Reduced CoQ (ubiquinol) suppresses ferroptosis

FSP1: oxidoreductase that converts CoQ10 into CoQ10H



Mevalonate pathway desensitizes from ferroptosis
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cholesterologenic transcripts and those involved in cholesterol
storage, cholesterol acyltransferase 1 (Acat1) and Lipase A (Lipa),
displayed high expression levels in the tumor compared with
control pancreas (Fig. 2A). These data indicate that cholesterol
synthesis and processes preventing cytotoxic FC loading, such as
cholesterol esterification by ACAT1, or promoting LIPA-induced
hydrolysis of CE, contained in droplets or lipoproteins, coexist in
the tumor. Interestingly, in PDAC the most up-regulated tran-
script in the steroid hormone synthesis pathway encodes for
SRD5A1, which promotes the conversion of testosterone into its
active metabolite, the dihydrotestosterone (Fig. 2B). Finally,
concerning lipoprotein-dependent cholesterol uptake, Ldlr and
ApoE are 8.2- and 6.2-times higher in PDAC compared with
control pancreas (Fig. 2C), suggesting that, along with cholesterol
synthesis, cholesterol uptake is also strongly stimulated in the tu-
mor. Importantly, whereas HMGCR levels are enhanced slightly
in PDAC, the Ldlr increase is associated with a 7.7-fold increase in
its protein level (Fig. 2D). This latter result demonstrates the piv-
otal role of the key cholesterol uptake facilitator, LDLR—and to
a much lesser extent HMGCR—in cholesterol supply to PDAC
cells. In the entire tumor, we effectively demonstrated a 3.5-fold
increase in the total cholesterol (TC) content, which is furthermore
composed of 50% stored CE (Fig. 2E). In PDAC, filipin-labeled
FC is detected in epithelial cell membranes and the cytoplasm,
whereas it is mainly present in islets of Langerhans in control
pancreas (Fig. S1 A and B). These results demonstrate a high
avidity of PDAC for cholesterol, which appears mostly satisfied by
cholesterol uptake. Because targeting of cholesterol synthesis has
proven ineffective for PDAC treatment, therefore blocking cho-
lesterol uptake with LDLR silencing, to alter the content and dis-
tribution of cholesterol in the tumor, may help to define the impact
of such a blockade on the tumorigenic properties of PDAC cells.

LDLR Is Expressed in the Epithelial Compartment of PDAC. Using
histological analysis, we determined the spatial LDLR expres-
sion in stromal and epithelial PDAC compartments, because no
specific staining was observable in healthy pancreas (Fig. S1C).
In tumors, LDLR was chiefly expressed in the epithelial cells

and, more specifically, in well-differentiated cells organized into
glands (Fig. 3A) and stained with the pan-cytokeratin (pan-KRT)
epithelial marker (Fig. 3B). Moreover, LDLR was also present in
undifferentiated cancer cells, which were disseminated into the
stroma (Fig. 3C). Although these LDLR-undifferentiated cells
were stained with the pan-KRT marker (Fig. 3D), they lost the
E-cadherin epithelial marker, and acquired the N-cadherin
mesenchymal marker (Fig. 3 E and F). These results illustrate
that LDLR is present in the epithelial compartment of the tu-
mor, both in differentiated and aggressive cells that exhibit an
epithelial to mesenchymal transition phenotype.

LDLR Silencing, by Modifying Cholesterol Distribution, Inhibits ERK
Survival Pathway and Reduces the Proliferative and Clonogenic
Potential of Pancreatic Cancer Cells. PK4A cells, established from
Pdx1-Cre; LSL-KrasG12D; Ink4a/Arf fl/fl tumors (15), were used to
investigate the impact of LDLR inhibition on tumorigenic prop-
erties of PDAC cells. PK4A cells, expressing shRNA, which tar-
geted different Ldlr sequences, were established and validated for
LDLR knockdown (Fig. S2A). Successful LDLR knockdown was
achieved with Ldlr3 shRNA (i.e., a 70% decrease in LDLR levels
compared with control shRNA cells) (Fig. 4A), which significantly
correlated to a 50% reduction in the uptake of labeled-LDL (1,1′-
dioctadecyl-1-3,3,3,3-tetramethyl-indocarbocyanine perchlorate-
LDL, Dil-LDL) (Fig. 4B). Interestingly, LDLR silencing did not
disturb TC content but modified its distribution, because the
CE content was reduced by 46%, whereas the FC fraction was
1.9-fold increased (Fig. 4C) and detected in the membrane and
cytoplasm of PDAC cells (Fig. 4D). However, the increase in FC
was not associated with an overactivation of cholesterol synthe-
sis, because HMGCR protein levels were not altered by LDLR
silencing (Fig. S2B), nor with an increase in the uptake of glu-
cose, from which the cholesterol is synthesized (Fig. S2C).
Moreover, the same quantities of glucose were shifted away from
the tricarboxylic acid cycle, a prerequisite for cholesterol synthesis,
toward lactate formation in the two shRNA PK4A cells (Fig.
S2D). Thus, these data show that LDLR-depleted cells do not use
compensatory mechanisms, as activation of cholesterol synthesis, to
counteract the inefficient cholesterol uptake.
To investigate the role of LDLR in supporting the growth and

survival of PDAC cells, we performed real-time impedimetric
cell proliferation monitoring along with colony-formation assays.
We found that LDLR silencing, through shLdlr3, significantly
decreased the cell proliferation rate, as well as the number of

A B

C D E

Fig. 2. Up-regulation of cholesterol uptake correlates to cholesterol over-
load in PDAC. Expression of transcripts involved in the synthesis or storage of
cholesterol (A), oxysterol/steroid synthesis (B), and cholesterol uptake (C) in
control pancreas (n = 4) and PDAC (n = 4). Rplp0 mRNA levels were used
for normalization. P value is relative to control pancreas mRNA levels. (D)
LDLR and HMGCR proteins expression in control pancreas (C1–C3) and PDAC
(P1–P3). Mean protein levels in each tissue (from n = 5 mice) are normalized
to total loaded-protein (Amido black staining), and P value is expressed as in
A. (E) TC, FC, and CE quantities in control pancreas (n = 5) and PDAC (n = 6)
normalized to respective total lipid content. P value is expressed as in A. For
all figures, data are mean ± SEM, *P < 0.05, Student’s t test or Mann–
Whitney U-test.
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C

D

E

F

Fig. 3. Phenotypic characterization of LDLR-expressing cells in murine
PDAC. LDLR staining in well-differentiated (A) and undifferentiated (C) ep-
ithelial pancreatic cancer cells. Magnification: 20×. Immunofluorescence
costaining of LDLR with pan-cytokeratin (pan-KRT) epithelial marker in well-
differentiated (B) and undifferentiated (D) PDAC. Immunofluorescence
costaining of LDLR with (E) E-cadherin epithelial or (F) N-cadherin mesen-
chymal markers in undifferentiated PDAC. Magnification: 40×. (Scale bar,
100 μm.) In A, B, and E, tumoral glands are indicated with an asterisk (*).
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storage, cholesterol acyltransferase 1 (Acat1) and Lipase A (Lipa),
displayed high expression levels in the tumor compared with
control pancreas (Fig. 2A). These data indicate that cholesterol
synthesis and processes preventing cytotoxic FC loading, such as
cholesterol esterification by ACAT1, or promoting LIPA-induced
hydrolysis of CE, contained in droplets or lipoproteins, coexist in
the tumor. Interestingly, in PDAC the most up-regulated tran-
script in the steroid hormone synthesis pathway encodes for
SRD5A1, which promotes the conversion of testosterone into its
active metabolite, the dihydrotestosterone (Fig. 2B). Finally,
concerning lipoprotein-dependent cholesterol uptake, Ldlr and
ApoE are 8.2- and 6.2-times higher in PDAC compared with
control pancreas (Fig. 2C), suggesting that, along with cholesterol
synthesis, cholesterol uptake is also strongly stimulated in the tu-
mor. Importantly, whereas HMGCR levels are enhanced slightly
in PDAC, the Ldlr increase is associated with a 7.7-fold increase in
its protein level (Fig. 2D). This latter result demonstrates the piv-
otal role of the key cholesterol uptake facilitator, LDLR—and to
a much lesser extent HMGCR—in cholesterol supply to PDAC
cells. In the entire tumor, we effectively demonstrated a 3.5-fold
increase in the total cholesterol (TC) content, which is furthermore
composed of 50% stored CE (Fig. 2E). In PDAC, filipin-labeled
FC is detected in epithelial cell membranes and the cytoplasm,
whereas it is mainly present in islets of Langerhans in control
pancreas (Fig. S1 A and B). These results demonstrate a high
avidity of PDAC for cholesterol, which appears mostly satisfied by
cholesterol uptake. Because targeting of cholesterol synthesis has
proven ineffective for PDAC treatment, therefore blocking cho-
lesterol uptake with LDLR silencing, to alter the content and dis-
tribution of cholesterol in the tumor, may help to define the impact
of such a blockade on the tumorigenic properties of PDAC cells.

LDLR Is Expressed in the Epithelial Compartment of PDAC. Using
histological analysis, we determined the spatial LDLR expres-
sion in stromal and epithelial PDAC compartments, because no
specific staining was observable in healthy pancreas (Fig. S1C).
In tumors, LDLR was chiefly expressed in the epithelial cells

and, more specifically, in well-differentiated cells organized into
glands (Fig. 3A) and stained with the pan-cytokeratin (pan-KRT)
epithelial marker (Fig. 3B). Moreover, LDLR was also present in
undifferentiated cancer cells, which were disseminated into the
stroma (Fig. 3C). Although these LDLR-undifferentiated cells
were stained with the pan-KRT marker (Fig. 3D), they lost the
E-cadherin epithelial marker, and acquired the N-cadherin
mesenchymal marker (Fig. 3 E and F). These results illustrate
that LDLR is present in the epithelial compartment of the tu-
mor, both in differentiated and aggressive cells that exhibit an
epithelial to mesenchymal transition phenotype.
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Survival Pathway and Reduces the Proliferative and Clonogenic
Potential of Pancreatic Cancer Cells. PK4A cells, established from
Pdx1-Cre; LSL-KrasG12D; Ink4a/Arf fl/fl tumors (15), were used to
investigate the impact of LDLR inhibition on tumorigenic prop-
erties of PDAC cells. PK4A cells, expressing shRNA, which tar-
geted different Ldlr sequences, were established and validated for
LDLR knockdown (Fig. S2A). Successful LDLR knockdown was
achieved with Ldlr3 shRNA (i.e., a 70% decrease in LDLR levels
compared with control shRNA cells) (Fig. 4A), which significantly
correlated to a 50% reduction in the uptake of labeled-LDL (1,1′-
dioctadecyl-1-3,3,3,3-tetramethyl-indocarbocyanine perchlorate-
LDL, Dil-LDL) (Fig. 4B). Interestingly, LDLR silencing did not
disturb TC content but modified its distribution, because the
CE content was reduced by 46%, whereas the FC fraction was
1.9-fold increased (Fig. 4C) and detected in the membrane and
cytoplasm of PDAC cells (Fig. 4D). However, the increase in FC
was not associated with an overactivation of cholesterol synthe-
sis, because HMGCR protein levels were not altered by LDLR
silencing (Fig. S2B), nor with an increase in the uptake of glu-
cose, from which the cholesterol is synthesized (Fig. S2C).
Moreover, the same quantities of glucose were shifted away from
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toward lactate formation in the two shRNA PK4A cells (Fig.
S2D). Thus, these data show that LDLR-depleted cells do not use
compensatory mechanisms, as activation of cholesterol synthesis, to
counteract the inefficient cholesterol uptake.
To investigate the role of LDLR in supporting the growth and
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Mevalonate pathway is often upregulated in cancer

Guillaumond et al, PNAS, 2013

Roles of Acetyl-CoA Metabolism in Pancreatic Tumorigenesis RESEARCH ARTICLE
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Statin treatment suppresses PDA growth in vitro

Adapted from: Carrer et al, Cancer Discov, 2019



Despite the clear dysregulation of the mevalonate pathway in a
variety of cancer types, robust evidence for a therapeutic benefit of
statin treatment remains limited to only a subset of cancer types.
Statin use in combination with androgen deprivation therapy

increased time to progression in prostate cancer (10). Similarly, in
breast cancer, statin use postdiagnosis led to a reduced risk of
recurrence, although the largest increase was observed when statin
use was combined with angiotensin receptor blocker treatment (11).
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Statin treatment inhibits CoQ synthesis

McGregor et al, Cancer Res, 2020



Noè et al, Redox Biol, 2023

Statin treatment elicits ROS stress



Noè et al, Redox Biol, 2023

Statin treatment elicits ROS stress



Statin treatment elicits ferroptosis

Noè et al, Redox Biol, 2023



Noè et al, Redox Biol, 2023

Mevalonate and CoQ supplementation protects 
from ferroptosis



Noè et al, Redox Biol, 2023

Stain-promoted ferroptosis can be exploited for 
cancer therapy
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Metabolism is reprogrammed to cope with oxidative stress

Cancer cells gain benefits from enhanced redox stress, but potentially toxic species 
need to be constantly monitored and held in check. 

Multiple mechanisms: 
• NRF2 activation 
• Feeding of mevalonate pathway 
• Accumulation of redox-stabilizing metabolites 
• Metabolic rewiring for NADPH saving (i.e.: altered utilization of glutamine and malate) 



Metabolism is reprogrammed to thrive in harsh TME
4



Pancreatic TME is avascular and nutrient scarce

Suzuki et al, MedComm, 2020

Cancer cells employ several strategies to overcome nutrient/oxygen limitations: 
• Macropinocytosis (scavenging of free floating proteins) 
• Digestion of ECM and uptake of AAs 
• Symbiosis with CAFs (alanine, lipids) 
• Symbiosis among metabolically heterogeneous cancer cells 
• Metabolic waste (lactate, urea, others??) recycling



Metabolism is reprogrammed to support spreading
4

Metastasis formation is a multistep process that requires cancer cells to dynamically change their 
phenotype. The early metastatic steps include invasion into the surrounding tissue and 
dissemination via the blood and lymphatic circulation to distant organs. Once the cancer cells 
have settled outside the primary tumor, they have to colonize and outgrow in the new organ. In 
recent years, it has emerged that alterations in metabolism are a prerequisite for the early and 
later steps of metastasis formation because metabolism responds to but also enables the plasticity 
and heterogeneity of metastasizing cancer cells.

Wei et al, Oncogene, 2020



Oshima & Morii, Metabolites, 2021

Both mutated oncogenes and changing environments force cells to acquire new 
metabolic features, which influence cell behavior.



Metastasizing cells undergo dynamic metabolic changes to adjust to the differing 
microenvironments while traveling to distant organs. Thereby, metastasizing cells 
can exhibit metabolic plasticity in which they use one metabolite to fuel the various 
metabolic requirements of the different steps in the metastatic cascade. 
Alternatively, they can display nutrient flexibility by using multiple metabolites to 
meet the same metabolic requirement imposed by a specific step of the metastatic 
cascade. In cancer cells, both phenomena, metabolic plasticity and metabolic 
flexibility, contribute to metastasis formation and may be targeted for therapy.

Bergers & Fendt, Nat Rev Cancer, 2021
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oxidized glutathione (GSH/GSSG) than did melanoma cells from sub-
cutaneous tumours or lymph. GSH/GSSG ratios did not significantly  
differ between melanoma cells from lymph and subcutaneous  
tumours. Consistent with this, we observed significantly higher GSH 
concentrations (Fig. 1g, h) and GSH/GSSG ratios (Fig. 1i) in lymph  
fluid than in blood plasma. Lymph fluid also had lower concentrations 
of the 8-hydroxy-2′-deoxyguanosine (8-OHdG) oxidative product 
(Fig. 1j). Blood thus appears to be a more oxidative environment than  
lymph, which potentially explains the increased levels of ROS in  
melanoma cells from the blood. The reason for the more oxidative  
environment in blood is unclear, but could reflect higher oxygen lev-
els in blood than in lymph29, or differences in cellular composition or 
density.

Melanomas undergo ferroptosis in blood
Human and mouse melanomas were subcutaneously transplanted 
into NSG and C57BL mice, respectively, and allowed to spontaneously 
metastasize. The levels of lipid ROS in melanoma cells were then com-
pared by flow cytometric staining with BODIPY-C11. For most human 
(Fig. 2a) and mouse (Fig. 2b) melanomas, cells in the blood exhibited 
significantly higher lipid ROS levels compared to cells in subcutaneous 
tumours or lymph.

To test whether the melanomas we studied can undergo ferroptosis, 
we cultured them with erastin, which promotes ferroptosis by inhibit-
ing cystine uptake, and/or liproxstatin-1, which inhibits ferroptosis by 
reducing lipid peroxide accumulation22. Erastin significantly reduced 
the numbers of cells relative to control cultures and liproxstatin-1 
blocked this effect (Fig. 2c, d).

Iron, which promotes the generation of lipid ROS, is necessary for 
ferroptosis22. We observed much higher concentrations of free iron in 
blood plasma than in lymph fluid (Fig. 2e). Treatment with deferoxam-
ine, an iron chelator, blocked the ability of erastin to deplete melanoma 
cells in culture (Extended Data Fig. 2b, c), consistent with ferroptosis.
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Fig. 1 | Melanoma cells in lymph experience less oxidative stress than 
melanoma cells in blood. a, b, Efficiently metastasizing human (a) or mouse (b) 
melanomas were transplanted subcutaneously into NSG (a) or C57BL (b) mice. 
After the tumours reached around 2 cm in diameter, the numbers of melanoma 
cells per microlitre of tumour-draining blood or lymph (drain.) or blood from 
cardiac puncture or contralateral lymph (dist.) were quantified by flow 
cytometry. c–f, ROS levels (c, d) and GSH/GSSG ratios (e, f) in melanoma cells 
from subcutaneous tumours, blood and lymph of NSG mice that were 
transplanted with patient-derived melanomas (c, e) or C57BL mice that were 
transplanted with mouse melanomas (d, f). g–j, GSH concentration (g), GSSG 
concentration (h), GSH/GSSG ratio (i) and 8-OHdG concentration (j) in plasma or 
lymph fluid from NSG or C57BL mice. The number of replicates (each replicate 
was pooled from 6–10 mice) is indicated in each panel and the number of 
independent experiments is shown in the Supplementary Information (‘Statistics 
and reproducibility’). All data represent mean ± s.d. Statistical significance was 
assessed using correlated-samples two-way analysis of variance (ANOVA), paired 
t-test or Wilcoxon test (a, b), correlated-samples two-way ANOVA (g–j), or 
two-way ANOVA (c–f). Multiple comparisons were adjusted using Holm–Sidak’s 
(a, b) or Tukey’s (c–f) methods. For all panels, statistical tests were two-sided 
where applicable; *P < 0.05, **P < 0.01, ***P < 0.001. Exact P values are provided in 
the source data files.
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Fig. 2 | Melanoma cells undergo increased ferroptosis in blood compared  
to lymph. a, b, Levels of lipid ROS (BODIPY-C11Oxidized/BODIPY-C11Oxidized +  
BODIPY-C11Non-oxidized ratio) in melanoma cells from subcutaneous tumours, blood 
and lymph of NSG mice with patient-derived melanomas (a) or C57BL mice with 
mouse melanomas (b). c, d, Human or mouse melanomas were treated in culture 
with the ferroptosis promoter erastin and/or the ferroptosis inhibitor 
liproxstatin-1 (liprox). e, Free iron concentrations in plasma or lymph fluid from 
NSG or C57BL mice. f–i, Human (f, h) or mouse (g, i) melanomas were pretreated 
with liproxstatin-1, then injected intravenously (f, g) or intranodally (h, i) into NSG 
(f, h) or C57BL (g, i) mice, and the metastatic disease burden was assessed 1–3 
months later by bioluminescence imaging. j, k, Mouse melanomas were 
pretreated with N-acetyl-L-cysteine (NAC) or Trolox, then injected intravenously 
(j) or intranodally (k) into C57BL mice, and the metastatic disease burden was 
assessed 1–2 months later by bioluminescence imaging. l–n, Percentage of mice 
transplanted with parental or Gpx4-deleted melanomas that formed metastatic 
tumours after subcutaneous (l), intravenous (m) or intranodal (n) injection. The 
number of replicates is indicated in each panel and the number of independent 
experiments is shown in the Supplementary Information (‘Statistics and 
reproducibility’). All data represent mean ± s.d. Statistical significance was 
assessed using two-way ANOVA (a, d, f), correlated-samples two-way ANOVA (e), 
Kruskal–Wallis test (b, c, j, k), t-test (g–i) or multiple logistic regressions (l–n). 
Multiple comparisons were adjusted using Tukey’s (a, d, l–n) or Dunn’s (b, c, j, k) 
tests. No statistically significant differences were observed in h, i, k or n. For all 
panels, statistical tests were two-sided where applicable; *P < 0.05, **P < 0.01, 
***P < 0.001. Exact P values are provided in the source data files.
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oxidized glutathione (GSH/GSSG) than did melanoma cells from sub-
cutaneous tumours or lymph. GSH/GSSG ratios did not significantly  
differ between melanoma cells from lymph and subcutaneous  
tumours. Consistent with this, we observed significantly higher GSH 
concentrations (Fig. 1g, h) and GSH/GSSG ratios (Fig. 1i) in lymph  
fluid than in blood plasma. Lymph fluid also had lower concentrations 
of the 8-hydroxy-2′-deoxyguanosine (8-OHdG) oxidative product 
(Fig. 1j). Blood thus appears to be a more oxidative environment than  
lymph, which potentially explains the increased levels of ROS in  
melanoma cells from the blood. The reason for the more oxidative  
environment in blood is unclear, but could reflect higher oxygen lev-
els in blood than in lymph29, or differences in cellular composition or 
density.

Melanomas undergo ferroptosis in blood
Human and mouse melanomas were subcutaneously transplanted 
into NSG and C57BL mice, respectively, and allowed to spontaneously 
metastasize. The levels of lipid ROS in melanoma cells were then com-
pared by flow cytometric staining with BODIPY-C11. For most human 
(Fig. 2a) and mouse (Fig. 2b) melanomas, cells in the blood exhibited 
significantly higher lipid ROS levels compared to cells in subcutaneous 
tumours or lymph.

To test whether the melanomas we studied can undergo ferroptosis, 
we cultured them with erastin, which promotes ferroptosis by inhibit-
ing cystine uptake, and/or liproxstatin-1, which inhibits ferroptosis by 
reducing lipid peroxide accumulation22. Erastin significantly reduced 
the numbers of cells relative to control cultures and liproxstatin-1 
blocked this effect (Fig. 2c, d).

Iron, which promotes the generation of lipid ROS, is necessary for 
ferroptosis22. We observed much higher concentrations of free iron in 
blood plasma than in lymph fluid (Fig. 2e). Treatment with deferoxam-
ine, an iron chelator, blocked the ability of erastin to deplete melanoma 
cells in culture (Extended Data Fig. 2b, c), consistent with ferroptosis.
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Fig. 1 | Melanoma cells in lymph experience less oxidative stress than 
melanoma cells in blood. a, b, Efficiently metastasizing human (a) or mouse (b) 
melanomas were transplanted subcutaneously into NSG (a) or C57BL (b) mice. 
After the tumours reached around 2 cm in diameter, the numbers of melanoma 
cells per microlitre of tumour-draining blood or lymph (drain.) or blood from 
cardiac puncture or contralateral lymph (dist.) were quantified by flow 
cytometry. c–f, ROS levels (c, d) and GSH/GSSG ratios (e, f) in melanoma cells 
from subcutaneous tumours, blood and lymph of NSG mice that were 
transplanted with patient-derived melanomas (c, e) or C57BL mice that were 
transplanted with mouse melanomas (d, f). g–j, GSH concentration (g), GSSG 
concentration (h), GSH/GSSG ratio (i) and 8-OHdG concentration (j) in plasma or 
lymph fluid from NSG or C57BL mice. The number of replicates (each replicate 
was pooled from 6–10 mice) is indicated in each panel and the number of 
independent experiments is shown in the Supplementary Information (‘Statistics 
and reproducibility’). All data represent mean ± s.d. Statistical significance was 
assessed using correlated-samples two-way analysis of variance (ANOVA), paired 
t-test or Wilcoxon test (a, b), correlated-samples two-way ANOVA (g–j), or 
two-way ANOVA (c–f). Multiple comparisons were adjusted using Holm–Sidak’s 
(a, b) or Tukey’s (c–f) methods. For all panels, statistical tests were two-sided 
where applicable; *P < 0.05, **P < 0.01, ***P < 0.001. Exact P values are provided in 
the source data files.
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Fig. 2 | Melanoma cells undergo increased ferroptosis in blood compared  
to lymph. a, b, Levels of lipid ROS (BODIPY-C11Oxidized/BODIPY-C11Oxidized +  
BODIPY-C11Non-oxidized ratio) in melanoma cells from subcutaneous tumours, blood 
and lymph of NSG mice with patient-derived melanomas (a) or C57BL mice with 
mouse melanomas (b). c, d, Human or mouse melanomas were treated in culture 
with the ferroptosis promoter erastin and/or the ferroptosis inhibitor 
liproxstatin-1 (liprox). e, Free iron concentrations in plasma or lymph fluid from 
NSG or C57BL mice. f–i, Human (f, h) or mouse (g, i) melanomas were pretreated 
with liproxstatin-1, then injected intravenously (f, g) or intranodally (h, i) into NSG 
(f, h) or C57BL (g, i) mice, and the metastatic disease burden was assessed 1–3 
months later by bioluminescence imaging. j, k, Mouse melanomas were 
pretreated with N-acetyl-L-cysteine (NAC) or Trolox, then injected intravenously 
(j) or intranodally (k) into C57BL mice, and the metastatic disease burden was 
assessed 1–2 months later by bioluminescence imaging. l–n, Percentage of mice 
transplanted with parental or Gpx4-deleted melanomas that formed metastatic 
tumours after subcutaneous (l), intravenous (m) or intranodal (n) injection. The 
number of replicates is indicated in each panel and the number of independent 
experiments is shown in the Supplementary Information (‘Statistics and 
reproducibility’). All data represent mean ± s.d. Statistical significance was 
assessed using two-way ANOVA (a, d, f), correlated-samples two-way ANOVA (e), 
Kruskal–Wallis test (b, c, j, k), t-test (g–i) or multiple logistic regressions (l–n). 
Multiple comparisons were adjusted using Tukey’s (a, d, l–n) or Dunn’s (b, c, j, k) 
tests. No statistically significant differences were observed in h, i, k or n. For all 
panels, statistical tests were two-sided where applicable; *P < 0.05, **P < 0.01, 
***P < 0.001. Exact P values are provided in the source data files.
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Lymph protects metastasizing melanoma 
cells from ferroptosis

Jessalyn M. Ubellacker1, Alpaslan Tasdogan1, Vijayashree Ramesh1, Bo Shen1,  
Evann C. Mitchell1, Misty S. Martin-Sandoval1, Zhimin Gu1, Michael L. McCormick2,  
Alison B. Durham3, Douglas R. Spitz2, Zhiyu Zhao1, Thomas P. Mathews1,4 &  
Sean J. Morrison1,4,5 ✉

Cancer cells, including melanoma cells, often metastasize regionally through the 
lymphatic system before metastasizing systemically through the blood1–4; 
however, the reason for this is unclear. Here we show that melanoma cells in lymph 
experience less oxidative stress and form more metastases than melanoma cells in 
blood. Immunocompromised mice with melanomas derived from patients, and 
immunocompetent mice with mouse melanomas, had more melanoma cells per 
microlitre in tumour-draining lymph than in tumour-draining blood. Cells that 
metastasized through blood, but not those that metastasized through lymph, 
became dependent on the ferroptosis inhibitor GPX4. Cells that were pretreated 
with chemical ferroptosis inhibitors formed more metastases than untreated cells 
after intravenous, but not intralymphatic, injection. We observed multiple 
differences between lymph fluid and blood plasma that may contribute to 
decreased oxidative stress and ferroptosis in lymph, including higher levels of 
glutathione and oleic acid and less free iron in lymph. Oleic acid protected 
melanoma cells from ferroptosis in an Acsl3-dependent manner and increased 
their capacity to form metastatic tumours. Melanoma cells from lymph nodes 
were more resistant to ferroptosis and formed more metastases after intravenous 
injection than did melanoma cells from subcutaneous tumours. Exposure to the 
lymphatic environment thus protects melanoma cells from ferroptosis and 
increases their ability to survive during subsequent metastasis through the blood.

Melanomas and epithelial cancers commonly form metastases in drain-
ing lymph nodes before forming distant metastases1–4. Genetic studies 
in human and mouse cancers, including melanoma, have shown that 
regional lymph node metastases sometimes give rise to distant metas-
tases5–8. Consistent with this, cancer cells in lymph nodes can migrate 
into blood vessels and then metastasize through the blood9,10. Nonethe-
less, some distant metastases arise from clones that are distinct from 
those in sampled lymph nodes5,7. In these cases, it is unclear whether the 
distantly metastasizing cells entered the blood directly from primary 
tumours or whether they first migrated through the lymphatic system 
before entering the blood.

In patients with cutaneous melanomas, regional lymph node metas-
tasis is one of the most important predictors of distant metastasis and 
death11. Complete lymph node dissection does not improve survival12,13; 
however, this does not necessarily mean that distant metastasis occurs 
independently of the lymphatic system, as melanoma cells from lymph 
nodes may often enter the blood and disseminate before regional 
metastases are detected.

There is increasing evidence that the lymphatic system promotes the 
migration and survival of cancer cells. Some cancer cells form more 

tumours after injection into lymph nodes (intranodal injection) than 
after intravenous injection14. Vascular endothelial growth factor C 
(VEGF-C) and various chemokines promote the migration of cancer 
cells into lymphatic vessels15. The capacity to metabolize fatty acids 
promotes the survival of cancer cells in the lymphatic system16 and 
the formation of metastatic tumours17. However, circulating cancer 
cells have been characterized mainly in the blood, and there is little 
information about how these cells compare to cancer cells in lymphatic 
vessels. Although some cancer cells migrate through lymphatic ves-
sels before they enter the blood and form distant metastases5–10,18, it 
is unknown whether exposure to lymph influences the subsequent 
survival of these cells in the blood.

Metastasis through the blood is a highly inefficient process in 
which few cancer cells survive19. One factor that limits survival is 
oxidative stress20,21; however, it is unknown how oxidative stress kills 
metastasizing cells. Lipid oxidation can induce ferroptosis—a mode  
of cell death in which polyunsaturated fatty acids in phospholip-
ids are oxidized by redox-active iron22. Although cancer cells can  
undergo ferroptosis in vivo23–26, most ferroptosis studies have 
been performed in culture, which limits our understanding of 
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oxidized glutathione (GSH/GSSG) than did melanoma cells from sub-
cutaneous tumours or lymph. GSH/GSSG ratios did not significantly  
differ between melanoma cells from lymph and subcutaneous  
tumours. Consistent with this, we observed significantly higher GSH 
concentrations (Fig. 1g, h) and GSH/GSSG ratios (Fig. 1i) in lymph  
fluid than in blood plasma. Lymph fluid also had lower concentrations 
of the 8-hydroxy-2′-deoxyguanosine (8-OHdG) oxidative product 
(Fig. 1j). Blood thus appears to be a more oxidative environment than  
lymph, which potentially explains the increased levels of ROS in  
melanoma cells from the blood. The reason for the more oxidative  
environment in blood is unclear, but could reflect higher oxygen lev-
els in blood than in lymph29, or differences in cellular composition or 
density.

Melanomas undergo ferroptosis in blood
Human and mouse melanomas were subcutaneously transplanted 
into NSG and C57BL mice, respectively, and allowed to spontaneously 
metastasize. The levels of lipid ROS in melanoma cells were then com-
pared by flow cytometric staining with BODIPY-C11. For most human 
(Fig. 2a) and mouse (Fig. 2b) melanomas, cells in the blood exhibited 
significantly higher lipid ROS levels compared to cells in subcutaneous 
tumours or lymph.

To test whether the melanomas we studied can undergo ferroptosis, 
we cultured them with erastin, which promotes ferroptosis by inhibit-
ing cystine uptake, and/or liproxstatin-1, which inhibits ferroptosis by 
reducing lipid peroxide accumulation22. Erastin significantly reduced 
the numbers of cells relative to control cultures and liproxstatin-1 
blocked this effect (Fig. 2c, d).

Iron, which promotes the generation of lipid ROS, is necessary for 
ferroptosis22. We observed much higher concentrations of free iron in 
blood plasma than in lymph fluid (Fig. 2e). Treatment with deferoxam-
ine, an iron chelator, blocked the ability of erastin to deplete melanoma 
cells in culture (Extended Data Fig. 2b, c), consistent with ferroptosis.
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Fig. 1 | Melanoma cells in lymph experience less oxidative stress than 
melanoma cells in blood. a, b, Efficiently metastasizing human (a) or mouse (b) 
melanomas were transplanted subcutaneously into NSG (a) or C57BL (b) mice. 
After the tumours reached around 2 cm in diameter, the numbers of melanoma 
cells per microlitre of tumour-draining blood or lymph (drain.) or blood from 
cardiac puncture or contralateral lymph (dist.) were quantified by flow 
cytometry. c–f, ROS levels (c, d) and GSH/GSSG ratios (e, f) in melanoma cells 
from subcutaneous tumours, blood and lymph of NSG mice that were 
transplanted with patient-derived melanomas (c, e) or C57BL mice that were 
transplanted with mouse melanomas (d, f). g–j, GSH concentration (g), GSSG 
concentration (h), GSH/GSSG ratio (i) and 8-OHdG concentration (j) in plasma or 
lymph fluid from NSG or C57BL mice. The number of replicates (each replicate 
was pooled from 6–10 mice) is indicated in each panel and the number of 
independent experiments is shown in the Supplementary Information (‘Statistics 
and reproducibility’). All data represent mean ± s.d. Statistical significance was 
assessed using correlated-samples two-way analysis of variance (ANOVA), paired 
t-test or Wilcoxon test (a, b), correlated-samples two-way ANOVA (g–j), or 
two-way ANOVA (c–f). Multiple comparisons were adjusted using Holm–Sidak’s 
(a, b) or Tukey’s (c–f) methods. For all panels, statistical tests were two-sided 
where applicable; *P < 0.05, **P < 0.01, ***P < 0.001. Exact P values are provided in 
the source data files.
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Fig. 2 | Melanoma cells undergo increased ferroptosis in blood compared  
to lymph. a, b, Levels of lipid ROS (BODIPY-C11Oxidized/BODIPY-C11Oxidized +  
BODIPY-C11Non-oxidized ratio) in melanoma cells from subcutaneous tumours, blood 
and lymph of NSG mice with patient-derived melanomas (a) or C57BL mice with 
mouse melanomas (b). c, d, Human or mouse melanomas were treated in culture 
with the ferroptosis promoter erastin and/or the ferroptosis inhibitor 
liproxstatin-1 (liprox). e, Free iron concentrations in plasma or lymph fluid from 
NSG or C57BL mice. f–i, Human (f, h) or mouse (g, i) melanomas were pretreated 
with liproxstatin-1, then injected intravenously (f, g) or intranodally (h, i) into NSG 
(f, h) or C57BL (g, i) mice, and the metastatic disease burden was assessed 1–3 
months later by bioluminescence imaging. j, k, Mouse melanomas were 
pretreated with N-acetyl-L-cysteine (NAC) or Trolox, then injected intravenously 
(j) or intranodally (k) into C57BL mice, and the metastatic disease burden was 
assessed 1–2 months later by bioluminescence imaging. l–n, Percentage of mice 
transplanted with parental or Gpx4-deleted melanomas that formed metastatic 
tumours after subcutaneous (l), intravenous (m) or intranodal (n) injection. The 
number of replicates is indicated in each panel and the number of independent 
experiments is shown in the Supplementary Information (‘Statistics and 
reproducibility’). All data represent mean ± s.d. Statistical significance was 
assessed using two-way ANOVA (a, d, f), correlated-samples two-way ANOVA (e), 
Kruskal–Wallis test (b, c, j, k), t-test (g–i) or multiple logistic regressions (l–n). 
Multiple comparisons were adjusted using Tukey’s (a, d, l–n) or Dunn’s (b, c, j, k) 
tests. No statistically significant differences were observed in h, i, k or n. For all 
panels, statistical tests were two-sided where applicable; *P < 0.05, **P < 0.01, 
***P < 0.001. Exact P values are provided in the source data files.
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oxidized glutathione (GSH/GSSG) than did melanoma cells from sub-
cutaneous tumours or lymph. GSH/GSSG ratios did not significantly  
differ between melanoma cells from lymph and subcutaneous  
tumours. Consistent with this, we observed significantly higher GSH 
concentrations (Fig. 1g, h) and GSH/GSSG ratios (Fig. 1i) in lymph  
fluid than in blood plasma. Lymph fluid also had lower concentrations 
of the 8-hydroxy-2′-deoxyguanosine (8-OHdG) oxidative product 
(Fig. 1j). Blood thus appears to be a more oxidative environment than  
lymph, which potentially explains the increased levels of ROS in  
melanoma cells from the blood. The reason for the more oxidative  
environment in blood is unclear, but could reflect higher oxygen lev-
els in blood than in lymph29, or differences in cellular composition or 
density.

Melanomas undergo ferroptosis in blood
Human and mouse melanomas were subcutaneously transplanted 
into NSG and C57BL mice, respectively, and allowed to spontaneously 
metastasize. The levels of lipid ROS in melanoma cells were then com-
pared by flow cytometric staining with BODIPY-C11. For most human 
(Fig. 2a) and mouse (Fig. 2b) melanomas, cells in the blood exhibited 
significantly higher lipid ROS levels compared to cells in subcutaneous 
tumours or lymph.

To test whether the melanomas we studied can undergo ferroptosis, 
we cultured them with erastin, which promotes ferroptosis by inhibit-
ing cystine uptake, and/or liproxstatin-1, which inhibits ferroptosis by 
reducing lipid peroxide accumulation22. Erastin significantly reduced 
the numbers of cells relative to control cultures and liproxstatin-1 
blocked this effect (Fig. 2c, d).

Iron, which promotes the generation of lipid ROS, is necessary for 
ferroptosis22. We observed much higher concentrations of free iron in 
blood plasma than in lymph fluid (Fig. 2e). Treatment with deferoxam-
ine, an iron chelator, blocked the ability of erastin to deplete melanoma 
cells in culture (Extended Data Fig. 2b, c), consistent with ferroptosis.
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Fig. 1 | Melanoma cells in lymph experience less oxidative stress than 
melanoma cells in blood. a, b, Efficiently metastasizing human (a) or mouse (b) 
melanomas were transplanted subcutaneously into NSG (a) or C57BL (b) mice. 
After the tumours reached around 2 cm in diameter, the numbers of melanoma 
cells per microlitre of tumour-draining blood or lymph (drain.) or blood from 
cardiac puncture or contralateral lymph (dist.) were quantified by flow 
cytometry. c–f, ROS levels (c, d) and GSH/GSSG ratios (e, f) in melanoma cells 
from subcutaneous tumours, blood and lymph of NSG mice that were 
transplanted with patient-derived melanomas (c, e) or C57BL mice that were 
transplanted with mouse melanomas (d, f). g–j, GSH concentration (g), GSSG 
concentration (h), GSH/GSSG ratio (i) and 8-OHdG concentration (j) in plasma or 
lymph fluid from NSG or C57BL mice. The number of replicates (each replicate 
was pooled from 6–10 mice) is indicated in each panel and the number of 
independent experiments is shown in the Supplementary Information (‘Statistics 
and reproducibility’). All data represent mean ± s.d. Statistical significance was 
assessed using correlated-samples two-way analysis of variance (ANOVA), paired 
t-test or Wilcoxon test (a, b), correlated-samples two-way ANOVA (g–j), or 
two-way ANOVA (c–f). Multiple comparisons were adjusted using Holm–Sidak’s 
(a, b) or Tukey’s (c–f) methods. For all panels, statistical tests were two-sided 
where applicable; *P < 0.05, **P < 0.01, ***P < 0.001. Exact P values are provided in 
the source data files.
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Fig. 2 | Melanoma cells undergo increased ferroptosis in blood compared  
to lymph. a, b, Levels of lipid ROS (BODIPY-C11Oxidized/BODIPY-C11Oxidized +  
BODIPY-C11Non-oxidized ratio) in melanoma cells from subcutaneous tumours, blood 
and lymph of NSG mice with patient-derived melanomas (a) or C57BL mice with 
mouse melanomas (b). c, d, Human or mouse melanomas were treated in culture 
with the ferroptosis promoter erastin and/or the ferroptosis inhibitor 
liproxstatin-1 (liprox). e, Free iron concentrations in plasma or lymph fluid from 
NSG or C57BL mice. f–i, Human (f, h) or mouse (g, i) melanomas were pretreated 
with liproxstatin-1, then injected intravenously (f, g) or intranodally (h, i) into NSG 
(f, h) or C57BL (g, i) mice, and the metastatic disease burden was assessed 1–3 
months later by bioluminescence imaging. j, k, Mouse melanomas were 
pretreated with N-acetyl-L-cysteine (NAC) or Trolox, then injected intravenously 
(j) or intranodally (k) into C57BL mice, and the metastatic disease burden was 
assessed 1–2 months later by bioluminescence imaging. l–n, Percentage of mice 
transplanted with parental or Gpx4-deleted melanomas that formed metastatic 
tumours after subcutaneous (l), intravenous (m) or intranodal (n) injection. The 
number of replicates is indicated in each panel and the number of independent 
experiments is shown in the Supplementary Information (‘Statistics and 
reproducibility’). All data represent mean ± s.d. Statistical significance was 
assessed using two-way ANOVA (a, d, f), correlated-samples two-way ANOVA (e), 
Kruskal–Wallis test (b, c, j, k), t-test (g–i) or multiple logistic regressions (l–n). 
Multiple comparisons were adjusted using Tukey’s (a, d, l–n) or Dunn’s (b, c, j, k) 
tests. No statistically significant differences were observed in h, i, k or n. For all 
panels, statistical tests were two-sided where applicable; *P < 0.05, **P < 0.01, 
***P < 0.001. Exact P values are provided in the source data files.
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mainly within triacylglycerols in ApoB+ vesicles, in line with the obser-
vation that most circulating lipids are transported by these vesicles38.

To ascertain whether membrane incorporation is required for the 
protective effect of oleic acid in melanoma cells, we tested whether 
this requires acyl-CoA synthetase long-chain family member 3 (ACSL3). 
ACSL3 converts fatty acids into fatty acyl-CoA esters for incorporation 
into membrane phospholipids39, protecting cells from ferroptosis 
in culture35. Higher expression of ACSL3, but not ACSL4, in melano-
mas is associated with worse overall survival in patients40. ACSL3 was 
expressed by most human and mouse melanomas, including all of the 
efficient metastasizers (Extended Data Fig. 5a, b). Inefficient metasta-
sizers sometimes expressed little ACSL3 (Extended Data Fig. 5a), raising 
the possibility that they are less sensitive to the effects of oleic acid.

We used CRISPR–Cas9 to delete Acsl3 from two mouse melanomas 
(two independently targeted clones per line; Extended Data Fig. 5b). 
Acsl3 deletion significantly reduced the incorporation of oleic acid into 
phospholipids, and this was rescued by overexpression of wild-type 
Ascl3, but not a mutant version of Acsl3 that encodes a catalytically 
dead enzyme (Extended Data Fig. 5c, d). Acsl3 deletion significantly 
increased the levels of lipid ROS in subcutaneous tumours but did not 
significantly affect proliferation or survival in culture (Extended Data 
Fig. 5e, f).

To test whether ACSL3 is required for oleic acid to protect cells against 
ferroptosis, we treated Acsl3-deleted or parental melanomas with 
oleic acid for 12 hours, followed by erastin for 24 hours, and counted 
live cells. Oleic acid blocked the effects of erastin on parental control 
cells (Fig. 3d), but did not protect cells that lack Acsl3 from erastin 

(Fig. 3i, j). The protective effect of oleic acid was restored by overex-
pression of wild-type but not mutant Acsl3 (Extended Data Fig. 5g, 
h). Oleic acid thus blocked the effects of erastin on melanoma cells in 
an ACSL3-dependent manner. Intranodal injection of Acsl3-deleted 
cells led to a significant reduction in metastatic disease compared to 
parental control cells (Extended Data Fig. 5i).

We also tested the expression of SLC7A11 (a cysteine and glutamate 
transporter), ACSL4 (which esterifies long-chain fatty acids for lipid 
biosynthesis), and ferroptosis suppressor protein 1 (FSP1), each of 
which can influence ferroptosis sensitivity33,41–43. SLC7A11 and ACSL4 
were expressed at variable levels in all of the melanomas we studied 
(Extended Data Fig. 6a–d). FSP1 was expressed by a subset of melano-
mas (for example, M405 and M481) but other melanomas showed little 
expression (UT10, YUMM1.7 and YUMM3.3; Extended Data Fig. 6e, f). 
We observed no difference in the transcript levels of FSP1 (also known 
as AIFM2) in melanoma cells from lymph versus blood by quantitative 
PCR with reverse transcription (qRT–PCR) (Extended Data Fig. 6g). 
Differences in the expression levels of SLC7A11, ACSL4 and FSP1 among 
melanomas may influence sensitivity to ferroptosis.

Melanomas expressed multiple fatty acid transporters that are capa-
ble of transporting oleic acid, including FATP1, FATP3, FATP4, and FATP5 
(also known as SLC27A1, SLC27A3, SLC27A4 and SLC27A5, respectively) 
(Extended Data Fig. 6h). FATP2 protects myeloid cells from lipid ROS, 
altering immune function and melanoma progression44. Another fatty 
acid transporter, CD36, can promote the metastasis of oral carcinomas 
by promoting palmitic acid uptake17, although we did not detect CD36 
in the melanomas we studied (Extended Data Fig. 6i).

Lymph protects cells from ferroptosis
These results raised the possibility that lymph node metastasis often 
precedes distant metastasis because exposure to lymph allows cells to 
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Fig. 3 | Oleic acid levels are higher in lymph and in melanoma cells from 
lymph, and oleic acid protects against ferroptosis. a, Principal component 
analysis of metabolomic profiling of melanoma cells from blood or lymph of the 
same mice xenografted with M481, M405 or UT10 melanomas. b, The most 
enriched pathways among metabolites that significantly differed (P < 0.001 and 
fold change > 1.5) between melanoma cells from blood and lymph. c, d, Human 
(c) and mouse (d) melanomas were cultured for 12 h with or without oleic acid or 
linoleic acid before adding erastin for 24 h and counting cells. e, f, Human (e) and 
mouse (f) melanomas were pretreated for 12 h with vehicle (control), oleic acid or 
linoleic acid, then intravenously injected into NSG (e) or C57BL (f) mice, and the 
metastatic disease burden was assessed 1–3 months later by bioluminescence 
imaging. g, h, Relative abundance of oleic acid in plasma and lymph of NSG  
(g; n = 5) and C57BL (h; n = 5) mice (TGs, triacylglycerols; PLs, phospholipids).  
i, j, Acsl3-deleted mouse melanomas were cultured as in d (parental control cell 
data) for 12 h with vehicle, oleic acid or linoleic acid before adding erastin for 24 h 
and counting cells. k, Mouse melanoma cells from primary subcutaneous 
tumours or lymph node metastases were injected intravenously (i.v.) or 
subcutaneously followed by intravenous retransplantation (s.c. to i.v.) in C57BL 
mice and the frequency of cells that formed metastatic tumours was determined 
by limiting dilution analysis. l, m, Human (l) or mouse (m) melanoma cells were 
isolated from primary subcutaneous tumours (SCT) or lymph node metastases 
(LN) of the same mice, then treated with erastin for 24 h in culture to assess  
their sensitivity to ferroptosis. The number of replicates in each treatment is 
indicated in each panel and the number of independent experiments is shown  
in the Supplementary Information (‘Statistics and reproducibility’). All data 
represent mean ± s.d. Statistical significance was assessed using MetaboAnalyst’s 
clustering analysis (a) and metabolite set enrichment analysis (MSEA) (b), 
Kruskal–Wallis test (c, e (M405), i, j), Welch’s one-way ANOVA (d), one-way 
ANOVA (e (M481, UT10), l, m), two-way ANOVA (f, k) or correlated-samples 
two-way ANOVA (g, h). Multiple comparisons were adjusted using Dunn’s  
(c, e (M405), i, j), Dunnett’s T3 (d), Tukey’s (e (M481, UT10), f) or Sidak’s (l, m) 
tests. For all panels, statistical tests were two-sided where applicable; *P < 0.05, 
**P < 0.01, ***P < 0.001. Exact P values are provided in the source data files.
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Lymph protects metastasizing melanoma 
cells from ferroptosis

Jessalyn M. Ubellacker1, Alpaslan Tasdogan1, Vijayashree Ramesh1, Bo Shen1,  
Evann C. Mitchell1, Misty S. Martin-Sandoval1, Zhimin Gu1, Michael L. McCormick2,  
Alison B. Durham3, Douglas R. Spitz2, Zhiyu Zhao1, Thomas P. Mathews1,4 &  
Sean J. Morrison1,4,5 ✉

Cancer cells, including melanoma cells, often metastasize regionally through the 
lymphatic system before metastasizing systemically through the blood1–4; 
however, the reason for this is unclear. Here we show that melanoma cells in lymph 
experience less oxidative stress and form more metastases than melanoma cells in 
blood. Immunocompromised mice with melanomas derived from patients, and 
immunocompetent mice with mouse melanomas, had more melanoma cells per 
microlitre in tumour-draining lymph than in tumour-draining blood. Cells that 
metastasized through blood, but not those that metastasized through lymph, 
became dependent on the ferroptosis inhibitor GPX4. Cells that were pretreated 
with chemical ferroptosis inhibitors formed more metastases than untreated cells 
after intravenous, but not intralymphatic, injection. We observed multiple 
differences between lymph fluid and blood plasma that may contribute to 
decreased oxidative stress and ferroptosis in lymph, including higher levels of 
glutathione and oleic acid and less free iron in lymph. Oleic acid protected 
melanoma cells from ferroptosis in an Acsl3-dependent manner and increased 
their capacity to form metastatic tumours. Melanoma cells from lymph nodes 
were more resistant to ferroptosis and formed more metastases after intravenous 
injection than did melanoma cells from subcutaneous tumours. Exposure to the 
lymphatic environment thus protects melanoma cells from ferroptosis and 
increases their ability to survive during subsequent metastasis through the blood.

Melanomas and epithelial cancers commonly form metastases in drain-
ing lymph nodes before forming distant metastases1–4. Genetic studies 
in human and mouse cancers, including melanoma, have shown that 
regional lymph node metastases sometimes give rise to distant metas-
tases5–8. Consistent with this, cancer cells in lymph nodes can migrate 
into blood vessels and then metastasize through the blood9,10. Nonethe-
less, some distant metastases arise from clones that are distinct from 
those in sampled lymph nodes5,7. In these cases, it is unclear whether the 
distantly metastasizing cells entered the blood directly from primary 
tumours or whether they first migrated through the lymphatic system 
before entering the blood.

In patients with cutaneous melanomas, regional lymph node metas-
tasis is one of the most important predictors of distant metastasis and 
death11. Complete lymph node dissection does not improve survival12,13; 
however, this does not necessarily mean that distant metastasis occurs 
independently of the lymphatic system, as melanoma cells from lymph 
nodes may often enter the blood and disseminate before regional 
metastases are detected.

There is increasing evidence that the lymphatic system promotes the 
migration and survival of cancer cells. Some cancer cells form more 

tumours after injection into lymph nodes (intranodal injection) than 
after intravenous injection14. Vascular endothelial growth factor C 
(VEGF-C) and various chemokines promote the migration of cancer 
cells into lymphatic vessels15. The capacity to metabolize fatty acids 
promotes the survival of cancer cells in the lymphatic system16 and 
the formation of metastatic tumours17. However, circulating cancer 
cells have been characterized mainly in the blood, and there is little 
information about how these cells compare to cancer cells in lymphatic 
vessels. Although some cancer cells migrate through lymphatic ves-
sels before they enter the blood and form distant metastases5–10,18, it 
is unknown whether exposure to lymph influences the subsequent 
survival of these cells in the blood.

Metastasis through the blood is a highly inefficient process in 
which few cancer cells survive19. One factor that limits survival is 
oxidative stress20,21; however, it is unknown how oxidative stress kills 
metastasizing cells. Lipid oxidation can induce ferroptosis—a mode  
of cell death in which polyunsaturated fatty acids in phospholip-
ids are oxidized by redox-active iron22. Although cancer cells can  
undergo ferroptosis in vivo23–26, most ferroptosis studies have 
been performed in culture, which limits our understanding of 
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mainly within triacylglycerols in ApoB+ vesicles, in line with the obser-
vation that most circulating lipids are transported by these vesicles38.

To ascertain whether membrane incorporation is required for the 
protective effect of oleic acid in melanoma cells, we tested whether 
this requires acyl-CoA synthetase long-chain family member 3 (ACSL3). 
ACSL3 converts fatty acids into fatty acyl-CoA esters for incorporation 
into membrane phospholipids39, protecting cells from ferroptosis 
in culture35. Higher expression of ACSL3, but not ACSL4, in melano-
mas is associated with worse overall survival in patients40. ACSL3 was 
expressed by most human and mouse melanomas, including all of the 
efficient metastasizers (Extended Data Fig. 5a, b). Inefficient metasta-
sizers sometimes expressed little ACSL3 (Extended Data Fig. 5a), raising 
the possibility that they are less sensitive to the effects of oleic acid.

We used CRISPR–Cas9 to delete Acsl3 from two mouse melanomas 
(two independently targeted clones per line; Extended Data Fig. 5b). 
Acsl3 deletion significantly reduced the incorporation of oleic acid into 
phospholipids, and this was rescued by overexpression of wild-type 
Ascl3, but not a mutant version of Acsl3 that encodes a catalytically 
dead enzyme (Extended Data Fig. 5c, d). Acsl3 deletion significantly 
increased the levels of lipid ROS in subcutaneous tumours but did not 
significantly affect proliferation or survival in culture (Extended Data 
Fig. 5e, f).

To test whether ACSL3 is required for oleic acid to protect cells against 
ferroptosis, we treated Acsl3-deleted or parental melanomas with 
oleic acid for 12 hours, followed by erastin for 24 hours, and counted 
live cells. Oleic acid blocked the effects of erastin on parental control 
cells (Fig. 3d), but did not protect cells that lack Acsl3 from erastin 

(Fig. 3i, j). The protective effect of oleic acid was restored by overex-
pression of wild-type but not mutant Acsl3 (Extended Data Fig. 5g, 
h). Oleic acid thus blocked the effects of erastin on melanoma cells in 
an ACSL3-dependent manner. Intranodal injection of Acsl3-deleted 
cells led to a significant reduction in metastatic disease compared to 
parental control cells (Extended Data Fig. 5i).

We also tested the expression of SLC7A11 (a cysteine and glutamate 
transporter), ACSL4 (which esterifies long-chain fatty acids for lipid 
biosynthesis), and ferroptosis suppressor protein 1 (FSP1), each of 
which can influence ferroptosis sensitivity33,41–43. SLC7A11 and ACSL4 
were expressed at variable levels in all of the melanomas we studied 
(Extended Data Fig. 6a–d). FSP1 was expressed by a subset of melano-
mas (for example, M405 and M481) but other melanomas showed little 
expression (UT10, YUMM1.7 and YUMM3.3; Extended Data Fig. 6e, f). 
We observed no difference in the transcript levels of FSP1 (also known 
as AIFM2) in melanoma cells from lymph versus blood by quantitative 
PCR with reverse transcription (qRT–PCR) (Extended Data Fig. 6g). 
Differences in the expression levels of SLC7A11, ACSL4 and FSP1 among 
melanomas may influence sensitivity to ferroptosis.

Melanomas expressed multiple fatty acid transporters that are capa-
ble of transporting oleic acid, including FATP1, FATP3, FATP4, and FATP5 
(also known as SLC27A1, SLC27A3, SLC27A4 and SLC27A5, respectively) 
(Extended Data Fig. 6h). FATP2 protects myeloid cells from lipid ROS, 
altering immune function and melanoma progression44. Another fatty 
acid transporter, CD36, can promote the metastasis of oral carcinomas 
by promoting palmitic acid uptake17, although we did not detect CD36 
in the melanomas we studied (Extended Data Fig. 6i).

Lymph protects cells from ferroptosis
These results raised the possibility that lymph node metastasis often 
precedes distant metastasis because exposure to lymph allows cells to 
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Fig. 3 | Oleic acid levels are higher in lymph and in melanoma cells from 
lymph, and oleic acid protects against ferroptosis. a, Principal component 
analysis of metabolomic profiling of melanoma cells from blood or lymph of the 
same mice xenografted with M481, M405 or UT10 melanomas. b, The most 
enriched pathways among metabolites that significantly differed (P < 0.001 and 
fold change > 1.5) between melanoma cells from blood and lymph. c, d, Human 
(c) and mouse (d) melanomas were cultured for 12 h with or without oleic acid or 
linoleic acid before adding erastin for 24 h and counting cells. e, f, Human (e) and 
mouse (f) melanomas were pretreated for 12 h with vehicle (control), oleic acid or 
linoleic acid, then intravenously injected into NSG (e) or C57BL (f) mice, and the 
metastatic disease burden was assessed 1–3 months later by bioluminescence 
imaging. g, h, Relative abundance of oleic acid in plasma and lymph of NSG  
(g; n = 5) and C57BL (h; n = 5) mice (TGs, triacylglycerols; PLs, phospholipids).  
i, j, Acsl3-deleted mouse melanomas were cultured as in d (parental control cell 
data) for 12 h with vehicle, oleic acid or linoleic acid before adding erastin for 24 h 
and counting cells. k, Mouse melanoma cells from primary subcutaneous 
tumours or lymph node metastases were injected intravenously (i.v.) or 
subcutaneously followed by intravenous retransplantation (s.c. to i.v.) in C57BL 
mice and the frequency of cells that formed metastatic tumours was determined 
by limiting dilution analysis. l, m, Human (l) or mouse (m) melanoma cells were 
isolated from primary subcutaneous tumours (SCT) or lymph node metastases 
(LN) of the same mice, then treated with erastin for 24 h in culture to assess  
their sensitivity to ferroptosis. The number of replicates in each treatment is 
indicated in each panel and the number of independent experiments is shown  
in the Supplementary Information (‘Statistics and reproducibility’). All data 
represent mean ± s.d. Statistical significance was assessed using MetaboAnalyst’s 
clustering analysis (a) and metabolite set enrichment analysis (MSEA) (b), 
Kruskal–Wallis test (c, e (M405), i, j), Welch’s one-way ANOVA (d), one-way 
ANOVA (e (M481, UT10), l, m), two-way ANOVA (f, k) or correlated-samples 
two-way ANOVA (g, h). Multiple comparisons were adjusted using Dunn’s  
(c, e (M405), i, j), Dunnett’s T3 (d), Tukey’s (e (M481, UT10), f) or Sidak’s (l, m) 
tests. For all panels, statistical tests were two-sided where applicable; *P < 0.05, 
**P < 0.01, ***P < 0.001. Exact P values are provided in the source data files.
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mainly within triacylglycerols in ApoB+ vesicles, in line with the obser-
vation that most circulating lipids are transported by these vesicles38.

To ascertain whether membrane incorporation is required for the 
protective effect of oleic acid in melanoma cells, we tested whether 
this requires acyl-CoA synthetase long-chain family member 3 (ACSL3). 
ACSL3 converts fatty acids into fatty acyl-CoA esters for incorporation 
into membrane phospholipids39, protecting cells from ferroptosis 
in culture35. Higher expression of ACSL3, but not ACSL4, in melano-
mas is associated with worse overall survival in patients40. ACSL3 was 
expressed by most human and mouse melanomas, including all of the 
efficient metastasizers (Extended Data Fig. 5a, b). Inefficient metasta-
sizers sometimes expressed little ACSL3 (Extended Data Fig. 5a), raising 
the possibility that they are less sensitive to the effects of oleic acid.

We used CRISPR–Cas9 to delete Acsl3 from two mouse melanomas 
(two independently targeted clones per line; Extended Data Fig. 5b). 
Acsl3 deletion significantly reduced the incorporation of oleic acid into 
phospholipids, and this was rescued by overexpression of wild-type 
Ascl3, but not a mutant version of Acsl3 that encodes a catalytically 
dead enzyme (Extended Data Fig. 5c, d). Acsl3 deletion significantly 
increased the levels of lipid ROS in subcutaneous tumours but did not 
significantly affect proliferation or survival in culture (Extended Data 
Fig. 5e, f).

To test whether ACSL3 is required for oleic acid to protect cells against 
ferroptosis, we treated Acsl3-deleted or parental melanomas with 
oleic acid for 12 hours, followed by erastin for 24 hours, and counted 
live cells. Oleic acid blocked the effects of erastin on parental control 
cells (Fig. 3d), but did not protect cells that lack Acsl3 from erastin 

(Fig. 3i, j). The protective effect of oleic acid was restored by overex-
pression of wild-type but not mutant Acsl3 (Extended Data Fig. 5g, 
h). Oleic acid thus blocked the effects of erastin on melanoma cells in 
an ACSL3-dependent manner. Intranodal injection of Acsl3-deleted 
cells led to a significant reduction in metastatic disease compared to 
parental control cells (Extended Data Fig. 5i).

We also tested the expression of SLC7A11 (a cysteine and glutamate 
transporter), ACSL4 (which esterifies long-chain fatty acids for lipid 
biosynthesis), and ferroptosis suppressor protein 1 (FSP1), each of 
which can influence ferroptosis sensitivity33,41–43. SLC7A11 and ACSL4 
were expressed at variable levels in all of the melanomas we studied 
(Extended Data Fig. 6a–d). FSP1 was expressed by a subset of melano-
mas (for example, M405 and M481) but other melanomas showed little 
expression (UT10, YUMM1.7 and YUMM3.3; Extended Data Fig. 6e, f). 
We observed no difference in the transcript levels of FSP1 (also known 
as AIFM2) in melanoma cells from lymph versus blood by quantitative 
PCR with reverse transcription (qRT–PCR) (Extended Data Fig. 6g). 
Differences in the expression levels of SLC7A11, ACSL4 and FSP1 among 
melanomas may influence sensitivity to ferroptosis.

Melanomas expressed multiple fatty acid transporters that are capa-
ble of transporting oleic acid, including FATP1, FATP3, FATP4, and FATP5 
(also known as SLC27A1, SLC27A3, SLC27A4 and SLC27A5, respectively) 
(Extended Data Fig. 6h). FATP2 protects myeloid cells from lipid ROS, 
altering immune function and melanoma progression44. Another fatty 
acid transporter, CD36, can promote the metastasis of oral carcinomas 
by promoting palmitic acid uptake17, although we did not detect CD36 
in the melanomas we studied (Extended Data Fig. 6i).

Lymph protects cells from ferroptosis
These results raised the possibility that lymph node metastasis often 
precedes distant metastasis because exposure to lymph allows cells to 
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Fig. 3 | Oleic acid levels are higher in lymph and in melanoma cells from 
lymph, and oleic acid protects against ferroptosis. a, Principal component 
analysis of metabolomic profiling of melanoma cells from blood or lymph of the 
same mice xenografted with M481, M405 or UT10 melanomas. b, The most 
enriched pathways among metabolites that significantly differed (P < 0.001 and 
fold change > 1.5) between melanoma cells from blood and lymph. c, d, Human 
(c) and mouse (d) melanomas were cultured for 12 h with or without oleic acid or 
linoleic acid before adding erastin for 24 h and counting cells. e, f, Human (e) and 
mouse (f) melanomas were pretreated for 12 h with vehicle (control), oleic acid or 
linoleic acid, then intravenously injected into NSG (e) or C57BL (f) mice, and the 
metastatic disease burden was assessed 1–3 months later by bioluminescence 
imaging. g, h, Relative abundance of oleic acid in plasma and lymph of NSG  
(g; n = 5) and C57BL (h; n = 5) mice (TGs, triacylglycerols; PLs, phospholipids).  
i, j, Acsl3-deleted mouse melanomas were cultured as in d (parental control cell 
data) for 12 h with vehicle, oleic acid or linoleic acid before adding erastin for 24 h 
and counting cells. k, Mouse melanoma cells from primary subcutaneous 
tumours or lymph node metastases were injected intravenously (i.v.) or 
subcutaneously followed by intravenous retransplantation (s.c. to i.v.) in C57BL 
mice and the frequency of cells that formed metastatic tumours was determined 
by limiting dilution analysis. l, m, Human (l) or mouse (m) melanoma cells were 
isolated from primary subcutaneous tumours (SCT) or lymph node metastases 
(LN) of the same mice, then treated with erastin for 24 h in culture to assess  
their sensitivity to ferroptosis. The number of replicates in each treatment is 
indicated in each panel and the number of independent experiments is shown  
in the Supplementary Information (‘Statistics and reproducibility’). All data 
represent mean ± s.d. Statistical significance was assessed using MetaboAnalyst’s 
clustering analysis (a) and metabolite set enrichment analysis (MSEA) (b), 
Kruskal–Wallis test (c, e (M405), i, j), Welch’s one-way ANOVA (d), one-way 
ANOVA (e (M481, UT10), l, m), two-way ANOVA (f, k) or correlated-samples 
two-way ANOVA (g, h). Multiple comparisons were adjusted using Dunn’s  
(c, e (M405), i, j), Dunnett’s T3 (d), Tukey’s (e (M481, UT10), f) or Sidak’s (l, m) 
tests. For all panels, statistical tests were two-sided where applicable; *P < 0.05, 
**P < 0.01, ***P < 0.001. Exact P values are provided in the source data files.
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Lymph protects metastasizing melanoma 
cells from ferroptosis

Jessalyn M. Ubellacker1, Alpaslan Tasdogan1, Vijayashree Ramesh1, Bo Shen1,  
Evann C. Mitchell1, Misty S. Martin-Sandoval1, Zhimin Gu1, Michael L. McCormick2,  
Alison B. Durham3, Douglas R. Spitz2, Zhiyu Zhao1, Thomas P. Mathews1,4 &  
Sean J. Morrison1,4,5 ✉

Cancer cells, including melanoma cells, often metastasize regionally through the 
lymphatic system before metastasizing systemically through the blood1–4; 
however, the reason for this is unclear. Here we show that melanoma cells in lymph 
experience less oxidative stress and form more metastases than melanoma cells in 
blood. Immunocompromised mice with melanomas derived from patients, and 
immunocompetent mice with mouse melanomas, had more melanoma cells per 
microlitre in tumour-draining lymph than in tumour-draining blood. Cells that 
metastasized through blood, but not those that metastasized through lymph, 
became dependent on the ferroptosis inhibitor GPX4. Cells that were pretreated 
with chemical ferroptosis inhibitors formed more metastases than untreated cells 
after intravenous, but not intralymphatic, injection. We observed multiple 
differences between lymph fluid and blood plasma that may contribute to 
decreased oxidative stress and ferroptosis in lymph, including higher levels of 
glutathione and oleic acid and less free iron in lymph. Oleic acid protected 
melanoma cells from ferroptosis in an Acsl3-dependent manner and increased 
their capacity to form metastatic tumours. Melanoma cells from lymph nodes 
were more resistant to ferroptosis and formed more metastases after intravenous 
injection than did melanoma cells from subcutaneous tumours. Exposure to the 
lymphatic environment thus protects melanoma cells from ferroptosis and 
increases their ability to survive during subsequent metastasis through the blood.

Melanomas and epithelial cancers commonly form metastases in drain-
ing lymph nodes before forming distant metastases1–4. Genetic studies 
in human and mouse cancers, including melanoma, have shown that 
regional lymph node metastases sometimes give rise to distant metas-
tases5–8. Consistent with this, cancer cells in lymph nodes can migrate 
into blood vessels and then metastasize through the blood9,10. Nonethe-
less, some distant metastases arise from clones that are distinct from 
those in sampled lymph nodes5,7. In these cases, it is unclear whether the 
distantly metastasizing cells entered the blood directly from primary 
tumours or whether they first migrated through the lymphatic system 
before entering the blood.

In patients with cutaneous melanomas, regional lymph node metas-
tasis is one of the most important predictors of distant metastasis and 
death11. Complete lymph node dissection does not improve survival12,13; 
however, this does not necessarily mean that distant metastasis occurs 
independently of the lymphatic system, as melanoma cells from lymph 
nodes may often enter the blood and disseminate before regional 
metastases are detected.

There is increasing evidence that the lymphatic system promotes the 
migration and survival of cancer cells. Some cancer cells form more 

tumours after injection into lymph nodes (intranodal injection) than 
after intravenous injection14. Vascular endothelial growth factor C 
(VEGF-C) and various chemokines promote the migration of cancer 
cells into lymphatic vessels15. The capacity to metabolize fatty acids 
promotes the survival of cancer cells in the lymphatic system16 and 
the formation of metastatic tumours17. However, circulating cancer 
cells have been characterized mainly in the blood, and there is little 
information about how these cells compare to cancer cells in lymphatic 
vessels. Although some cancer cells migrate through lymphatic ves-
sels before they enter the blood and form distant metastases5–10,18, it 
is unknown whether exposure to lymph influences the subsequent 
survival of these cells in the blood.

Metastasis through the blood is a highly inefficient process in 
which few cancer cells survive19. One factor that limits survival is 
oxidative stress20,21; however, it is unknown how oxidative stress kills 
metastasizing cells. Lipid oxidation can induce ferroptosis—a mode  
of cell death in which polyunsaturated fatty acids in phospholip-
ids are oxidized by redox-active iron22. Although cancer cells can  
undergo ferroptosis in vivo23–26, most ferroptosis studies have 
been performed in culture, which limits our understanding of 

https://doi.org/10.1038/s41586-020-2623-z

Received: 19 November 2019

Accepted: 8 July 2020

Published online: 19 August 2020

 Check for updates

1Children’s Research Institute, University of Texas Southwestern Medical Center, Dallas, TX, USA. 2Free Radical and Radiation Biology Program, Department of Radiation Oncology, Holden 
Comprehensive Cancer Center, University of Iowa, Iowa City, IA, USA. 3Department of Dermatology, University of Michigan, Ann Arbor, MI, USA. 4Howard Hughes Medical Institute, University of 
Texas Southwestern Medical Center, Dallas, TX, USA. 5Department of Pediatrics, University of Texas Southwestern Medical Center, Dallas, TX, USA. ✉e-mail: Sean.Morrison@UTSouthwestern.edu



Nature Cancer | Volume 4 | March 2023 | 344–364 344

nature cancer

Article https://doi.org/10.1038/s43018-023-00513-2

A palmitate-rich metastatic niche enables 
metastasis growth via p65 acetylation 
resulting in pro-metastatic NF-κB signaling

Metabolic rewiring is often considered an adaptive pressure limiting 
metastasis formation; however, some nutrients available at distant organs 
may inherently promote metastatic growth. We find that the lung and liver 
are lipid-rich environments. Moreover, we observe that pre-metastatic 
niche formation increases palmitate availability only in the lung, whereas a 
high-fat diet increases it in both organs. In line with this, targeting palmitate 
processing inhibits breast cancer-derived lung metastasis formation. 
Mechanistically, breast cancer cells use palmitate to synthesize acetyl-CoA 
in a c ar ni tine p al mi to yl tr an sferase 1a-dependent manner. Concomitantly, 
lysine a  c e  ty  l t  ra  n s ferase 2a expression is promoted by palmitate, linking the 
available acetyl-CoA to the acetylation of the nuclear factor-kappaB subunit 
p65. Deletion of lysine a  c e  ty  l t  ra  n s ferase 2a or carnitine p  a l  mi  t o  yl  t r  an sferase 
1a reduces metastasis formation in lean and high-fat diet mice, and lung 
and liver metastases from patients with breast cancer show coexpression of 
both proteins. In conclusion, palmitate-rich environments foster metastases 
growth by increasing p65 acetylation, resulting in a pro-metastatic nuclear 
factor-kappaB signaling.

Nutrient availability is a key aspect of a permissive environment ena-
bling metastasis formation. Certain nutrients such as glucose, fatty 
acids, pyruvate and glutamine are aiding metastasizing cancer cells 
when they are seeding and colonizing in a distant organ1. While nutrient 
availability is certainly defined by the functional processes occurring 
in healthy organs, the question arises whether aberrant disease pro-
cesses or dietary conditions influence the nutrient concentrations in 
the organs of metastasis.

A nutrient class highly linked to metastasis formation is fatty 
acids2. In many cancer types, blocking fatty acid uptake is sufficient 
to impair metastasis formation3,4, whereas increased dietary fat intake 
promotes cancer progression1,2; however, it remains largely elusive 
whether these fatty acids are available in future organs of metastasis 
and whether high-fat diet (HFD) feeding alters their concentration.

Another aberrant disease process linked to cancer progression is 
pre-metastatic niche formation5. There is extensive evidence that the 
immune cell and extracellular matrix composition of the pre-metastatic 

niche are modulated by tumor-secreted factors resulting in increased 
metastasis formation in such primed organs5,6. However, to date very 
little is known about nutrient priming of the pre-metastatic niche with 
only one report showing increased glucose availability resulting from 
a general hypometabolism of lung-resident cells7.

We found that the interstitial fluid of the lungs and livers is palmitate- 
rich and that a high-fat diet and pre-metastatic niche formation further 
increase palmitate concentrations in an organ-specific or general man-
ner. We further show that breast cancer cells rely on CPT1a for fatty acid 
oxidation, which in turn activates nuclear factor kappaB (NF-κB) sign-
aling via KAT2a-dependent p65 acetylation. Accordingly, CPT1a and 
KAT2a targeting is highly effective in inhibiting metastasis formation.

Results
The lung and liver are lipid-rich environments
Although the lung and liver are frequent metastatic sites, nutrient 
concentrations in these organs remain largely unknown. We isolated 
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A palmitate-rich metastatic niche enables 
metastasis growth via p65 acetylation 
resulting in pro-metastatic NF-κB signaling

Metabolic rewiring is often considered an adaptive pressure limiting 
metastasis formation; however, some nutrients available at distant organs 
may inherently promote metastatic growth. We find that the lung and liver 
are lipid-rich environments. Moreover, we observe that pre-metastatic 
niche formation increases palmitate availability only in the lung, whereas a 
high-fat diet increases it in both organs. In line with this, targeting palmitate 
processing inhibits breast cancer-derived lung metastasis formation. 
Mechanistically, breast cancer cells use palmitate to synthesize acetyl-CoA 
in a c ar ni tine p al mi to yl tr an sferase 1a-dependent manner. Concomitantly, 
lysine a  c e  ty  l t  ra  n s ferase 2a expression is promoted by palmitate, linking the 
available acetyl-CoA to the acetylation of the nuclear factor-kappaB subunit 
p65. Deletion of lysine a  c e  ty  l t  ra  n s ferase 2a or carnitine p  a l  mi  t o  yl  t r  an sferase 
1a reduces metastasis formation in lean and high-fat diet mice, and lung 
and liver metastases from patients with breast cancer show coexpression of 
both proteins. In conclusion, palmitate-rich environments foster metastases 
growth by increasing p65 acetylation, resulting in a pro-metastatic nuclear 
factor-kappaB signaling.

Nutrient availability is a key aspect of a permissive environment ena-
bling metastasis formation. Certain nutrients such as glucose, fatty 
acids, pyruvate and glutamine are aiding metastasizing cancer cells 
when they are seeding and colonizing in a distant organ1. While nutrient 
availability is certainly defined by the functional processes occurring 
in healthy organs, the question arises whether aberrant disease pro-
cesses or dietary conditions influence the nutrient concentrations in 
the organs of metastasis.

A nutrient class highly linked to metastasis formation is fatty 
acids2. In many cancer types, blocking fatty acid uptake is sufficient 
to impair metastasis formation3,4, whereas increased dietary fat intake 
promotes cancer progression1,2; however, it remains largely elusive 
whether these fatty acids are available in future organs of metastasis 
and whether high-fat diet (HFD) feeding alters their concentration.

Another aberrant disease process linked to cancer progression is 
pre-metastatic niche formation5. There is extensive evidence that the 
immune cell and extracellular matrix composition of the pre-metastatic 

niche are modulated by tumor-secreted factors resulting in increased 
metastasis formation in such primed organs5,6. However, to date very 
little is known about nutrient priming of the pre-metastatic niche with 
only one report showing increased glucose availability resulting from 
a general hypometabolism of lung-resident cells7.

We found that the interstitial fluid of the lungs and livers is palmitate- 
rich and that a high-fat diet and pre-metastatic niche formation further 
increase palmitate concentrations in an organ-specific or general man-
ner. We further show that breast cancer cells rely on CPT1a for fatty acid 
oxidation, which in turn activates nuclear factor kappaB (NF-κB) sign-
aling via KAT2a-dependent p65 acetylation. Accordingly, CPT1a and 
KAT2a targeting is highly effective in inhibiting metastasis formation.

Results
The lung and liver are lipid-rich environments
Although the lung and liver are frequent metastatic sites, nutrient 
concentrations in these organs remain largely unknown. We isolated 
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deletion, total p65 and general binding to DNA were not notably altered 
(Fig. 7c and Extended Data Fig. 7f). However, in line with the hypoth-
esis that KAT2a is responsible for acetylating p65 in the presence of 
palmitate, we observed that its deletion decreased the amount of 
K310 acetylated p65 in the nucleus (Fig. 7c). Subsequently, we investi-
gated whether blocking KAT2a and thus p65 acetylation, prevents the 
palmitate-induced spheroid growth. KAT2a inhibition did not decrease 
proliferation of cancer cells growing in 2D (Extended Data Fig. 8f); 
however, KAT2a deletion reduced 3D 4T1 spheroid size and number 
to a similar degree as CPT1a deletion (Fig. 7d and Extended Data Fig. 
8g,h). Accordingly, 3D growth of 4T1, MCF7 and MCF10A H-RasV12 
was significantly reduced upon treatment with the KAT2a inhibitor 
cyclopentylidene-[4-(4′-chlorophenyl)thiazol-2-yl]hydrazone (CPTH2) 
at 2 µm for 5 d38 (Fig. 7e and Extended Data Fig. 8g). Moreover, breast 

cancer spheroids showed sensitivity to CPTH2 only in the presence of 
extra palmitate but not in the absence of extra palmitate (Extended 
Data Fig. 8i). Based on these data, we concluded that KAT2a acetylates 
p65 in the presence of palmitate and that this activity is essential for 
palmitate-promoted spheroid growth.

KAT2a deletion impairs metastasis formation
Next, we assessed whether blocking KAT2a, and hence p65 acetyla-
tion, is sufficient to impair lung metastasis formation. We injected 
4T1 control and KAT2a knockout cells into the mammary fat pad of 
mice or i.v. and assessed lung metastases number, area and metastatic 
index based on hematoxylin and eosin (H&E) staining. We observed 
that metastatic burden was dramatically reduced in the absence of 
KAT2a expression compared to control (Fig. 7f and Extended Data  
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deletion, total p65 and general binding to DNA were not notably altered 
(Fig. 7c and Extended Data Fig. 7f). However, in line with the hypoth-
esis that KAT2a is responsible for acetylating p65 in the presence of 
palmitate, we observed that its deletion decreased the amount of 
K310 acetylated p65 in the nucleus (Fig. 7c). Subsequently, we investi-
gated whether blocking KAT2a and thus p65 acetylation, prevents the 
palmitate-induced spheroid growth. KAT2a inhibition did not decrease 
proliferation of cancer cells growing in 2D (Extended Data Fig. 8f); 
however, KAT2a deletion reduced 3D 4T1 spheroid size and number 
to a similar degree as CPT1a deletion (Fig. 7d and Extended Data Fig. 
8g,h). Accordingly, 3D growth of 4T1, MCF7 and MCF10A H-RasV12 
was significantly reduced upon treatment with the KAT2a inhibitor 
cyclopentylidene-[4-(4′-chlorophenyl)thiazol-2-yl]hydrazone (CPTH2) 
at 2 µm for 5 d38 (Fig. 7e and Extended Data Fig. 8g). Moreover, breast 

cancer spheroids showed sensitivity to CPTH2 only in the presence of 
extra palmitate but not in the absence of extra palmitate (Extended 
Data Fig. 8i). Based on these data, we concluded that KAT2a acetylates 
p65 in the presence of palmitate and that this activity is essential for 
palmitate-promoted spheroid growth.

KAT2a deletion impairs metastasis formation
Next, we assessed whether blocking KAT2a, and hence p65 acetyla-
tion, is sufficient to impair lung metastasis formation. We injected 
4T1 control and KAT2a knockout cells into the mammary fat pad of 
mice or i.v. and assessed lung metastases number, area and metastatic 
index based on hematoxylin and eosin (H&E) staining. We observed 
that metastatic burden was dramatically reduced in the absence of 
KAT2a expression compared to control (Fig. 7f and Extended Data  
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A palmitate-rich metastatic niche enables 
metastasis growth via p65 acetylation 
resulting in pro-metastatic NF-κB signaling

Metabolic rewiring is often considered an adaptive pressure limiting 
metastasis formation; however, some nutrients available at distant organs 
may inherently promote metastatic growth. We find that the lung and liver 
are lipid-rich environments. Moreover, we observe that pre-metastatic 
niche formation increases palmitate availability only in the lung, whereas a 
high-fat diet increases it in both organs. In line with this, targeting palmitate 
processing inhibits breast cancer-derived lung metastasis formation. 
Mechanistically, breast cancer cells use palmitate to synthesize acetyl-CoA 
in a c ar ni tine p al mi to yl tr an sferase 1a-dependent manner. Concomitantly, 
lysine a  c e  ty  l t  ra  n s ferase 2a expression is promoted by palmitate, linking the 
available acetyl-CoA to the acetylation of the nuclear factor-kappaB subunit 
p65. Deletion of lysine a  c e  ty  l t  ra  n s ferase 2a or carnitine p  a l  mi  t o  yl  t r  an sferase 
1a reduces metastasis formation in lean and high-fat diet mice, and lung 
and liver metastases from patients with breast cancer show coexpression of 
both proteins. In conclusion, palmitate-rich environments foster metastases 
growth by increasing p65 acetylation, resulting in a pro-metastatic nuclear 
factor-kappaB signaling.

Nutrient availability is a key aspect of a permissive environment ena-
bling metastasis formation. Certain nutrients such as glucose, fatty 
acids, pyruvate and glutamine are aiding metastasizing cancer cells 
when they are seeding and colonizing in a distant organ1. While nutrient 
availability is certainly defined by the functional processes occurring 
in healthy organs, the question arises whether aberrant disease pro-
cesses or dietary conditions influence the nutrient concentrations in 
the organs of metastasis.

A nutrient class highly linked to metastasis formation is fatty 
acids2. In many cancer types, blocking fatty acid uptake is sufficient 
to impair metastasis formation3,4, whereas increased dietary fat intake 
promotes cancer progression1,2; however, it remains largely elusive 
whether these fatty acids are available in future organs of metastasis 
and whether high-fat diet (HFD) feeding alters their concentration.

Another aberrant disease process linked to cancer progression is 
pre-metastatic niche formation5. There is extensive evidence that the 
immune cell and extracellular matrix composition of the pre-metastatic 

niche are modulated by tumor-secreted factors resulting in increased 
metastasis formation in such primed organs5,6. However, to date very 
little is known about nutrient priming of the pre-metastatic niche with 
only one report showing increased glucose availability resulting from 
a general hypometabolism of lung-resident cells7.

We found that the interstitial fluid of the lungs and livers is palmitate- 
rich and that a high-fat diet and pre-metastatic niche formation further 
increase palmitate concentrations in an organ-specific or general man-
ner. We further show that breast cancer cells rely on CPT1a for fatty acid 
oxidation, which in turn activates nuclear factor kappaB (NF-κB) sign-
aling via KAT2a-dependent p65 acetylation. Accordingly, CPT1a and 
KAT2a targeting is highly effective in inhibiting metastasis formation.

Results
The lung and liver are lipid-rich environments
Although the lung and liver are frequent metastatic sites, nutrient 
concentrations in these organs remain largely unknown. We isolated 
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deletion, total p65 and general binding to DNA were not notably altered 
(Fig. 7c and Extended Data Fig. 7f). However, in line with the hypoth-
esis that KAT2a is responsible for acetylating p65 in the presence of 
palmitate, we observed that its deletion decreased the amount of 
K310 acetylated p65 in the nucleus (Fig. 7c). Subsequently, we investi-
gated whether blocking KAT2a and thus p65 acetylation, prevents the 
palmitate-induced spheroid growth. KAT2a inhibition did not decrease 
proliferation of cancer cells growing in 2D (Extended Data Fig. 8f); 
however, KAT2a deletion reduced 3D 4T1 spheroid size and number 
to a similar degree as CPT1a deletion (Fig. 7d and Extended Data Fig. 
8g,h). Accordingly, 3D growth of 4T1, MCF7 and MCF10A H-RasV12 
was significantly reduced upon treatment with the KAT2a inhibitor 
cyclopentylidene-[4-(4′-chlorophenyl)thiazol-2-yl]hydrazone (CPTH2) 
at 2 µm for 5 d38 (Fig. 7e and Extended Data Fig. 8g). Moreover, breast 

cancer spheroids showed sensitivity to CPTH2 only in the presence of 
extra palmitate but not in the absence of extra palmitate (Extended 
Data Fig. 8i). Based on these data, we concluded that KAT2a acetylates 
p65 in the presence of palmitate and that this activity is essential for 
palmitate-promoted spheroid growth.

KAT2a deletion impairs metastasis formation
Next, we assessed whether blocking KAT2a, and hence p65 acetyla-
tion, is sufficient to impair lung metastasis formation. We injected 
4T1 control and KAT2a knockout cells into the mammary fat pad of 
mice or i.v. and assessed lung metastases number, area and metastatic 
index based on hematoxylin and eosin (H&E) staining. We observed 
that metastatic burden was dramatically reduced in the absence of 
KAT2a expression compared to control (Fig. 7f and Extended Data  
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deletion, total p65 and general binding to DNA were not notably altered 
(Fig. 7c and Extended Data Fig. 7f). However, in line with the hypoth-
esis that KAT2a is responsible for acetylating p65 in the presence of 
palmitate, we observed that its deletion decreased the amount of 
K310 acetylated p65 in the nucleus (Fig. 7c). Subsequently, we investi-
gated whether blocking KAT2a and thus p65 acetylation, prevents the 
palmitate-induced spheroid growth. KAT2a inhibition did not decrease 
proliferation of cancer cells growing in 2D (Extended Data Fig. 8f); 
however, KAT2a deletion reduced 3D 4T1 spheroid size and number 
to a similar degree as CPT1a deletion (Fig. 7d and Extended Data Fig. 
8g,h). Accordingly, 3D growth of 4T1, MCF7 and MCF10A H-RasV12 
was significantly reduced upon treatment with the KAT2a inhibitor 
cyclopentylidene-[4-(4′-chlorophenyl)thiazol-2-yl]hydrazone (CPTH2) 
at 2 µm for 5 d38 (Fig. 7e and Extended Data Fig. 8g). Moreover, breast 

cancer spheroids showed sensitivity to CPTH2 only in the presence of 
extra palmitate but not in the absence of extra palmitate (Extended 
Data Fig. 8i). Based on these data, we concluded that KAT2a acetylates 
p65 in the presence of palmitate and that this activity is essential for 
palmitate-promoted spheroid growth.

KAT2a deletion impairs metastasis formation
Next, we assessed whether blocking KAT2a, and hence p65 acetyla-
tion, is sufficient to impair lung metastasis formation. We injected 
4T1 control and KAT2a knockout cells into the mammary fat pad of 
mice or i.v. and assessed lung metastases number, area and metastatic 
index based on hematoxylin and eosin (H&E) staining. We observed 
that metastatic burden was dramatically reduced in the absence of 
KAT2a expression compared to control (Fig. 7f and Extended Data  
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Extended Data Fig. 3 | See next page for caption.
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A palmitate-rich metastatic niche enables 
metastasis growth via p65 acetylation 
resulting in pro-metastatic NF-κB signaling

Metabolic rewiring is often considered an adaptive pressure limiting 
metastasis formation; however, some nutrients available at distant organs 
may inherently promote metastatic growth. We find that the lung and liver 
are lipid-rich environments. Moreover, we observe that pre-metastatic 
niche formation increases palmitate availability only in the lung, whereas a 
high-fat diet increases it in both organs. In line with this, targeting palmitate 
processing inhibits breast cancer-derived lung metastasis formation. 
Mechanistically, breast cancer cells use palmitate to synthesize acetyl-CoA 
in a c ar ni tine p al mi to yl tr an sferase 1a-dependent manner. Concomitantly, 
lysine a  c e  ty  l t  ra  n s ferase 2a expression is promoted by palmitate, linking the 
available acetyl-CoA to the acetylation of the nuclear factor-kappaB subunit 
p65. Deletion of lysine a  c e  ty  l t  ra  n s ferase 2a or carnitine p  a l  mi  t o  yl  t r  an sferase 
1a reduces metastasis formation in lean and high-fat diet mice, and lung 
and liver metastases from patients with breast cancer show coexpression of 
both proteins. In conclusion, palmitate-rich environments foster metastases 
growth by increasing p65 acetylation, resulting in a pro-metastatic nuclear 
factor-kappaB signaling.

Nutrient availability is a key aspect of a permissive environment ena-
bling metastasis formation. Certain nutrients such as glucose, fatty 
acids, pyruvate and glutamine are aiding metastasizing cancer cells 
when they are seeding and colonizing in a distant organ1. While nutrient 
availability is certainly defined by the functional processes occurring 
in healthy organs, the question arises whether aberrant disease pro-
cesses or dietary conditions influence the nutrient concentrations in 
the organs of metastasis.

A nutrient class highly linked to metastasis formation is fatty 
acids2. In many cancer types, blocking fatty acid uptake is sufficient 
to impair metastasis formation3,4, whereas increased dietary fat intake 
promotes cancer progression1,2; however, it remains largely elusive 
whether these fatty acids are available in future organs of metastasis 
and whether high-fat diet (HFD) feeding alters their concentration.

Another aberrant disease process linked to cancer progression is 
pre-metastatic niche formation5. There is extensive evidence that the 
immune cell and extracellular matrix composition of the pre-metastatic 

niche are modulated by tumor-secreted factors resulting in increased 
metastasis formation in such primed organs5,6. However, to date very 
little is known about nutrient priming of the pre-metastatic niche with 
only one report showing increased glucose availability resulting from 
a general hypometabolism of lung-resident cells7.

We found that the interstitial fluid of the lungs and livers is palmitate- 
rich and that a high-fat diet and pre-metastatic niche formation further 
increase palmitate concentrations in an organ-specific or general man-
ner. We further show that breast cancer cells rely on CPT1a for fatty acid 
oxidation, which in turn activates nuclear factor kappaB (NF-κB) sign-
aling via KAT2a-dependent p65 acetylation. Accordingly, CPT1a and 
KAT2a targeting is highly effective in inhibiting metastasis formation.

Results
The lung and liver are lipid-rich environments
Although the lung and liver are frequent metastatic sites, nutrient 
concentrations in these organs remain largely unknown. We isolated 
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Fig. 5a), whereas primary tumor growth showed only a small reduc-
tion compared to control (Extended Data Fig. 5b). A similar reduction 
in metastases area was observed upon i.v. injection of cancer cells 
(Extended Data Fig. 8j). Thus, we concluded that blocking KAT2a 

phenocopies CPT1a inhibition and is sufficient to impair metastatic 
growth in mice.

Finally, we investigated whether this CPT1a-KAT2a-driven mecha-
nism may occur in patients with metastatic breast cancer. We argued 
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Fig. 5 | CPT1a activity sustains acetyl-CoA levels in spheroids and lung 
metastases. a, Intracellular levels of acetyl-CoA in breast cancer cells incubated 
in 2D monolayer and 3D spheroids cultures for 5 d in medium containing extra 
palmitate. Data are presented as mean ± s.e.m. (4T1, n = 3 and 4; MCF10A H-RasV12, 
n = 6; MCF7, n = 3 and 4; EMT6.5, n = 4, biological replicates). Unpaired two-tailed 
t-tests with Welch correction. b, Relative changes in acetyl-CoA abundance in 
EMT6.5 (m.f.) breast primary tumors and lung metastases. Data are shown as 
fold changes compared to acetyl-CoA abundance in primary tumors. Data are 
presented as mean ± s.e.m. (n = 4 mice). Unpaired two-tailed t-tests with Welch 
correction. c, Relative changes in acetyl-CoA abundance in 4T1 (m.f.) breast 
primary tumors and lung metastases upon acute inhibition of CPT1A using the 
inhibitor etomoxir (40 mg kg−1 i.p., n = 4 mice) or vehicle (water, n = 12 mice). Data 
are shown as fold changes compared to acetyl-CoA abundance in primary tumors 
of the group of mice treated with vehicle. Data are presented as mean ± s.e.m. 
and points represented as zero were below the detection limit. One-way ANOVA 
with Dunnett’s multiple comparison test. d,e, 3D spheroid growth upon genetic 

inhibition of either Cpt1a/CPT1A compared to cells infected with scramble as a 
control together with pharmacologic ACLY inhibition using BMS-303141 (20 µm, 
5 d) in 4T1 (n = 4, 5, 6, 7 and 7 biological replicates, respectively) (d) and MCF10A 
H-RasV12 cells (n = 5, 6, 8, 8 and 7 biological replicates, respectively) (e) with or 
without extra palmitate and in the presence of acetate as metabolic rescue (5 mM, 
5 d). 3D spheroid growth is represented by the average spheroids area of >100 
spheroids. Data are presented as mean ± s.e.m. One-way ANOVA with Tukey’s 
multiple comparison test. HS, horse serum. f, GSEA enrichment plots comparing 
gene expression profiles in 4T1 3D spheroids transduced with a lentiviral vector 
containing sgCpt1a or sgControl (top) and sgCpt1a 4T1 3D spheroids cultured with 
or without acetate (bottom). NES, normalized enrichment score. P value indicates 
the significance of the enrichment score (permutation test). g, GSEA enrichment 
plots comparing gene expression profiles of HALLMARK_TNFA_SIGNALING_VIA_
NFKB signature from the Molecular Signature Database (MsigDB) in breast cancer 
metastases at different organ sites from patients (GSE14018). P value indicates the 
significance of the enrichment score (unpaired one-tailed t-tests).

Nature Cancer | Volume 4 | March 2023 | 344–364 353

Article https://doi.org/10.1038/s43018-023-00513-2

that metastases growing in palmitate-enriched organs require coex-
pression of CPT1a and KAT2a. We therefore collected metastases tis-
sues from different organs of two patients with breast cancer within 
the UPTIDER rapid autopsy program (Supplementary Table 2) and 
determined CPT1a and KAT2a protein expression. Consistent with the 
determined mechanism, we observed that CPT1a and KAT2a proteins 
were coexpressed within lung and liver metastases compared to cra-
nial bone and lymph node metastases (Fig. 7g,h), with the latter being 
an oleate-enriched organ39. We therefore concluded that CPT1a and 
KAT2a may act in concert in patients with breast cancer to promote 
metastatic growth in organs whose interstitial nutrient composition 
is palmitate enriched.

In conclusion, we identify palmitate priming of the lung by AT2 res-
ident cells during pre-metastatic niche formation and upon HFD expo-
sure. Metastasizing cancer cells rely on CPT1a-dependent palmitate 

oxidation to acetyl-CoA, which in turn serves as a substrate for the 
acetylation of p65 by KAT2a. Subsequently the pro-metastatic NF-κB 
transcriptional program is activated supporting metastatic growth in 
palmitate-rich environments (Fig. 7h).

Discussion
Here, we provide an analysis of lipid availability in the interstitial fluid 
of the lungs and livers in healthy and pathological conditions. Further-
more, we functionally link palmitate-rich environments to protein 
acetylation upstream of a pro-metastatic NF-κB signaling. Palmitate 
can induce a pro-metastatic memory in primary tumors via histone 
H3 lysine 4 trimethylation, stimulating intratumor Schwann cells and 
innervation40. Adding to this known mechanism we discovered an epi-
genetically independent role of palmitate in promoting metastasis 
formation in the distant organ.
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representative of n = 3 experiments is shown. b,c, 3D growth (5 d) of 4T1 (n = 4, 
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or extra palmitate (75 µm) is shown. 3D spheroid growth is represented by the 

average spheroids area of >100 spheroids. One-way ANOVA with Tukey’s multiple 
comparison test (4T1) and Unpaired two-tailed t-tests with Welch correction 
(MCF10A H-RasV12). Data are presented as mean ± s.e.m. d, 3D growth (5 d) of 
4T1 (n = 3, 4, 4 and 6 biological replicates, respectively) and MCF10A H-RasV12 
(n = 6 biological replicates) cells upon treatment with the NF-κB inhibitor to 
the inhibitory impact of CPT1a inhibition (sgCpt1a) compared to non-targeting 
shRNA as a control, in the presence of the extra palmitate (75 µm) or acetate as 
metabolic rescue (5 mM). 3D spheroid growth is represented by the average 
spheroids area of >100 spheroids. Data are presented as mean ± s.e.m. One-way 
ANOVA with Tukey’s multiple comparison test.
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PHGDH heterogeneity potentiates 
cancer cell dissemination and metastasis

Matteo Rossi1,2,33, Patricia Altea-Manzano1,2,33, Margherita Demicco1,2, Ginevra Doglioni1,2, 
Laura Bornes3, Marina Fukano4,5,6, Anke Vandekeere1,2, Alejandro M. Cuadros1,2, 
Juan Fernández-García1,2, Carla Riera-Domingo7,8, Cristina Jauset9, Mélanie Planque1,2, 
H. Furkan Alkan1,2, David Nittner10,11, Dongmei Zuo6, Lindsay A. Broadfield1,2, Sweta Parik1,2, 
Antonino Alejandro Pane1,2, Francesca Rizzollo1,2, Gianmarco Rinaldi1,2, Tao Zhang12, 
Shao Thing Teoh13, Arin B. Aurora14, Panagiotis Karras11,15, Ines Vermeire1,2, Dorien Broekaert1,2, 
Joke Van Elsen1,2, Maximilian M. L. Knott16, Martin F. Orth16, Sofie Demeyer17, Guy Eelen18,19, 
Lacey E. Dobrolecki20, Ayse Bassez21,22, Thomas Van Brussel21,22, Karl Sotlar23, 
Michael T. Lewis20, Harald Bartsch24, Manfred Wuhrer12, Peter van Veelen12, 
Peter Carmeliet18,19,25,26, Jan Cools17, Sean J. Morrison14,27, Jean-Christophe Marine11,15, 
Diether Lambrechts21,22, Massimiliano Mazzone7,8,28, Gregory J. Hannon9, Sophia Y. Lunt13,29, 
Thomas G. P. Grünewald16,30,31,32, Morag Park5,6, Jacco van Rheenen3 & Sarah-Maria Fendt1,2 ✉

Cancer metastasis requires the transient activation of cellular programs enabling 
dissemination and seeding in distant organs1. Genetic, transcriptional and 
translational heterogeneity contributes to this dynamic process2,3. Metabolic 
heterogeneity has also been observed4, yet its role in cancer progression is less 
explored. Here we find that the loss of phosphoglycerate dehydrogenase (PHGDH) 
potentiates metastatic dissemination. Specifically, we find that heterogeneous or low 
PHGDH expression in primary tumours of patients with breast cancer is associated 
with decreased metastasis-free survival time. In mice, circulating tumour cells and 
early metastatic lesions are enriched with Phgdhlow cancer cells, and silencing Phgdh 
in primary tumours increases metastasis formation. Mechanistically, Phgdh interacts 
with the glycolytic enzyme phosphofructokinase, and the loss of this interaction 
activates the hexosamine–sialic acid pathway, which provides precursors for protein 
glycosylation. As a consequence, aberrant protein glycosylation occurs, including 
increased sialylation of integrin αvβ3, which potentiates cell migration and invasion. 
Inhibition of sialylation counteracts the metastatic ability of Phgdhlow cancer cells. In 
conclusion, although the catalytic activity of PHGDH supports cancer cell 
proliferation, low PHGDH protein expression non-catalytically potentiates cancer 
dissemination and metastasis formation. Thus, the presence of PHDGH heterogeneity 
in primary tumours could be considered a sign of tumour aggressiveness.

Nonclonal tumour heterogeneity at the transcriptional and trans-
lational level supports the plasticity of cancer cells1,5 and enables 
them to dynamically change their phenotypical state to transition 
through the different steps of the metastatic cascade6. Yet, the role of 
non-clonal heterogeneity in the metabolism of cancer cells remains 
largely unclear. Here we focused on the metabolic enzyme PHGDH, 
which is overexpressed and/or amplified in 70% of triple-negative breast 
cancers (TNBCs) and some other cancers such as melanoma7,8 and its 
catalytic activity is known to be important for cancer proliferation9–12.

PHGDH heterogeneity indicates metastasis
We investigated intratumour heterogeneity in PHGDH protein 
expression in 129 predominately grade 2 and 3 invasive human breast 
ductal carcinomas that were treated by primary surgical resection 

(between 1988 and 2006)13. PHGDH was visualized using immuno-
histochemistry (IHC), and intratumour heterogeneity and intensity 
was evaluated by a pathologist (Supplementary Table 1). We observed 
that 67% (87 out of 129) of the tumours showed homogeneous high 
PHGDH expression, whereas 33% showed heterogeneous (29 out of 
129) or low (13 out of 129) PHGDH expression (Extended Data Fig. 1a). 
Homogeneous versus heterogeneous or low (heterogeneous/low) 
PHGDH-expressing tumours were similarly distributed across the dif-
ferent tumour grades (Extended Data Fig. 1b). Tumour stage (pT) was 
higher in homogeneous versus heterogeneous/low PHGDH-expressing 
tumours (Extended Data Fig. 1c). However, lymph node stage (pN) was 
significantly more advanced in heterogeneous/low PHGDH-expressing 
tumours compared with homogeneous PHGDH-expressing tumours 
(Extended Data Fig. 1d). Accordingly, about 60% more patients with 
heterogeneous/low PHGDH-expressing tumours showed distant 

https://doi.org/10.1038/s41586-022-04758-2

Received: 20 December 2020

Accepted: 12 April 2022

Published online: 18 May 2022

 Check for updates

A list of affiliations appears at the end of the paper. 

Rossi et al, Nature, 2022

• Primary tumors upregulate 
Ser/Gly synthesis pathway to 
support growth/proliferation 

• Endothelial cells suppress 
PHGDH (rate limiting 
enzyme). 

• PHGDHlow clones spread 

• Lower Ser/Gly synthesis 
promotes extravasation by 
increasing integrin sialylation 

• Metastasis re-activate Ser/
Gly synthesis pathway to 
support metastatization (non-
catalytical roles)



Metabolism is reprogrammed to support immune evasion
5



Leone & Powell, Nat Rev Cancer, 2020

Tumor cells dictate a immunosuppressive TME



Lactate creates a immunosuppressive tumor microenvironment



Brand et al, Cell Metab, 2016

Figure 2. Growth of B16 Ldhalow and Panc-Ldhanull Tumors Is Controlled in C57BL/6 Mice
(A) Proliferation of control (Ctrl), Ldhalow1, and Ldhalow2 cells, based on 3 H-thymidine incorporation, after 24 hr (n R 7 independent experiments, mean

and SEM).

(legend continued on next page)
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Figure 3. B16 Ldhalow and Panc-Ldhanull Tumors Contain High
Numbers of Anti-tumor Effector Cells
(A) Gating strategy for flow cytometry analysis of leucocytes (CD45+),

living singular cells (DAPI- FSC-Wlow), myeloid cells (CD11b+), NK cells

(NK1.1+), MDSCs (CD11b+Gr-1+), T cells (CD3ε+), CD4+ T cells

(CD3ε+CD4+), and CD8+ T cells (CD3ε+CD8a+) in tumors from C57BL/6

mice after subcutaneous injection of 105 control (Ctrl) or Ldhalow cells.

Numbers in graphs indicate the percentage of cells. Plots of data from

one representative Ldhalow tumor are shown.

(B–Q) Correlations of CD45+ leukocytes among the entire cell pop-

ulations derived from B16 Ctrl and Ldhalow tumors of C57BL/6 mice with

tumor volume (B) and correlation of myeloid cells (E), MDSCs (H), NK

cells (K), and T cells (N) among living CD45+ leucocytes in tumors of

C57BL/6 mice with tumor volume. Each symbol represents an individual

mouse; correlations were calculated using a Pearson test. Percentage of

CD45+ leukocytes among the entire cell populations derived from tu-

mors of C57BL/6 mice (C) and percentage of immune cell populations

within the CD45+ cell population: myeloid cells (F), MDSCs (I), NK cells

(L), T cells (O), CD8+ T cells (P), and CD4+ T cells (Q). Percentage of

CD45+ leukocytes among the entire cell populations derived from tu-

mors of Rag2–/– mice (D) and percentage of immune cell populations

among the CD45+ cell population: myeloid cells (G), MDSCs (J), and

NK cells (M) (all identified as in A).

(R and S) Percentage of T cells (R) and NK cells (S) among CD45+ cells in

tumors of C57BL/6 mice after subcutaneous injection of 105 Panc-

Ldhahigh and Panc-Ldhanull cells. Each symbol represents an individual

mouse; small horizontal lines indicate the mean (unpaired Student’s

t test).
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tumors contain a higher proportion of anti-tumor effector cells
than control tumors, which might impede their growth.

Lactic Acid, but Not Its Sodium Salt, Inhibits Function
and Survival of T Cells and NK Cells
Knockdown of Ldha in mouse melanoma cells significantly
reduced the level of lactate in tumors grown from these cells (Fig-
ures 1K and 1L), and lactic acid has been shown to affect expres-
sion of IFN-g, IL-2, and granzyme B in cultured human T cells
(Fischer et al., 2007). We investigated whether lactic acid also in-
hibits expression of cytokines in mouse T and NK cells in vitro.
We stimulated mouse CD8+ T cells and NK cells in the absence
or presence of lactic acid, sodium lactate, or acidification corre-
sponding to 15 mM lactic acid (!pH 6.4) and measured intracel-

lular IFN-g and IL-2 by flow cytometry. Lactic acid reduced the
expression of IFN-g on protein and mRNA level (Figures 5A
and 5B). NK cells were more vulnerable to the effects of lactic
acid, as 15 mM lactic acid already completely blocked IFN-g
production (Figure 5A). Acidification alone also diminished cyto-
kine production, but to a lesser extent compared to 15mM lactic
acid. In contrast, sodium lactate had no effect (Figure 5A). Higher
levels of lactic acid (20 mM) or the respective acidification (!pH
5.8) induced apoptosis of T cells irrespective of the expression
level of Bcl-2 (Figure 5C). Similar results were obtained with
NK cells (Figure S5A). Lactic acid did not modulate the expres-
sion of activation or exhaustion markers on activated CD8+ 2C
T cells but impaired upregulation of CD25 when present during
the activation process of naive CD8+ T cells (Figure S5B).

Figure 5. Lactic Acid Suppresses Cytokine Production in CD8+ T Cells and NK Cells and Promotes Apoptosis
(A) Flow cytometric analysis of IFN-g+ and IL-2+ cells among stimulated CD8+ T cells (upper panel) and stimulated NK cells (lower panel) after incubation in the

absence (–) or presence (LA) of lactic acid, acidification (!pH 6.4), or sodium lactate (NaL) for 24 hr. One representative experiment of three is shown.

(B) qRT-PCR analysis of IfngmRNA expression in unstimulated or stimulated (PMA/Ionomycin) CD8+ T cells in the absence (–) or presence (LA) of lactic acid after

3 hr. Two independent experiments are shown. The results are presented relative to the level of 18S rRNA.

(C) Quantification of Annexin V+7-AAD+CD8+ T cells isolated from spleens of C57BL/6mice (WT) or vav-Bcl-2mice after incubation in the absence (–) or presence

(LA) of lactic acid, acidification (pH), and sodium lactate (NaL) for 24 hr (n = 3 independent experiments, mean and SEM, paired Student’s t test).

(D and E) Percentage IFN-g+ T cells (upper panel) and IL-2+ T cells (lower panel) after coculture with either wild-type (WT), control (Ctrl), or Ldhalow cells without (D)

or with (E) IFN-g pre-treatment (n = 3–4 independent experiments, mean and SEM, unpaired Student’s t test).
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SUMMARY

Elevated lactate dehydrogenase A (LDHA) expres-
sion is associated with poor outcome in tumor pa-
tients. Here we show that LDHA-associated lactic
acid accumulation in melanomas inhibits tumor sur-
veillance by T and NK cells. In immunocompetent
C57BL/6 mice, tumors with reduced lactic acid
production (Ldhalow) developed significantly slower
than control tumors and showed increased infiltra-
tion with IFN-g-producing T and NK cells. However,
in Rag2–/–gc–/– mice, lacking lymphocytes and NK
cells, and in Ifng–/– mice, Ldhalow and control cells
formed tumors at similar rates. Pathophysiological
concentrations of lactic acid prevented upregulation
of nuclear factor of activated T cells (NFAT) in T and
NK cells, resulting in diminished IFN-g production.
Database analyses revealed negative correlations
between LDHA expression and T cell activation
markers in human melanoma patients. Our results
demonstrate that lactic acid is a potent inhibitor of
function and survival of T and NK cells leading to
tumor immune escape.

INTRODUCTION

Accelerated glucose metabolism in tumor cells, the so-called
‘‘Warburg effect,’’ is based on the upregulation of glucose trans-
porter 1 (GLUT1) and glycolytic enzymes such as lactate dehy-
drogenase A (LDHA), which is essential for the conversion of
pyruvate into lactate. Glycolysis requires continuous export of
lactate from cells by monocarboxylate transporters (MCTs),
which co-transport lactate and protons. As a result, lactate
and protons (‘‘lactic acid’’) accumulate in the tumor environment.
In primary human tumors, high levels of lactate correlate with
incidence of distant metastases (Walenta et al., 2000), and the
level of LDHA correlates with the size and clinical stage of renal
cell carcinomas and gastric cancer (Girgis et al., 2014; Sun et al.,
2014). Based on these data, increased glycolysis by tumor cells
appears to promote their growth, progression, and metastasis.
The relationship among increased lactate production, tumor

growth, andmetastasis has been investigated in different mouse
models (Fantin et al., 2006; Rizwan et al., 2013; Xie et al., 2014).
Attenuation or disruption of Ldha resulted in reduced tumor
growth, and the authors attributed the diminished tumorigenicity
to the compromised ability of tumor cells to grow under hypoxia
or the importance of LDHA for tumor-initiating cells, respectively.
Tumor-derived lactic acid inhibits the differentiation and acti-

vation of monocytes and T cells in vitro (Dietl et al., 2010; Fischer
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conventional T cells in vitro (Extended Data Fig. 3a, b). Conversely, both 
the suppressor function and the proliferation of Treg cells were resistant 
to tumour-equivalent concentrations of lactic acid (Extended Data 
Fig. 3a, c). Lactate can stimulate cells via the G-protein-coupled recep-
tor GPR81 (ref. 25) and enter as a metabolite via MCT1, so—by measuring 
changes in intracellular pH—we investigated whether Treg cells could 
consume lactic acid26. Lymphocytes from Foxp3YFP-cre reporter mice 
were loaded with an intracellular pH indicator dye and incubated with 
lactic acid. Treg cells, but not Tconv cells, took up lactic acid, as shown by 
increased fluorescence (Fig. 3b). This assay also revealed that uptake 
of lactic acid was heterogeneous amongst various tissue-derived Treg 
cells, akin to glucose uptake, and was notably low in tissues in which 
Treg cells were glucose avid, such as the liver (Figs. 1g, 3c). Indeed, most 
dye-positive Treg cells did not take up glucose (Extended Data Fig. 3d). 
In autoimmune NOD mice, islet Treg cells took up less lactic acid than 
those from the ndLN or pancreatic lymph node (Fig. 3d). Dye-positive 
Treg cells from lymph nodes, as well as B16 tumour-infiltrating Treg cells, 
showed increased CD44 and Nrp1 expression, while maintaining simi-
lar Foxp3 expression to dye-negative cells (Fig. 3e). Thus Treg cells not 
only are resistant to lactic acid but can also take up this metabolite, 
and those that do display a signature of activated Treg cells and low 
glucose uptake.

To identify how Treg cells were using lactic acid, we performed 
high-resolution mass spectrometry of activated Treg and Tconv cells pulsed 
with [U13C]L-lactate (at pH 6.9) (Fig. 3f). We used lymph-node-derived 

Treg cells (which do readily take up lactate) (Fig. 3b) to facilitate the cel-
lular input needed for mass-spectrometry analysis, confirming that Treg 
cells took up significantly more lactate than Tconv cells (Fig. 3g). Treg cells 
converted 13C-lactate into pyruvate and subsequently into citrate and 
malate, indicating mitochondrial import and entry to the tricarboxylic 
acid (TCA) cycle (Fig. 3g). Further analysis revealed that Treg cells also 
incorporated lactate-derived carbon into phosphoenolpyruvate (PEP) 
(Fig. 3h), formed by phosphoenolpyruvate carboxykinase (PEPCK) 
when malate leaves the mitochondria and is converted to oxaloacetate. 
PEP can contribute to upstream glycolytic intermediates essential for 
proliferation, suggesting that lactate may serve as a gluconeogenic fuel 
source, decreasing a Treg cell’s need for glucose. As high glucose can 
inhibit the suppressor function of Treg cells (Fig. 2g), we investigated 
whether lactic acid could mitigate the deleterious effects of glucose. 
Indeed, conditioning Treg cells in high glucose plus tumour-equivalent 
concentrations of lactic acid maintained suppressor function (Fig. 3i).

We then used the PEPCK inhibitor 3-mercaptopicolinic acid (3MP)27 to 
investigate the individual contributions of lactate uptake and oxidation 
from upstream gluconeogenic reactions dependent on lactate-derived 
PEP. Treatment of 13C-lactate pulsed Treg cells with 3MP reduced the 
accumulation of PEP without affecting its incorporation into the TCA 
cycle (Fig. 3j). In vitro treatment of Treg cells in lactic acid with 3MP 
significantly reduced their proliferation (Extended Data Fig. 3i). How-
ever, 3MP did not affect the suppressive capacity of Treg cells in vitro 
(Extended Data Fig. 3j). Treating tumour-bearing mice with 3MP 
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Fig. 3 | Treg cells metabolize lactic acid to support their proliferation and 
suppressor function. a, Lactate concentration in interstitial fluid from spleen 
or B16 melanoma. *P = 0.041. b, Lymphocytes from Foxp3cre mice were loaded 
with pHrodo Red (an intracellular pH dye) and pulsed with 5 mM lactic acid. 
Results shown are changes in mean fluorescence intensity (MFI) from t = 0. 
**P = 0.0012. c, Uptake of lactic acid by Treg cells infiltrating various tissues, 
determined as in b. d, Uptake of lactic acid by Treg and Tconv cells isolated from 
islets, ndLN and pLN of 10–12-week-old NOD.Foxp3GFP-cre mice. *P = 0.017, 
**P = 0.001. e, Flow cytogram and tabulation depicting Nrp1, CD44 and Foxp3 
expression in pHrodo-dye-positive and -negative Treg cells. *P = 0.018; 
**P = 0.0097. f, Diagram showing incorporation of 13C derived from lactate into 
downstream metabolites. g, Relative abundance, determined by mass 
spectrometry, of intracellular lactate, pyruvate, malate and citrate in Treg 
(CD4+Foxp3+) and Tconv (CD4+Foxp3−) cells activated overnight then pulsed with 

uniformly labelled 13C-lactate (‘M + n’ equals the molecular mass plus the 
number of incorporated heavy carbons). **P = 0.0025. h, Relative abundance of 
PEP derived from 13C-lactate as in g. *P = 0.036; **P = 0.0011. i, Capacity of Treg 
cells conditioned for 3 days in 25 mM glucose medium with or without 10 mM 
lactic acid to suppress the proliferation of CTV-labelled Tconv cells. *P = 0.021.  
j, As in h, with the addition of the PEPCK inhibitor 3MP. *P = 0.018. k, Expression 
of Ki67 in intratumoral Treg cells of B16-bearing mice treated with 3MP or water 
daily for three days. i.d., intradermal; d.p.i., days post injection. *P = 0.015.  
l, IFNγ expression by B16-infiltrating CD8+ T cells from mice treated as in k for 
five days. Results are representative of three (a, c, e, g, h, k) or two (b, d, i, j, l) 
independent experiments. Significance (*P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001) was determined by unpaired two-tailed t-test (a, b, d, e, i–l), 
unpaired one-tail t-test (l) or two-way ANOVA with Sidak’s multiple 
comparisons test (g, h). Data are means ± s.e.m. from biological replicates.
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conventional T cells in vitro (Extended Data Fig. 3a, b). Conversely, both 
the suppressor function and the proliferation of Treg cells were resistant 
to tumour-equivalent concentrations of lactic acid (Extended Data 
Fig. 3a, c). Lactate can stimulate cells via the G-protein-coupled recep-
tor GPR81 (ref. 25) and enter as a metabolite via MCT1, so—by measuring 
changes in intracellular pH—we investigated whether Treg cells could 
consume lactic acid26. Lymphocytes from Foxp3YFP-cre reporter mice 
were loaded with an intracellular pH indicator dye and incubated with 
lactic acid. Treg cells, but not Tconv cells, took up lactic acid, as shown by 
increased fluorescence (Fig. 3b). This assay also revealed that uptake 
of lactic acid was heterogeneous amongst various tissue-derived Treg 
cells, akin to glucose uptake, and was notably low in tissues in which 
Treg cells were glucose avid, such as the liver (Figs. 1g, 3c). Indeed, most 
dye-positive Treg cells did not take up glucose (Extended Data Fig. 3d). 
In autoimmune NOD mice, islet Treg cells took up less lactic acid than 
those from the ndLN or pancreatic lymph node (Fig. 3d). Dye-positive 
Treg cells from lymph nodes, as well as B16 tumour-infiltrating Treg cells, 
showed increased CD44 and Nrp1 expression, while maintaining simi-
lar Foxp3 expression to dye-negative cells (Fig. 3e). Thus Treg cells not 
only are resistant to lactic acid but can also take up this metabolite, 
and those that do display a signature of activated Treg cells and low 
glucose uptake.

To identify how Treg cells were using lactic acid, we performed 
high-resolution mass spectrometry of activated Treg and Tconv cells pulsed 
with [U13C]L-lactate (at pH 6.9) (Fig. 3f). We used lymph-node-derived 

Treg cells (which do readily take up lactate) (Fig. 3b) to facilitate the cel-
lular input needed for mass-spectrometry analysis, confirming that Treg 
cells took up significantly more lactate than Tconv cells (Fig. 3g). Treg cells 
converted 13C-lactate into pyruvate and subsequently into citrate and 
malate, indicating mitochondrial import and entry to the tricarboxylic 
acid (TCA) cycle (Fig. 3g). Further analysis revealed that Treg cells also 
incorporated lactate-derived carbon into phosphoenolpyruvate (PEP) 
(Fig. 3h), formed by phosphoenolpyruvate carboxykinase (PEPCK) 
when malate leaves the mitochondria and is converted to oxaloacetate. 
PEP can contribute to upstream glycolytic intermediates essential for 
proliferation, suggesting that lactate may serve as a gluconeogenic fuel 
source, decreasing a Treg cell’s need for glucose. As high glucose can 
inhibit the suppressor function of Treg cells (Fig. 2g), we investigated 
whether lactic acid could mitigate the deleterious effects of glucose. 
Indeed, conditioning Treg cells in high glucose plus tumour-equivalent 
concentrations of lactic acid maintained suppressor function (Fig. 3i).

We then used the PEPCK inhibitor 3-mercaptopicolinic acid (3MP)27 to 
investigate the individual contributions of lactate uptake and oxidation 
from upstream gluconeogenic reactions dependent on lactate-derived 
PEP. Treatment of 13C-lactate pulsed Treg cells with 3MP reduced the 
accumulation of PEP without affecting its incorporation into the TCA 
cycle (Fig. 3j). In vitro treatment of Treg cells in lactic acid with 3MP 
significantly reduced their proliferation (Extended Data Fig. 3i). How-
ever, 3MP did not affect the suppressive capacity of Treg cells in vitro 
(Extended Data Fig. 3j). Treating tumour-bearing mice with 3MP 
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Fig. 3 | Treg cells metabolize lactic acid to support their proliferation and 
suppressor function. a, Lactate concentration in interstitial fluid from spleen 
or B16 melanoma. *P = 0.041. b, Lymphocytes from Foxp3cre mice were loaded 
with pHrodo Red (an intracellular pH dye) and pulsed with 5 mM lactic acid. 
Results shown are changes in mean fluorescence intensity (MFI) from t = 0. 
**P = 0.0012. c, Uptake of lactic acid by Treg cells infiltrating various tissues, 
determined as in b. d, Uptake of lactic acid by Treg and Tconv cells isolated from 
islets, ndLN and pLN of 10–12-week-old NOD.Foxp3GFP-cre mice. *P = 0.017, 
**P = 0.001. e, Flow cytogram and tabulation depicting Nrp1, CD44 and Foxp3 
expression in pHrodo-dye-positive and -negative Treg cells. *P = 0.018; 
**P = 0.0097. f, Diagram showing incorporation of 13C derived from lactate into 
downstream metabolites. g, Relative abundance, determined by mass 
spectrometry, of intracellular lactate, pyruvate, malate and citrate in Treg 
(CD4+Foxp3+) and Tconv (CD4+Foxp3−) cells activated overnight then pulsed with 

uniformly labelled 13C-lactate (‘M + n’ equals the molecular mass plus the 
number of incorporated heavy carbons). **P = 0.0025. h, Relative abundance of 
PEP derived from 13C-lactate as in g. *P = 0.036; **P = 0.0011. i, Capacity of Treg 
cells conditioned for 3 days in 25 mM glucose medium with or without 10 mM 
lactic acid to suppress the proliferation of CTV-labelled Tconv cells. *P = 0.021.  
j, As in h, with the addition of the PEPCK inhibitor 3MP. *P = 0.018. k, Expression 
of Ki67 in intratumoral Treg cells of B16-bearing mice treated with 3MP or water 
daily for three days. i.d., intradermal; d.p.i., days post injection. *P = 0.015.  
l, IFNγ expression by B16-infiltrating CD8+ T cells from mice treated as in k for 
five days. Results are representative of three (a, c, e, g, h, k) or two (b, d, i, j, l) 
independent experiments. Significance (*P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001) was determined by unpaired two-tailed t-test (a, b, d, e, i–l), 
unpaired one-tail t-test (l) or two-way ANOVA with Sidak’s multiple 
comparisons test (g, h). Data are means ± s.e.m. from biological replicates.
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conventional T cells in vitro (Extended Data Fig. 3a, b). Conversely, both 
the suppressor function and the proliferation of Treg cells were resistant 
to tumour-equivalent concentrations of lactic acid (Extended Data 
Fig. 3a, c). Lactate can stimulate cells via the G-protein-coupled recep-
tor GPR81 (ref. 25) and enter as a metabolite via MCT1, so—by measuring 
changes in intracellular pH—we investigated whether Treg cells could 
consume lactic acid26. Lymphocytes from Foxp3YFP-cre reporter mice 
were loaded with an intracellular pH indicator dye and incubated with 
lactic acid. Treg cells, but not Tconv cells, took up lactic acid, as shown by 
increased fluorescence (Fig. 3b). This assay also revealed that uptake 
of lactic acid was heterogeneous amongst various tissue-derived Treg 
cells, akin to glucose uptake, and was notably low in tissues in which 
Treg cells were glucose avid, such as the liver (Figs. 1g, 3c). Indeed, most 
dye-positive Treg cells did not take up glucose (Extended Data Fig. 3d). 
In autoimmune NOD mice, islet Treg cells took up less lactic acid than 
those from the ndLN or pancreatic lymph node (Fig. 3d). Dye-positive 
Treg cells from lymph nodes, as well as B16 tumour-infiltrating Treg cells, 
showed increased CD44 and Nrp1 expression, while maintaining simi-
lar Foxp3 expression to dye-negative cells (Fig. 3e). Thus Treg cells not 
only are resistant to lactic acid but can also take up this metabolite, 
and those that do display a signature of activated Treg cells and low 
glucose uptake.

To identify how Treg cells were using lactic acid, we performed 
high-resolution mass spectrometry of activated Treg and Tconv cells pulsed 
with [U13C]L-lactate (at pH 6.9) (Fig. 3f). We used lymph-node-derived 

Treg cells (which do readily take up lactate) (Fig. 3b) to facilitate the cel-
lular input needed for mass-spectrometry analysis, confirming that Treg 
cells took up significantly more lactate than Tconv cells (Fig. 3g). Treg cells 
converted 13C-lactate into pyruvate and subsequently into citrate and 
malate, indicating mitochondrial import and entry to the tricarboxylic 
acid (TCA) cycle (Fig. 3g). Further analysis revealed that Treg cells also 
incorporated lactate-derived carbon into phosphoenolpyruvate (PEP) 
(Fig. 3h), formed by phosphoenolpyruvate carboxykinase (PEPCK) 
when malate leaves the mitochondria and is converted to oxaloacetate. 
PEP can contribute to upstream glycolytic intermediates essential for 
proliferation, suggesting that lactate may serve as a gluconeogenic fuel 
source, decreasing a Treg cell’s need for glucose. As high glucose can 
inhibit the suppressor function of Treg cells (Fig. 2g), we investigated 
whether lactic acid could mitigate the deleterious effects of glucose. 
Indeed, conditioning Treg cells in high glucose plus tumour-equivalent 
concentrations of lactic acid maintained suppressor function (Fig. 3i).

We then used the PEPCK inhibitor 3-mercaptopicolinic acid (3MP)27 to 
investigate the individual contributions of lactate uptake and oxidation 
from upstream gluconeogenic reactions dependent on lactate-derived 
PEP. Treatment of 13C-lactate pulsed Treg cells with 3MP reduced the 
accumulation of PEP without affecting its incorporation into the TCA 
cycle (Fig. 3j). In vitro treatment of Treg cells in lactic acid with 3MP 
significantly reduced their proliferation (Extended Data Fig. 3i). How-
ever, 3MP did not affect the suppressive capacity of Treg cells in vitro 
(Extended Data Fig. 3j). Treating tumour-bearing mice with 3MP 
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Fig. 3 | Treg cells metabolize lactic acid to support their proliferation and 
suppressor function. a, Lactate concentration in interstitial fluid from spleen 
or B16 melanoma. *P = 0.041. b, Lymphocytes from Foxp3cre mice were loaded 
with pHrodo Red (an intracellular pH dye) and pulsed with 5 mM lactic acid. 
Results shown are changes in mean fluorescence intensity (MFI) from t = 0. 
**P = 0.0012. c, Uptake of lactic acid by Treg cells infiltrating various tissues, 
determined as in b. d, Uptake of lactic acid by Treg and Tconv cells isolated from 
islets, ndLN and pLN of 10–12-week-old NOD.Foxp3GFP-cre mice. *P = 0.017, 
**P = 0.001. e, Flow cytogram and tabulation depicting Nrp1, CD44 and Foxp3 
expression in pHrodo-dye-positive and -negative Treg cells. *P = 0.018; 
**P = 0.0097. f, Diagram showing incorporation of 13C derived from lactate into 
downstream metabolites. g, Relative abundance, determined by mass 
spectrometry, of intracellular lactate, pyruvate, malate and citrate in Treg 
(CD4+Foxp3+) and Tconv (CD4+Foxp3−) cells activated overnight then pulsed with 

uniformly labelled 13C-lactate (‘M + n’ equals the molecular mass plus the 
number of incorporated heavy carbons). **P = 0.0025. h, Relative abundance of 
PEP derived from 13C-lactate as in g. *P = 0.036; **P = 0.0011. i, Capacity of Treg 
cells conditioned for 3 days in 25 mM glucose medium with or without 10 mM 
lactic acid to suppress the proliferation of CTV-labelled Tconv cells. *P = 0.021.  
j, As in h, with the addition of the PEPCK inhibitor 3MP. *P = 0.018. k, Expression 
of Ki67 in intratumoral Treg cells of B16-bearing mice treated with 3MP or water 
daily for three days. i.d., intradermal; d.p.i., days post injection. *P = 0.015.  
l, IFNγ expression by B16-infiltrating CD8+ T cells from mice treated as in k for 
five days. Results are representative of three (a, c, e, g, h, k) or two (b, d, i, j, l) 
independent experiments. Significance (*P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001) was determined by unpaired two-tailed t-test (a, b, d, e, i–l), 
unpaired one-tail t-test (l) or two-way ANOVA with Sidak’s multiple 
comparisons test (g, h). Data are means ± s.e.m. from biological replicates.
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TCR activation by inducing cellular membrane  depolarization 
(increased Vm) with subsequent dissipation of the electromotive force 
driving Ca2+ entry. However, we could not detect any changes in 
TCR-induced Ca2+ flux in the presence of isotonic elevations in [K+]e 
(40 mM) (Fig. 2c and Extended Data Fig. 3a). Additionally, elevated 
[K+]e did not affect the phosphorylation of Zap70, Erk1/2 or PLCγ 1,  
or global tyrosine phosphorylation, following TCR ligation (Fig. 2d 
and Extended Data Fig. 3b, c). However, elevated [K+]e did reduce 
TCR-induced phosphorylation of Akt and serine/threonine residues 
targeted by Akt (Fig. 2e–g and Extended Data Fig. 3d), including mTOR 
and the ribosomal protein S6 (Fig. 2f, g and Extended Data Fig. 3d). 
Suppression of Akt–mTOR signalling by elevated [K+]e was noticeable 
at later time points (Extended Data Fig. 3e), was not replicated by other 

osmolytes (Extended Data Fig. 4a) and was apparent in  conditions of 
hypertonic hyperkalaemia (Extended Data Fig. 4b). Consistent with 
a role in limiting Akt–mTOR activity20, elevated [K+]e  inhibited 
TCR-induced nutrient consumption (Extended Data Fig. 4c, d) and 
CD4+ polarization to effector lineages (Extended Data Fig. 4e, f) and 
 promoted the induction of Foxp3+ CD4+ T cells (Extended Data  
Fig. 4g). We therefore conclude that elevated [K+]e limits TCR-driven 
effector function via suppression of the Akt–mTOR pathway.

We next aimed to determine how elevated [K+]e suppresses TCR-
induced Akt–mTOR phosphorylation. First, we hypothesized that 
elevated [K+]e inhibits PI3K activity. However, elevated [K+]e had no 
effect on TCR-induced phosphatidylinositol-3-phosphate (PtdIns3P) 
accumulation (Fig. 2h), indicating that K+-mediated suppression of 
Akt signalling was downstream of PI3K activation. Regulation of Akt 
activity downstream of PI3K is carried out, in part, by serine/threonine 
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Figure 1 | Elevated [K+] within TIF silences the TCR-induced anti-
tumour function of mouse and human T cells. a, b, Ratiometric 
representation of TIF to serum values for the indicated ions from mouse 
(a) and human (b) tumour tissue. c, Linear regression and 95% CI best  
fit line representing the relationship between TIF [K+] and annexin  
V+ cells per g of tumour. Significance calculated by Pearson’s correlation 
coefficient. d, Extracellular concentration of electrolytes following 
induction of cell death as indicated for mouse (left) and human (right) 
tumour cell lines. e–i Anti-CD3 and -CD28 (anti-CD3/CD28)-based 
activation of CD8+ mouse T cells in the indicated conditions with 
representative flow cytometry (e), additional [K+]e equal to 40 mM unless 
otherwise indicated and quantification (f–i). j, Human TILs stimulated in 
the indicated conditions with mutated neo-antigen peptide-pulsed target 
cells (autologous B cells), additional [K+]e =  50 mM. Centre values and 
error bars represent mean ±  s.e.m. * P <  0.05; * * P <  0.01; * * * P <  0.001; 
* * * * P <  0.0001 between selected relevant comparisons, f, g two-way 
ANOVA; h, i, two-tailed Student’s t-tests. a, c, n =  18 biological replicates; 
b, n =  5 biological replicates; d, n =  4 culture replicates; e–i, n =  3 culture 
replicates per condition; j, n =  3 culture replicates; representative of three 
(e–g) or two (h–j) independent experiments.
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Figure 2 |[K+]e inhibits TCR-induced transcripts and function by 
suppressing Akt–mTOR phosphorylation. a, Pie chart representing 
proportional subpopulations of all transcripts following 2 h re-stimulation 
of purified CD8+ T cells with anti-CD3/CD28. b, Volcano plot of TCR-
induced genes briefly re-stimulated with anti-CD3/CD28 in the indicated 
conditions. c, TCR cross-linking induced calcium flux of CD8+ cells 
as measured by the quotient of Fluo3 and FuraRed fluorescence in the 
indicated conditions. d, Representative phosphoflow cytometry plots 
following TCR cross-linking in the indicated conditions. e, Immunoblot 
analysis of the indicated phospho-residues in CD8+ T cells following  
TCR cross-linking. f, Quantitative phosphoflow analysis of cells activated 
as in c and d with representative flow cytometry in g. h, Quantification of 
the indicated phosphatidylinositol species in CD8+ T cells activated via 
TCR cross-linking in the indicated conditions. Centre values and error 
bars represent mean ±  s.e.m. * P <  0.05; * * P <  0.01; * * * P <  0.001;  
* * * * P <  0.0001 between selected relevant comparisons, two-way 
ANOVA. c–h, Where noted additional [K+]e =  40 mM. a–c, n =  3 
biological replicates; d, f, n =  3 technical replicates per data point; h, n =  3 
experimental replicates with pooled analysis displayed; d–g, representative 
of at least three independent experiments.
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TCR activation by inducing cellular membrane  depolarization 
(increased Vm) with subsequent dissipation of the electromotive force 
driving Ca2+ entry. However, we could not detect any changes in 
TCR-induced Ca2+ flux in the presence of isotonic elevations in [K+]e 
(40 mM) (Fig. 2c and Extended Data Fig. 3a). Additionally, elevated 
[K+]e did not affect the phosphorylation of Zap70, Erk1/2 or PLCγ 1,  
or global tyrosine phosphorylation, following TCR ligation (Fig. 2d 
and Extended Data Fig. 3b, c). However, elevated [K+]e did reduce 
TCR-induced phosphorylation of Akt and serine/threonine residues 
targeted by Akt (Fig. 2e–g and Extended Data Fig. 3d), including mTOR 
and the ribosomal protein S6 (Fig. 2f, g and Extended Data Fig. 3d). 
Suppression of Akt–mTOR signalling by elevated [K+]e was noticeable 
at later time points (Extended Data Fig. 3e), was not replicated by other 

osmolytes (Extended Data Fig. 4a) and was apparent in  conditions of 
hypertonic hyperkalaemia (Extended Data Fig. 4b). Consistent with 
a role in limiting Akt–mTOR activity20, elevated [K+]e  inhibited 
TCR-induced nutrient consumption (Extended Data Fig. 4c, d) and 
CD4+ polarization to effector lineages (Extended Data Fig. 4e, f) and 
 promoted the induction of Foxp3+ CD4+ T cells (Extended Data  
Fig. 4g). We therefore conclude that elevated [K+]e limits TCR-driven 
effector function via suppression of the Akt–mTOR pathway.

We next aimed to determine how elevated [K+]e suppresses TCR-
induced Akt–mTOR phosphorylation. First, we hypothesized that 
elevated [K+]e inhibits PI3K activity. However, elevated [K+]e had no 
effect on TCR-induced phosphatidylinositol-3-phosphate (PtdIns3P) 
accumulation (Fig. 2h), indicating that K+-mediated suppression of 
Akt signalling was downstream of PI3K activation. Regulation of Akt 
activity downstream of PI3K is carried out, in part, by serine/threonine 
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Figure 1 | Elevated [K+] within TIF silences the TCR-induced anti-
tumour function of mouse and human T cells. a, b, Ratiometric 
representation of TIF to serum values for the indicated ions from mouse 
(a) and human (b) tumour tissue. c, Linear regression and 95% CI best  
fit line representing the relationship between TIF [K+] and annexin  
V+ cells per g of tumour. Significance calculated by Pearson’s correlation 
coefficient. d, Extracellular concentration of electrolytes following 
induction of cell death as indicated for mouse (left) and human (right) 
tumour cell lines. e–i Anti-CD3 and -CD28 (anti-CD3/CD28)-based 
activation of CD8+ mouse T cells in the indicated conditions with 
representative flow cytometry (e), additional [K+]e equal to 40 mM unless 
otherwise indicated and quantification (f–i). j, Human TILs stimulated in 
the indicated conditions with mutated neo-antigen peptide-pulsed target 
cells (autologous B cells), additional [K+]e =  50 mM. Centre values and 
error bars represent mean ±  s.e.m. * P <  0.05; * * P <  0.01; * * * P <  0.001; 
* * * * P <  0.0001 between selected relevant comparisons, f, g two-way 
ANOVA; h, i, two-tailed Student’s t-tests. a, c, n =  18 biological replicates; 
b, n =  5 biological replicates; d, n =  4 culture replicates; e–i, n =  3 culture 
replicates per condition; j, n =  3 culture replicates; representative of three 
(e–g) or two (h–j) independent experiments.
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Figure 2 |[K+]e inhibits TCR-induced transcripts and function by 
suppressing Akt–mTOR phosphorylation. a, Pie chart representing 
proportional subpopulations of all transcripts following 2 h re-stimulation 
of purified CD8+ T cells with anti-CD3/CD28. b, Volcano plot of TCR-
induced genes briefly re-stimulated with anti-CD3/CD28 in the indicated 
conditions. c, TCR cross-linking induced calcium flux of CD8+ cells 
as measured by the quotient of Fluo3 and FuraRed fluorescence in the 
indicated conditions. d, Representative phosphoflow cytometry plots 
following TCR cross-linking in the indicated conditions. e, Immunoblot 
analysis of the indicated phospho-residues in CD8+ T cells following  
TCR cross-linking. f, Quantitative phosphoflow analysis of cells activated 
as in c and d with representative flow cytometry in g. h, Quantification of 
the indicated phosphatidylinositol species in CD8+ T cells activated via 
TCR cross-linking in the indicated conditions. Centre values and error 
bars represent mean ±  s.e.m. * P <  0.05; * * P <  0.01; * * * P <  0.001;  
* * * * P <  0.0001 between selected relevant comparisons, two-way 
ANOVA. c–h, Where noted additional [K+]e =  40 mM. a–c, n =  3 
biological replicates; d, f, n =  3 technical replicates per data point; h, n =  3 
experimental replicates with pooled analysis displayed; d–g, representative 
of at least three independent experiments.
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Fig. 1. Increased [K+]e limits nutrient
uptake and triggers functional caloric
restriction in Tcells. (A) Experimental
setup for activation of CD8+ Tcells in the
indicated conditions: control (regular media;
5 mM K+) or ↑[K+]e (an additional 40 mM K+).
(B and C) Quantification of glycolysis
metabolites (B) and amino acids (C) by liquid
chromatography and mass spectrometry in
the indicated conditions (data shown are
means ± SEM of six replicates per condition).
(D) 2-NBDG uptake in the indicated
conditions with representative histograms
and quantification. (E) Representative fluorescence-activated cell sorting
(FACS) histogram, quantification, and confocal images showing reduced
BODIPY FLC16 uptake in ↑[K+]e versus control Tcells. In (D) and (E),
values indicate average geometric mean fluorescence intensity; data are
means ± SEM and are representative of two independent experiments.
See fig. S1B for confocal quantifications. (F) Schematic of necrotic tumors (pink)
liberating intracellular potassium into the tumor interstitial fluid.This disrupts
the electrochemical gradient and limits the ability of Tcells to take up nutrients
(blue, purple, and red symbols), resulting in functional caloric restriction.
(G) Left: Heat map shows relative abundance of profiled metabolites in
Tcells under control and ↑[K+]e conditions. Right: Quantifications highlight the

subset of lipid species enriched involving autophagy flux. Data aremeans ±SEM
of six replicates per conditionper condition. (H) Volcano plot representing
decreased glycolysis metabolites (black) and enrichment of Kennedy inter-
mediates (red). Metabolite abundance is represented as relative change
(x axis) versus significance (y axis). (I) Schematic of the molecular pathways
involved in autophagy and the role of Kennedy pathway components in LC3
lipidation for phagophore formation. (J) GSEA of ↑[K+]e versus control
transcriptional profile compared with wild-type versus Atg7 KO datasets
(GSE57047). NES, normalized enrichment score. All metabolomic data are
means ± SEM of six replicates per condition. **P < 0.01, ***P < 0.001,
****P < 0.0001 (two-tailed t tests).
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TCR activation by inducing cellular membrane  depolarization 
(increased Vm) with subsequent dissipation of the electromotive force 
driving Ca2+ entry. However, we could not detect any changes in 
TCR-induced Ca2+ flux in the presence of isotonic elevations in [K+]e 
(40 mM) (Fig. 2c and Extended Data Fig. 3a). Additionally, elevated 
[K+]e did not affect the phosphorylation of Zap70, Erk1/2 or PLCγ 1,  
or global tyrosine phosphorylation, following TCR ligation (Fig. 2d 
and Extended Data Fig. 3b, c). However, elevated [K+]e did reduce 
TCR-induced phosphorylation of Akt and serine/threonine residues 
targeted by Akt (Fig. 2e–g and Extended Data Fig. 3d), including mTOR 
and the ribosomal protein S6 (Fig. 2f, g and Extended Data Fig. 3d). 
Suppression of Akt–mTOR signalling by elevated [K+]e was noticeable 
at later time points (Extended Data Fig. 3e), was not replicated by other 

osmolytes (Extended Data Fig. 4a) and was apparent in  conditions of 
hypertonic hyperkalaemia (Extended Data Fig. 4b). Consistent with 
a role in limiting Akt–mTOR activity20, elevated [K+]e  inhibited 
TCR-induced nutrient consumption (Extended Data Fig. 4c, d) and 
CD4+ polarization to effector lineages (Extended Data Fig. 4e, f) and 
 promoted the induction of Foxp3+ CD4+ T cells (Extended Data  
Fig. 4g). We therefore conclude that elevated [K+]e limits TCR-driven 
effector function via suppression of the Akt–mTOR pathway.

We next aimed to determine how elevated [K+]e suppresses TCR-
induced Akt–mTOR phosphorylation. First, we hypothesized that 
elevated [K+]e inhibits PI3K activity. However, elevated [K+]e had no 
effect on TCR-induced phosphatidylinositol-3-phosphate (PtdIns3P) 
accumulation (Fig. 2h), indicating that K+-mediated suppression of 
Akt signalling was downstream of PI3K activation. Regulation of Akt 
activity downstream of PI3K is carried out, in part, by serine/threonine 
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Figure 1 | Elevated [K+] within TIF silences the TCR-induced anti-
tumour function of mouse and human T cells. a, b, Ratiometric 
representation of TIF to serum values for the indicated ions from mouse 
(a) and human (b) tumour tissue. c, Linear regression and 95% CI best  
fit line representing the relationship between TIF [K+] and annexin  
V+ cells per g of tumour. Significance calculated by Pearson’s correlation 
coefficient. d, Extracellular concentration of electrolytes following 
induction of cell death as indicated for mouse (left) and human (right) 
tumour cell lines. e–i Anti-CD3 and -CD28 (anti-CD3/CD28)-based 
activation of CD8+ mouse T cells in the indicated conditions with 
representative flow cytometry (e), additional [K+]e equal to 40 mM unless 
otherwise indicated and quantification (f–i). j, Human TILs stimulated in 
the indicated conditions with mutated neo-antigen peptide-pulsed target 
cells (autologous B cells), additional [K+]e =  50 mM. Centre values and 
error bars represent mean ±  s.e.m. * P <  0.05; * * P <  0.01; * * * P <  0.001; 
* * * * P <  0.0001 between selected relevant comparisons, f, g two-way 
ANOVA; h, i, two-tailed Student’s t-tests. a, c, n =  18 biological replicates; 
b, n =  5 biological replicates; d, n =  4 culture replicates; e–i, n =  3 culture 
replicates per condition; j, n =  3 culture replicates; representative of three 
(e–g) or two (h–j) independent experiments.

ba

Unchanged
(69%) 

↓ 2 h
CD3/28
(15%) 

↑ 2 h
CD3/28
(16%) 

↑ [K+]e/ctrl mRNA ratio (log2)

 ↑ [K+]e

 ↑ [K+]e

↑ [K+]e

 ↑ [K+]e ↑ [K+]e

P
 v

al
ue

 (l
og

10
) 

Transcriptional subsets following
TCR stimulation 

–3

–4

4

3

2

1

0
0 50 100 150 200 250

–3

–2

–1

–2 –1 0

Il2
Ifng

Fasl
Tnfa

1 2 3

C
a2+

 fl
ux

Ctrl

 ↑ [K+]eCtrl  ↑ [K+]eCtrl

pErk1/2T202,Y204 pPLCγ1Y783

CtrlNo stimdc

Ctrl

αCD3/CD28

50

75
100

150

pA
kt

 s
ub

st
ra

te
R

XX
pS

/T

β-actin

pAktT308

Total Akt

e
0 2 5 10 min0 2 5 10

Min after αCD3/CD28

f

g

P
td

In
s3

P
/P

td
In

s2
P

 (×
10

–4
) 

pAktS473

CtrlNo stim

10 min αCD3/CD28

Ctrl

LY294002

pS
6S

23
5,

S
23

6

Time (s)

M
FI

 p
A

kt
S

47
3  

(×
10

3 )

M
FI

 p
S

6S
23

5,
S

23
6  

(×
10

2 )

Min after αCD3/CD28

h

2.3 2.4

89.1 6.1

14.3 62.0

18.2 5.4

11.4 27.5

42.6 18.5

0 2 4 6 8 10

0.6

0.9

1.2

1.5

1.8

****

****

0 2 4 6 8 10
0

1

2

3

4

****

NS

0 2 4 6 8 10
0

1

2

3

NS

%
 o

f m
ax

im
um

Figure 2 |[K+]e inhibits TCR-induced transcripts and function by 
suppressing Akt–mTOR phosphorylation. a, Pie chart representing 
proportional subpopulations of all transcripts following 2 h re-stimulation 
of purified CD8+ T cells with anti-CD3/CD28. b, Volcano plot of TCR-
induced genes briefly re-stimulated with anti-CD3/CD28 in the indicated 
conditions. c, TCR cross-linking induced calcium flux of CD8+ cells 
as measured by the quotient of Fluo3 and FuraRed fluorescence in the 
indicated conditions. d, Representative phosphoflow cytometry plots 
following TCR cross-linking in the indicated conditions. e, Immunoblot 
analysis of the indicated phospho-residues in CD8+ T cells following  
TCR cross-linking. f, Quantitative phosphoflow analysis of cells activated 
as in c and d with representative flow cytometry in g. h, Quantification of 
the indicated phosphatidylinositol species in CD8+ T cells activated via 
TCR cross-linking in the indicated conditions. Centre values and error 
bars represent mean ±  s.e.m. * P <  0.05; * * P <  0.01; * * * P <  0.001;  
* * * * P <  0.0001 between selected relevant comparisons, two-way 
ANOVA. c–h, Where noted additional [K+]e =  40 mM. a–c, n =  3 
biological replicates; d, f, n =  3 technical replicates per data point; h, n =  3 
experimental replicates with pooled analysis displayed; d–g, representative 
of at least three independent experiments.
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Fig. 1. Increased [K+]e limits nutrient
uptake and triggers functional caloric
restriction in Tcells. (A) Experimental
setup for activation of CD8+ Tcells in the
indicated conditions: control (regular media;
5 mM K+) or ↑[K+]e (an additional 40 mM K+).
(B and C) Quantification of glycolysis
metabolites (B) and amino acids (C) by liquid
chromatography and mass spectrometry in
the indicated conditions (data shown are
means ± SEM of six replicates per condition).
(D) 2-NBDG uptake in the indicated
conditions with representative histograms
and quantification. (E) Representative fluorescence-activated cell sorting
(FACS) histogram, quantification, and confocal images showing reduced
BODIPY FLC16 uptake in ↑[K+]e versus control Tcells. In (D) and (E),
values indicate average geometric mean fluorescence intensity; data are
means ± SEM and are representative of two independent experiments.
See fig. S1B for confocal quantifications. (F) Schematic of necrotic tumors (pink)
liberating intracellular potassium into the tumor interstitial fluid.This disrupts
the electrochemical gradient and limits the ability of Tcells to take up nutrients
(blue, purple, and red symbols), resulting in functional caloric restriction.
(G) Left: Heat map shows relative abundance of profiled metabolites in
Tcells under control and ↑[K+]e conditions. Right: Quantifications highlight the

subset of lipid species enriched involving autophagy flux. Data aremeans ±SEM
of six replicates per conditionper condition. (H) Volcano plot representing
decreased glycolysis metabolites (black) and enrichment of Kennedy inter-
mediates (red). Metabolite abundance is represented as relative change
(x axis) versus significance (y axis). (I) Schematic of the molecular pathways
involved in autophagy and the role of Kennedy pathway components in LC3
lipidation for phagophore formation. (J) GSEA of ↑[K+]e versus control
transcriptional profile compared with wild-type versus Atg7 KO datasets
(GSE57047). NES, normalized enrichment score. All metabolomic data are
means ± SEM of six replicates per condition. **P < 0.01, ***P < 0.001,
****P < 0.0001 (two-tailed t tests).
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TCR activation by inducing cellular membrane  depolarization 
(increased Vm) with subsequent dissipation of the electromotive force 
driving Ca2+ entry. However, we could not detect any changes in 
TCR-induced Ca2+ flux in the presence of isotonic elevations in [K+]e 
(40 mM) (Fig. 2c and Extended Data Fig. 3a). Additionally, elevated 
[K+]e did not affect the phosphorylation of Zap70, Erk1/2 or PLCγ 1,  
or global tyrosine phosphorylation, following TCR ligation (Fig. 2d 
and Extended Data Fig. 3b, c). However, elevated [K+]e did reduce 
TCR-induced phosphorylation of Akt and serine/threonine residues 
targeted by Akt (Fig. 2e–g and Extended Data Fig. 3d), including mTOR 
and the ribosomal protein S6 (Fig. 2f, g and Extended Data Fig. 3d). 
Suppression of Akt–mTOR signalling by elevated [K+]e was noticeable 
at later time points (Extended Data Fig. 3e), was not replicated by other 

osmolytes (Extended Data Fig. 4a) and was apparent in  conditions of 
hypertonic hyperkalaemia (Extended Data Fig. 4b). Consistent with 
a role in limiting Akt–mTOR activity20, elevated [K+]e  inhibited 
TCR-induced nutrient consumption (Extended Data Fig. 4c, d) and 
CD4+ polarization to effector lineages (Extended Data Fig. 4e, f) and 
 promoted the induction of Foxp3+ CD4+ T cells (Extended Data  
Fig. 4g). We therefore conclude that elevated [K+]e limits TCR-driven 
effector function via suppression of the Akt–mTOR pathway.

We next aimed to determine how elevated [K+]e suppresses TCR-
induced Akt–mTOR phosphorylation. First, we hypothesized that 
elevated [K+]e inhibits PI3K activity. However, elevated [K+]e had no 
effect on TCR-induced phosphatidylinositol-3-phosphate (PtdIns3P) 
accumulation (Fig. 2h), indicating that K+-mediated suppression of 
Akt signalling was downstream of PI3K activation. Regulation of Akt 
activity downstream of PI3K is carried out, in part, by serine/threonine 
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Figure 1 | Elevated [K+] within TIF silences the TCR-induced anti-
tumour function of mouse and human T cells. a, b, Ratiometric 
representation of TIF to serum values for the indicated ions from mouse 
(a) and human (b) tumour tissue. c, Linear regression and 95% CI best  
fit line representing the relationship between TIF [K+] and annexin  
V+ cells per g of tumour. Significance calculated by Pearson’s correlation 
coefficient. d, Extracellular concentration of electrolytes following 
induction of cell death as indicated for mouse (left) and human (right) 
tumour cell lines. e–i Anti-CD3 and -CD28 (anti-CD3/CD28)-based 
activation of CD8+ mouse T cells in the indicated conditions with 
representative flow cytometry (e), additional [K+]e equal to 40 mM unless 
otherwise indicated and quantification (f–i). j, Human TILs stimulated in 
the indicated conditions with mutated neo-antigen peptide-pulsed target 
cells (autologous B cells), additional [K+]e =  50 mM. Centre values and 
error bars represent mean ±  s.e.m. * P <  0.05; * * P <  0.01; * * * P <  0.001; 
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(e–g) or two (h–j) independent experiments.
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Figure 2 |[K+]e inhibits TCR-induced transcripts and function by 
suppressing Akt–mTOR phosphorylation. a, Pie chart representing 
proportional subpopulations of all transcripts following 2 h re-stimulation 
of purified CD8+ T cells with anti-CD3/CD28. b, Volcano plot of TCR-
induced genes briefly re-stimulated with anti-CD3/CD28 in the indicated 
conditions. c, TCR cross-linking induced calcium flux of CD8+ cells 
as measured by the quotient of Fluo3 and FuraRed fluorescence in the 
indicated conditions. d, Representative phosphoflow cytometry plots 
following TCR cross-linking in the indicated conditions. e, Immunoblot 
analysis of the indicated phospho-residues in CD8+ T cells following  
TCR cross-linking. f, Quantitative phosphoflow analysis of cells activated 
as in c and d with representative flow cytometry in g. h, Quantification of 
the indicated phosphatidylinositol species in CD8+ T cells activated via 
TCR cross-linking in the indicated conditions. Centre values and error 
bars represent mean ±  s.e.m. * P <  0.05; * * P <  0.01; * * * P <  0.001;  
* * * * P <  0.0001 between selected relevant comparisons, two-way 
ANOVA. c–h, Where noted additional [K+]e =  40 mM. a–c, n =  3 
biological replicates; d, f, n =  3 technical replicates per data point; h, n =  3 
experimental replicates with pooled analysis displayed; d–g, representative 
of at least three independent experiments.
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Fig. 1. Increased [K+]e limits nutrient
uptake and triggers functional caloric
restriction in Tcells. (A) Experimental
setup for activation of CD8+ Tcells in the
indicated conditions: control (regular media;
5 mM K+) or ↑[K+]e (an additional 40 mM K+).
(B and C) Quantification of glycolysis
metabolites (B) and amino acids (C) by liquid
chromatography and mass spectrometry in
the indicated conditions (data shown are
means ± SEM of six replicates per condition).
(D) 2-NBDG uptake in the indicated
conditions with representative histograms
and quantification. (E) Representative fluorescence-activated cell sorting
(FACS) histogram, quantification, and confocal images showing reduced
BODIPY FLC16 uptake in ↑[K+]e versus control Tcells. In (D) and (E),
values indicate average geometric mean fluorescence intensity; data are
means ± SEM and are representative of two independent experiments.
See fig. S1B for confocal quantifications. (F) Schematic of necrotic tumors (pink)
liberating intracellular potassium into the tumor interstitial fluid.This disrupts
the electrochemical gradient and limits the ability of Tcells to take up nutrients
(blue, purple, and red symbols), resulting in functional caloric restriction.
(G) Left: Heat map shows relative abundance of profiled metabolites in
Tcells under control and ↑[K+]e conditions. Right: Quantifications highlight the

subset of lipid species enriched involving autophagy flux. Data aremeans ±SEM
of six replicates per conditionper condition. (H) Volcano plot representing
decreased glycolysis metabolites (black) and enrichment of Kennedy inter-
mediates (red). Metabolite abundance is represented as relative change
(x axis) versus significance (y axis). (I) Schematic of the molecular pathways
involved in autophagy and the role of Kennedy pathway components in LC3
lipidation for phagophore formation. (J) GSEA of ↑[K+]e versus control
transcriptional profile compared with wild-type versus Atg7 KO datasets
(GSE57047). NES, normalized enrichment score. All metabolomic data are
means ± SEM of six replicates per condition. **P < 0.01, ***P < 0.001,
****P < 0.0001 (two-tailed t tests).
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metabolites (B) and amino acids (C) by liquid
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BODIPY FLC16 uptake in ↑[K+]e versus control Tcells. In (D) and (E),
values indicate average geometric mean fluorescence intensity; data are
means ± SEM and are representative of two independent experiments.
See fig. S1B for confocal quantifications. (F) Schematic of necrotic tumors (pink)
liberating intracellular potassium into the tumor interstitial fluid.This disrupts
the electrochemical gradient and limits the ability of Tcells to take up nutrients
(blue, purple, and red symbols), resulting in functional caloric restriction.
(G) Left: Heat map shows relative abundance of profiled metabolites in
Tcells under control and ↑[K+]e conditions. Right: Quantifications highlight the

subset of lipid species enriched involving autophagy flux. Data aremeans ±SEM
of six replicates per conditionper condition. (H) Volcano plot representing
decreased glycolysis metabolites (black) and enrichment of Kennedy inter-
mediates (red). Metabolite abundance is represented as relative change
(x axis) versus significance (y axis). (I) Schematic of the molecular pathways
involved in autophagy and the role of Kennedy pathway components in LC3
lipidation for phagophore formation. (J) GSEA of ↑[K+]e versus control
transcriptional profile compared with wild-type versus Atg7 KO datasets
(GSE57047). NES, normalized enrichment score. All metabolomic data are
means ± SEM of six replicates per condition. **P < 0.01, ***P < 0.001,
****P < 0.0001 (two-tailed t tests).
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(B and C) Quantification of glycolysis
metabolites (B) and amino acids (C) by liquid
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the indicated conditions (data shown are
means ± SEM of six replicates per condition).
(D) 2-NBDG uptake in the indicated
conditions with representative histograms
and quantification. (E) Representative fluorescence-activated cell sorting
(FACS) histogram, quantification, and confocal images showing reduced
BODIPY FLC16 uptake in ↑[K+]e versus control Tcells. In (D) and (E),
values indicate average geometric mean fluorescence intensity; data are
means ± SEM and are representative of two independent experiments.
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Fig. 2. Tcells exposed to increased [K+]e recycle nutrients via autophagy
during functional caloric restriction. (A) Schematic for monitoring
autophagy flux using retroviral mCherry-eGFP-LC3 construct. (B) Experimental
setup of in vitro culture conditions for activation of pmel CD8+ Tcells with
gp100, followed by retroviral transduction with mCherry-GFP-LC3 construct
at indicated time points. (C) Representative live-cell confocal images defining
the GFP and mCherry puncta in cells treated under the indicated conditions.
See fig. S2B for quantification of confocal images. (D) Representative flow
cytometry plot and quantification of autophagy flux in the indicated conditions
by measuring the loss of GFP in mCherry populations. Data are means ±
SEM and are representative of two independent experiments. (E and
F) Immunoblotdensitometries andquantificationofmouseorhumanCD8+Tcells

for LC3b-I and LC3b-II in control or ↑[K+]e conditions. Quantification of auto-
phagy flux is represented by ratio of LCb3-II/LC3b-I intensities. Data are means
±SEMof three independentWestern blots. (G andH) Immunoblot densitometry
of CD8+ Tcells obtained frommouse or human for phosphor-S6 (Ser235/236)
in control or ↑[K+]e conditions. (I and J) Representative O2 consumption rates
(OCR) of CD8+ pmel transgenicTcells and CD8+ Tcells obtained from fresh
tumor digest of a melanoma patient cultured in control or ↑[K+]e measured in
real time under basal conditions in response to the mitochondrial inhibitors
oligomycin, FCCP [carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone],
and R&A (rotenone and antimycin). For all relevant panels here and in later
figures, center values and error bars represent means ± SEM. **P < 0.01,
***P < 0.001, ****P < 0.0001 (two-tailed t tests).
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Fig. 2. Tcells exposed to increased [K+]e recycle nutrients via autophagy
during functional caloric restriction. (A) Schematic for monitoring
autophagy flux using retroviral mCherry-eGFP-LC3 construct. (B) Experimental
setup of in vitro culture conditions for activation of pmel CD8+ Tcells with
gp100, followed by retroviral transduction with mCherry-GFP-LC3 construct
at indicated time points. (C) Representative live-cell confocal images defining
the GFP and mCherry puncta in cells treated under the indicated conditions.
See fig. S2B for quantification of confocal images. (D) Representative flow
cytometry plot and quantification of autophagy flux in the indicated conditions
by measuring the loss of GFP in mCherry populations. Data are means ±
SEM and are representative of two independent experiments. (E and
F) Immunoblotdensitometries andquantificationofmouseorhumanCD8+Tcells

for LC3b-I and LC3b-II in control or ↑[K+]e conditions. Quantification of auto-
phagy flux is represented by ratio of LCb3-II/LC3b-I intensities. Data are means
±SEMof three independentWestern blots. (G andH) Immunoblot densitometry
of CD8+ Tcells obtained frommouse or human for phosphor-S6 (Ser235/236)
in control or ↑[K+]e conditions. (I and J) Representative O2 consumption rates
(OCR) of CD8+ pmel transgenicTcells and CD8+ Tcells obtained from fresh
tumor digest of a melanoma patient cultured in control or ↑[K+]e measured in
real time under basal conditions in response to the mitochondrial inhibitors
oligomycin, FCCP [carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone],
and R&A (rotenone and antimycin). For all relevant panels here and in later
figures, center values and error bars represent means ± SEM. **P < 0.01,
***P < 0.001, ****P < 0.0001 (two-tailed t tests).
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Fig. 2. Tcells exposed to increased [K+]e recycle nutrients via autophagy
during functional caloric restriction. (A) Schematic for monitoring
autophagy flux using retroviral mCherry-eGFP-LC3 construct. (B) Experimental
setup of in vitro culture conditions for activation of pmel CD8+ Tcells with
gp100, followed by retroviral transduction with mCherry-GFP-LC3 construct
at indicated time points. (C) Representative live-cell confocal images defining
the GFP and mCherry puncta in cells treated under the indicated conditions.
See fig. S2B for quantification of confocal images. (D) Representative flow
cytometry plot and quantification of autophagy flux in the indicated conditions
by measuring the loss of GFP in mCherry populations. Data are means ±
SEM and are representative of two independent experiments. (E and
F) Immunoblotdensitometries andquantificationofmouseorhumanCD8+Tcells

for LC3b-I and LC3b-II in control or ↑[K+]e conditions. Quantification of auto-
phagy flux is represented by ratio of LCb3-II/LC3b-I intensities. Data are means
±SEMof three independentWestern blots. (G andH) Immunoblot densitometry
of CD8+ Tcells obtained frommouse or human for phosphor-S6 (Ser235/236)
in control or ↑[K+]e conditions. (I and J) Representative O2 consumption rates
(OCR) of CD8+ pmel transgenicTcells and CD8+ Tcells obtained from fresh
tumor digest of a melanoma patient cultured in control or ↑[K+]e measured in
real time under basal conditions in response to the mitochondrial inhibitors
oligomycin, FCCP [carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone],
and R&A (rotenone and antimycin). For all relevant panels here and in later
figures, center values and error bars represent means ± SEM. **P < 0.01,
***P < 0.001, ****P < 0.0001 (two-tailed t tests).
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Fig. 3. Elevated [K+]e-
mediated metabolic
programming depletes
cytoplasmic AcCoA to
preserve epigenetic
stemness. (A) Schematic
of the molecular pathways
involving compartmentali-
zation of mitochondrial
and cytoplasmic AcCoA.
Model depicts how reduc-
tion in cytoplasmic AcCoA
inhibits acquisition of effec-
tor functions through epi-
genetic changes. (B and
C) Quantifications of total
cellular AcCoA, cyto-
plasmic citrate, and
nucleocytosolic AcCoA
from cells treated in the
indicated conditions. Data
are means ± SEM and are
representative of two
independent experiments
with at least three culture
replicates. (D) Representa-
tive immunoblot showing
reduced protein acetylation
on Lys residues in the indi-
cated conditions, with
quantification at right. Data
are means ± SEM and are
representative of two
independent experiments.
(E) Drosophila DNA spike-
in normalized quantifica-
tions of H3K9Ac and
H3K27Ac enrichment by
ChIP-PCR at the Ifng locus.
Data are means ± SEM and
are representative of two
independent experiments
with at least three culture
replicates. (F) Representa-
tive genomic alignments of
H3K9Ac ChIP-seq and
RNA-seq measurements
showing reduced deposi-
tion of acetylation or tran-
scripts at the Ifng locus
of CD8+ Tcells treated in
the indicated conditions.
Black bars under the tracks
represent the called com-
mon peaks in ↑[K+]e
and control. Black boxes
are sites of acetylation
at transcription start site
(TSS) and enhancer loci. (G) Representative genomic alignments of H3K9Ac
deposition on the inhibitory receptor gene loci Pdcd1 (CD279), CD244
(2B4), Havcr2 (Tim-3), and Klrg1. (H) Left: Volcano plot depicting a subset
of effector genes and inhibitory receptors with reduced H3K9Ac deposition
in ↑[K+]e relative to control Tcells. Right: GSEA with statistical analysis of
effector genes and gene set associated with loss of stemness (Tim3+ versus
CXCR5+ UP). Abundance is represented as relative change (x axis, calculated

from normalized read counts of the peaks annotated to nearest TSS) versus
significance (y axis). (I) Volcano plots representing reduced H3K9Ac
deposition of effector genes that showed differential chromatin accessibility in
ATAC-seq datasets (GSE86797) of the indicated conditions. Abundance is
represented as relative change (x axis) versus significance (y axis). ChIP-seq
experiments for each condition were performed with two independent
cultures. *P < 0.05, **P < 0.01, ***P < 0.001 (two-tailed t tests).
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Because enforced expression of Acss1 resembled
↑[K+]e-conditioned T cells in many respects,
we sought to probe their function in vivo. We
found that CD8+ T cells engineered to express
Acss1 demonstrated markedly improved per-
sistence after viral infection (fig. S13F). Most

important, we found that pmel CD8+ T cells
engineered to express Acss1 mediated improved
tumor treatment and survival of mice bearing
established B16 tumors (Fig. 6I). Taken together,
these data show that the Acss1 protein is en-
riched upon nutrient restriction induced by

↑[K+]e and that enforced expression of Acss1
can metabolically reprogram antitumor T cells
by driving enhanced oxygen utilization and au-
tophagy (Fig. 6J), improving T cell persistence
as well as tumor clearance and survival in tumor-
bearing mice.
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TCA cycle intermediates are sensed through alpha-ketoglutarate (aKG)-dependent dioxygenases, 
a versatile group of iron-containing enzymes that includes key players in epigenetic regulation, 

oxygen sensing, lipid metabolism, and other critical processes.  

These enzymes couple the decarboxylation of aKG with the oxidation of the substrate, and in 
many cases the predicted KM of those enzymes to aKG overlaps with its physiological levels, 

suggesting that their activity may dynamically respond to intracellular aKG levels. 
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α-KG is generated by IDH enzymes



IDH1/2 are frequently mutated in gliomas



Mutant IDH are neomorphic

Mutant IDH enzymes generate a new metabolite (“oncometabolite”) that works as 
a competitive inhibitor for physiological a-KG 



2-HG is an ONCOMETABOLITE 
It drives gliomagenesis through rewiring of both the epigenome and cellular metabolism

Lu et al, Nature, 2012
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2-HG blockade can reverse tumorigenesis



i.e.: antifolates are “METABOLIC drugs”

Nature | Vol 579 | 26 March 2020 | 511

Amino acid deprivation
Although amino acids are traditionally classified as ‘essential’ or ‘non-
essential’, reflecting their relative dietary requirements for organismal 
fitness and growth, these categories are less relevant for cancer cells. 
Most ‘non-essential’ amino acids are required in large amounts by 
cancer cells for various anabolic processes, and the deprivation of 
specific amino acids often severely compromises the fitness of can-
cer cells, regardless of their ability to synthesize these amino acids. 
When discussing dietary restriction of amino acids it is important to 
consider the buffering of their levels in the blood by muscle atrophy, 
which occurs in order to allow the supply of essential amino acids to 
essential organs49. Owing to muscle atrophy, dietary deprivation of 
essential amino acids is likely to cause an increase in the  levels of all 
non-deprived amino acids in the serum, and even full withdrawal of all 
dietary protein is ineffective at reducing the levels of most amino acids 
in the blood50. Therefore, it is not trivial to deplete amino acid levels 
in the tumour milieu without causing a severe whole-body reduction 
of these amino acids that is likely to be toxic. From a technical per-
spective, specific amino acid restriction can be achieved in humans 
by defined protein beverages, supplemented with fruits, vegetables 
and some grains51.

Here we do not consider the common requirement for all amino acids 
as building blocks for protein synthesis, but rather focus on the unique 
metabolic functions of specific amino acids in cancer metabolism, and 
the potential benefits of their dietary depletion.

Methionine. Cancer cells require high levels of methionine for their 
growth, and many cancer cell lines are methionine auxotrophs52. In ad-
dition to its key requirement for translation, methionine is a substrate 
for S-adenosylmethionine (SAM) metabolism and is thus important for 
SAM-dependent downstream methylation reactions, including DNA 
methylation, which regulates gene expression53. Adequate levels of SAM 
are also necessary for the activation of mTORC154, which is the effector 
kinase of a major pro-proliferative oncogenic signalling pathway5,23. 
Finally, dietary methionine reduces cellular redox stress55, which is of 
particular importance for cancer cells.

The potential of dietary methionine restriction to enhance cancer 
treatment was first suggested in the early 1990s, and has been dem-
onstrated in various mouse models and types of cancer, including 
sarcoma51,56, glioma57,58, prostate cancer59,60, colorectal cancer51,61, 
breast cancer62–64, and melanoma65. As restriction of methionine for 

one week only is sufficient to yield significant metabolic changes in 
mice66, and methionine deprivation for short time periods is more 
likely to be complied with by patients, future studies should probably 
focus on the restriction of dietary methionine for periods shorter than 
several weeks.

Recently, it was shown that methionine restriction in humans results 
in similar metabolic changes to those observed in methionine-deprived 
tumour-bearing mice, including inhibition of one-carbon metabolism and 
nucleotide synthesis51. These encouraging results imply that methionine 
restriction in patients with cancer is likely to inhibit tumour progression 
similarly to its well-documented anti-tumorigenic effect in mouse models.

There are drawbacks to methionine deprivation. For example, the 
restriction of both methionine and cysteine has a pro-angiogenic 
effect67 that should be carefully considered when recommending 
dietary changes for patients with solid tumours. Specifically, secre-
tion of VEGF by endothelial cells following restriction of methionine 
and cysteine might support tumour growth, and must be taken into 
account in cases of tumours that overexpress VEGF and rely on it for 
their growth68.

Dietary restriction of methionine shows particular promise as a 
cancer-preventive regime: it has been shown to extend the lifespan 
of rodents69,70, and to result in several metabolic benefits that might 
improve healthspan as well70–72. These studies suggest that long-term 
methionine restriction is a safe and beneficial dietary strategy that is 
worth considering by healthy individuals to prevent cancer.

Serine. Serine contributes to several metabolic processes, including 
nucleotide synthesis, the response to oxidative stress, and the TCA 
cycle. Serine is considered a non-essential amino acid because cells can 
synthesize it de novo from glucose or glycine (Fig. 3). However, cancer 
cells depend on exogenous serine to support their high proliferation 
rate73,74. This positions serine as a cancer-specific essential nutrient.

Dietary deprivation of serine might enhance serine synthesis from 
glucose and/or glycine. While de novo synthesis of serine from glu-
cose by the serine synthesis pathway is an essential process in some 
cancer cells and can promote tumour growth in vivo, in these cases it 
is uncoupled from serine availability and its activation depends mostly 
on genomic variations in the first enzyme in the serine synthesis path-
way—phosphoglycerate dehydrogenase (PHGDH)75. PHGDH catalyses 
the committed step in serine synthesis (3-phospho-D-glycerate + NAD+ 
↔ 3-phosphonooxypyruvate + NADH). In many cases, serine synthesis 
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Fig. 3 | Serine metabolism in cancer cells. Serine is an essential metabolite for 
many cancer cells, even though it can be synthesized in mammalian cells. 
Serine can be synthesized from glucose through the serine synthesis pathway, 
or from glycine by the enzyme SHMT. Serine has been shown to contribute to 
ceramide synthesis142, which is important for mitochondrial function; in 
addition, through its metabolism to phosphatidylserine, serine participates in 
membrane synthesis. Serine can serve as a source for cysteine, which is 

important for glutathione (GSH) synthesis and the oxidative stress response, 
or for pyruvate, a TCA cycle substrate that is important for ATP production. 
Serine can also be converted into glycine during the conversion of THF to 
5,10-methylene THF, which is critical for one-carbon metabolism and 
nucleotide biosynthesis, as well as for the methylation cycle and thus 
methylation of DNA, RNA and proteins143.
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Acetyl-CoA levels fluctuate in response to nutrient 
availability 

Lee, Carrer, Shah et al, Cell Metabol, 2014
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Lee et al, Mol Cell Oncol, 2014 (modified)

ratio of acetyl-CoA:CoA are regulated
dynamically by glucose availability in
mammalian cells, and that nuclear levels
of both acetyl-CoA and CoA can impact
overall histone acetylation levels.6 In the
context of cancer biology, though, what is
the significance of these observations?
How is acetyl-CoA metabolism altered in
cancer cells and is metabolism a significant
contributor to tumor histone acetylation
levels? If so, how does this impact tumor
growth?

We have recently attempted to address
the first question—is oncogenic control of
acetyl-CoA metabolism a major determi-
nant of cancer cell histone acetylation lev-
els? We found that constitutive activation
of the PI3 kinase-AKT1 pathway does

indeed promote elevated histone acetyla-
tion, both in vitro in cancer cell lines and
in vivo in 2 different mouse models.6 The
effects of AKT1 on histone acetylation
rely on glucose-dependent production of
acetyl-CoA, and when AKT1 is inhibited,
both acetyl-CoA and histone acetylation
levels decrease.6 Interestingly, although
histone acetylation levels are regulated by
glucose, phosphorylation of ACLY down-
stream of AKT1 allows histone acetylation
to be sustained during glucose limitation.6

Such a mechanism could potentially
enable tumor cells to maintain histone
acetylation in a heterogeneous microenvi-
ronment. In support of this possibility,
global histone acetylation levels were
found to correlate significantly with

pAKT(Ser473) in human gliomas and
prostate tumors.6 These data strongly sug-
gest that metabolic reprogramming medi-
ated by AKT1 could indeed be a major
contributor to histone acetylation levels in
tumors.

What this ultimately means for
tumor development and growth will
require further investigation. In glio-
blastoma cells, genes favored in the
presence of high acetyl-CoA include
those with roles in cell cycle and DNA
replication.6 During glucose limitation,
artificially increasing acetyl-CoA levels
stimulated expression of these genes,
but did not promote proliferation
unless other glucose-dependent metabo-
lites were provided.6 Thus, acetyl-CoA
may provide a pro-growth signal to the
cell by regulating relevant gene expres-
sion programs. Notably, elevated his-
tone acetylation is observed upon
oncogene activation in mice prior to
the appearance of tumors.6 Future stud-
ies could thus also consider the intrigu-
ing possibility that oncogene-induced
metabolic regulation of histone acetyla-
tion might promote a favorable epige-
netic context for malignant
transformation. Finally, it is worth con-
sidering that whatever the role of ace-
tyl-CoA–regulated histone acetylation in
tumorigenesis, it may well represent the
tip of the iceberg since oncogene-
induced metabolic alterations may also
impact levels of other key metabolites
needed for chromatin modifications,
such as the methyl donor S-adenosyl
methionine (SAM) or UDP-N-acetyl-
glucosamine (UDP-GlcNAc), the sub-
strate for O-GlcNAc modification.10 It
will be of interest to assess whether
therapeutics targeting cancer metabo-
lism also impact chromatin modifica-
tions. If they do, might this interaction
play a role in therapeutic efficacy or
sensitize cells to drugs that target
epigenetics?

Tumorigenesis is often considered a
linear process whereby gene mutations or
epigenetic alterations cause oncogenic sig-
naling and transcription that then pro-
mote growth and survival through
multiple mechanisms, including rewiring
metabolism. The finding that AKT1-
dependent metabolic reprogramming has
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Figure 1. A cancerous web: acetyl-CoA promotes growth and proliferation through multiple mech-
anisms. Outside of mitochondria, acetyl-CoA can be generated from citrate by ATP-citrate lyase
(ACLY), from acetate by acyl-CoA synthetase short chain family member 2 (ACSS2), and from pyru-
vate by the pyruvate dehydrogenase complex (PDC), which was recently reported to translocate
from mitochondria into the nucleus. Acetyl-CoA has long been known to support growth and prolif-
eration through its roles in the synthesis of fatty acids and cholesterol. Acetyl-CoA also participates
in the regulation of histone acetylation and gene expression, is required for acetylation of numer-
ous metabolic enzymes, and suppresses autophagy. Although many details remain to be eluci-
dated, it is clear that acetylation plays crucial roles in modulating cellular activities, including
decisions to grow and divide, in accordance with metabolic resources.
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ratio of acetyl-CoA:CoA are regulated
dynamically by glucose availability in
mammalian cells, and that nuclear levels
of both acetyl-CoA and CoA can impact
overall histone acetylation levels.6 In the
context of cancer biology, though, what is
the significance of these observations?
How is acetyl-CoA metabolism altered in
cancer cells and is metabolism a significant
contributor to tumor histone acetylation
levels? If so, how does this impact tumor
growth?

We have recently attempted to address
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acetyl-CoA metabolism a major determi-
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levels decrease.6 Interestingly, although
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Such a mechanism could potentially
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global histone acetylation levels were
found to correlate significantly with

pAKT(Ser473) in human gliomas and
prostate tumors.6 These data strongly sug-
gest that metabolic reprogramming medi-
ated by AKT1 could indeed be a major
contributor to histone acetylation levels in
tumors.

What this ultimately means for
tumor development and growth will
require further investigation. In glio-
blastoma cells, genes favored in the
presence of high acetyl-CoA include
those with roles in cell cycle and DNA
replication.6 During glucose limitation,
artificially increasing acetyl-CoA levels
stimulated expression of these genes,
but did not promote proliferation
unless other glucose-dependent metabo-
lites were provided.6 Thus, acetyl-CoA
may provide a pro-growth signal to the
cell by regulating relevant gene expres-
sion programs. Notably, elevated his-
tone acetylation is observed upon
oncogene activation in mice prior to
the appearance of tumors.6 Future stud-
ies could thus also consider the intrigu-
ing possibility that oncogene-induced
metabolic regulation of histone acetyla-
tion might promote a favorable epige-
netic context for malignant
transformation. Finally, it is worth con-
sidering that whatever the role of ace-
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tumorigenesis, it may well represent the
tip of the iceberg since oncogene-
induced metabolic alterations may also
impact levels of other key metabolites
needed for chromatin modifications,
such as the methyl donor S-adenosyl
methionine (SAM) or UDP-N-acetyl-
glucosamine (UDP-GlcNAc), the sub-
strate for O-GlcNAc modification.10 It
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naling and transcription that then pro-
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metabolism. The finding that AKT1-
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Figure 1. A cancerous web: acetyl-CoA promotes growth and proliferation through multiple mech-
anisms. Outside of mitochondria, acetyl-CoA can be generated from citrate by ATP-citrate lyase
(ACLY), from acetate by acyl-CoA synthetase short chain family member 2 (ACSS2), and from pyru-
vate by the pyruvate dehydrogenase complex (PDC), which was recently reported to translocate
from mitochondria into the nucleus. Acetyl-CoA has long been known to support growth and prolif-
eration through its roles in the synthesis of fatty acids and cholesterol. Acetyl-CoA also participates
in the regulation of histone acetylation and gene expression, is required for acetylation of numer-
ous metabolic enzymes, and suppresses autophagy. Although many details remain to be eluci-
dated, it is clear that acetylation plays crucial roles in modulating cellular activities, including
decisions to grow and divide, in accordance with metabolic resources.
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the significance of these observations?
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cancer cells and is metabolism a significant
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levels? If so, how does this impact tumor
growth?
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anisms. Outside of mitochondria, acetyl-CoA can be generated from citrate by ATP-citrate lyase
(ACLY), from acetate by acyl-CoA synthetase short chain family member 2 (ACSS2), and from pyru-
vate by the pyruvate dehydrogenase complex (PDC), which was recently reported to translocate
from mitochondria into the nucleus. Acetyl-CoA has long been known to support growth and prolif-
eration through its roles in the synthesis of fatty acids and cholesterol. Acetyl-CoA also participates
in the regulation of histone acetylation and gene expression, is required for acetylation of numer-
ous metabolic enzymes, and suppresses autophagy. Although many details remain to be eluci-
dated, it is clear that acetylation plays crucial roles in modulating cellular activities, including
decisions to grow and divide, in accordance with metabolic resources.
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ratio of acetyl-CoA:CoA are regulated
dynamically by glucose availability in
mammalian cells, and that nuclear levels
of both acetyl-CoA and CoA can impact
overall histone acetylation levels.6 In the
context of cancer biology, though, what is
the significance of these observations?
How is acetyl-CoA metabolism altered in
cancer cells and is metabolism a significant
contributor to tumor histone acetylation
levels? If so, how does this impact tumor
growth?

We have recently attempted to address
the first question—is oncogenic control of
acetyl-CoA metabolism a major determi-
nant of cancer cell histone acetylation lev-
els? We found that constitutive activation
of the PI3 kinase-AKT1 pathway does

indeed promote elevated histone acetyla-
tion, both in vitro in cancer cell lines and
in vivo in 2 different mouse models.6 The
effects of AKT1 on histone acetylation
rely on glucose-dependent production of
acetyl-CoA, and when AKT1 is inhibited,
both acetyl-CoA and histone acetylation
levels decrease.6 Interestingly, although
histone acetylation levels are regulated by
glucose, phosphorylation of ACLY down-
stream of AKT1 allows histone acetylation
to be sustained during glucose limitation.6

Such a mechanism could potentially
enable tumor cells to maintain histone
acetylation in a heterogeneous microenvi-
ronment. In support of this possibility,
global histone acetylation levels were
found to correlate significantly with

pAKT(Ser473) in human gliomas and
prostate tumors.6 These data strongly sug-
gest that metabolic reprogramming medi-
ated by AKT1 could indeed be a major
contributor to histone acetylation levels in
tumors.

What this ultimately means for
tumor development and growth will
require further investigation. In glio-
blastoma cells, genes favored in the
presence of high acetyl-CoA include
those with roles in cell cycle and DNA
replication.6 During glucose limitation,
artificially increasing acetyl-CoA levels
stimulated expression of these genes,
but did not promote proliferation
unless other glucose-dependent metabo-
lites were provided.6 Thus, acetyl-CoA
may provide a pro-growth signal to the
cell by regulating relevant gene expres-
sion programs. Notably, elevated his-
tone acetylation is observed upon
oncogene activation in mice prior to
the appearance of tumors.6 Future stud-
ies could thus also consider the intrigu-
ing possibility that oncogene-induced
metabolic regulation of histone acetyla-
tion might promote a favorable epige-
netic context for malignant
transformation. Finally, it is worth con-
sidering that whatever the role of ace-
tyl-CoA–regulated histone acetylation in
tumorigenesis, it may well represent the
tip of the iceberg since oncogene-
induced metabolic alterations may also
impact levels of other key metabolites
needed for chromatin modifications,
such as the methyl donor S-adenosyl
methionine (SAM) or UDP-N-acetyl-
glucosamine (UDP-GlcNAc), the sub-
strate for O-GlcNAc modification.10 It
will be of interest to assess whether
therapeutics targeting cancer metabo-
lism also impact chromatin modifica-
tions. If they do, might this interaction
play a role in therapeutic efficacy or
sensitize cells to drugs that target
epigenetics?

Tumorigenesis is often considered a
linear process whereby gene mutations or
epigenetic alterations cause oncogenic sig-
naling and transcription that then pro-
mote growth and survival through
multiple mechanisms, including rewiring
metabolism. The finding that AKT1-
dependent metabolic reprogramming has
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Figure 1. A cancerous web: acetyl-CoA promotes growth and proliferation through multiple mech-
anisms. Outside of mitochondria, acetyl-CoA can be generated from citrate by ATP-citrate lyase
(ACLY), from acetate by acyl-CoA synthetase short chain family member 2 (ACSS2), and from pyru-
vate by the pyruvate dehydrogenase complex (PDC), which was recently reported to translocate
from mitochondria into the nucleus. Acetyl-CoA has long been known to support growth and prolif-
eration through its roles in the synthesis of fatty acids and cholesterol. Acetyl-CoA also participates
in the regulation of histone acetylation and gene expression, is required for acetylation of numer-
ous metabolic enzymes, and suppresses autophagy. Although many details remain to be eluci-
dated, it is clear that acetylation plays crucial roles in modulating cellular activities, including
decisions to grow and divide, in accordance with metabolic resources.
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ratio of acetyl-CoA:CoA are regulated
dynamically by glucose availability in
mammalian cells, and that nuclear levels
of both acetyl-CoA and CoA can impact
overall histone acetylation levels.6 In the
context of cancer biology, though, what is
the significance of these observations?
How is acetyl-CoA metabolism altered in
cancer cells and is metabolism a significant
contributor to tumor histone acetylation
levels? If so, how does this impact tumor
growth?

We have recently attempted to address
the first question—is oncogenic control of
acetyl-CoA metabolism a major determi-
nant of cancer cell histone acetylation lev-
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of the PI3 kinase-AKT1 pathway does
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acetyl-CoA, and when AKT1 is inhibited,
both acetyl-CoA and histone acetylation
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histone acetylation levels are regulated by
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Such a mechanism could potentially
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acetylation in a heterogeneous microenvi-
ronment. In support of this possibility,
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found to correlate significantly with

pAKT(Ser473) in human gliomas and
prostate tumors.6 These data strongly sug-
gest that metabolic reprogramming medi-
ated by AKT1 could indeed be a major
contributor to histone acetylation levels in
tumors.

What this ultimately means for
tumor development and growth will
require further investigation. In glio-
blastoma cells, genes favored in the
presence of high acetyl-CoA include
those with roles in cell cycle and DNA
replication.6 During glucose limitation,
artificially increasing acetyl-CoA levels
stimulated expression of these genes,
but did not promote proliferation
unless other glucose-dependent metabo-
lites were provided.6 Thus, acetyl-CoA
may provide a pro-growth signal to the
cell by regulating relevant gene expres-
sion programs. Notably, elevated his-
tone acetylation is observed upon
oncogene activation in mice prior to
the appearance of tumors.6 Future stud-
ies could thus also consider the intrigu-
ing possibility that oncogene-induced
metabolic regulation of histone acetyla-
tion might promote a favorable epige-
netic context for malignant
transformation. Finally, it is worth con-
sidering that whatever the role of ace-
tyl-CoA–regulated histone acetylation in
tumorigenesis, it may well represent the
tip of the iceberg since oncogene-
induced metabolic alterations may also
impact levels of other key metabolites
needed for chromatin modifications,
such as the methyl donor S-adenosyl
methionine (SAM) or UDP-N-acetyl-
glucosamine (UDP-GlcNAc), the sub-
strate for O-GlcNAc modification.10 It
will be of interest to assess whether
therapeutics targeting cancer metabo-
lism also impact chromatin modifica-
tions. If they do, might this interaction
play a role in therapeutic efficacy or
sensitize cells to drugs that target
epigenetics?

Tumorigenesis is often considered a
linear process whereby gene mutations or
epigenetic alterations cause oncogenic sig-
naling and transcription that then pro-
mote growth and survival through
multiple mechanisms, including rewiring
metabolism. The finding that AKT1-
dependent metabolic reprogramming has
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Figure 1. A cancerous web: acetyl-CoA promotes growth and proliferation through multiple mech-
anisms. Outside of mitochondria, acetyl-CoA can be generated from citrate by ATP-citrate lyase
(ACLY), from acetate by acyl-CoA synthetase short chain family member 2 (ACSS2), and from pyru-
vate by the pyruvate dehydrogenase complex (PDC), which was recently reported to translocate
from mitochondria into the nucleus. Acetyl-CoA has long been known to support growth and prolif-
eration through its roles in the synthesis of fatty acids and cholesterol. Acetyl-CoA also participates
in the regulation of histone acetylation and gene expression, is required for acetylation of numer-
ous metabolic enzymes, and suppresses autophagy. Although many details remain to be eluci-
dated, it is clear that acetylation plays crucial roles in modulating cellular activities, including
decisions to grow and divide, in accordance with metabolic resources.
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ratio of acetyl-CoA:CoA are regulated
dynamically by glucose availability in
mammalian cells, and that nuclear levels
of both acetyl-CoA and CoA can impact
overall histone acetylation levels.6 In the
context of cancer biology, though, what is
the significance of these observations?
How is acetyl-CoA metabolism altered in
cancer cells and is metabolism a significant
contributor to tumor histone acetylation
levels? If so, how does this impact tumor
growth?

We have recently attempted to address
the first question—is oncogenic control of
acetyl-CoA metabolism a major determi-
nant of cancer cell histone acetylation lev-
els? We found that constitutive activation
of the PI3 kinase-AKT1 pathway does

indeed promote elevated histone acetyla-
tion, both in vitro in cancer cell lines and
in vivo in 2 different mouse models.6 The
effects of AKT1 on histone acetylation
rely on glucose-dependent production of
acetyl-CoA, and when AKT1 is inhibited,
both acetyl-CoA and histone acetylation
levels decrease.6 Interestingly, although
histone acetylation levels are regulated by
glucose, phosphorylation of ACLY down-
stream of AKT1 allows histone acetylation
to be sustained during glucose limitation.6

Such a mechanism could potentially
enable tumor cells to maintain histone
acetylation in a heterogeneous microenvi-
ronment. In support of this possibility,
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found to correlate significantly with

pAKT(Ser473) in human gliomas and
prostate tumors.6 These data strongly sug-
gest that metabolic reprogramming medi-
ated by AKT1 could indeed be a major
contributor to histone acetylation levels in
tumors.

What this ultimately means for
tumor development and growth will
require further investigation. In glio-
blastoma cells, genes favored in the
presence of high acetyl-CoA include
those with roles in cell cycle and DNA
replication.6 During glucose limitation,
artificially increasing acetyl-CoA levels
stimulated expression of these genes,
but did not promote proliferation
unless other glucose-dependent metabo-
lites were provided.6 Thus, acetyl-CoA
may provide a pro-growth signal to the
cell by regulating relevant gene expres-
sion programs. Notably, elevated his-
tone acetylation is observed upon
oncogene activation in mice prior to
the appearance of tumors.6 Future stud-
ies could thus also consider the intrigu-
ing possibility that oncogene-induced
metabolic regulation of histone acetyla-
tion might promote a favorable epige-
netic context for malignant
transformation. Finally, it is worth con-
sidering that whatever the role of ace-
tyl-CoA–regulated histone acetylation in
tumorigenesis, it may well represent the
tip of the iceberg since oncogene-
induced metabolic alterations may also
impact levels of other key metabolites
needed for chromatin modifications,
such as the methyl donor S-adenosyl
methionine (SAM) or UDP-N-acetyl-
glucosamine (UDP-GlcNAc), the sub-
strate for O-GlcNAc modification.10 It
will be of interest to assess whether
therapeutics targeting cancer metabo-
lism also impact chromatin modifica-
tions. If they do, might this interaction
play a role in therapeutic efficacy or
sensitize cells to drugs that target
epigenetics?

Tumorigenesis is often considered a
linear process whereby gene mutations or
epigenetic alterations cause oncogenic sig-
naling and transcription that then pro-
mote growth and survival through
multiple mechanisms, including rewiring
metabolism. The finding that AKT1-
dependent metabolic reprogramming has
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Figure 1. A cancerous web: acetyl-CoA promotes growth and proliferation through multiple mech-
anisms. Outside of mitochondria, acetyl-CoA can be generated from citrate by ATP-citrate lyase
(ACLY), from acetate by acyl-CoA synthetase short chain family member 2 (ACSS2), and from pyru-
vate by the pyruvate dehydrogenase complex (PDC), which was recently reported to translocate
from mitochondria into the nucleus. Acetyl-CoA has long been known to support growth and prolif-
eration through its roles in the synthesis of fatty acids and cholesterol. Acetyl-CoA also participates
in the regulation of histone acetylation and gene expression, is required for acetylation of numer-
ous metabolic enzymes, and suppresses autophagy. Although many details remain to be eluci-
dated, it is clear that acetylation plays crucial roles in modulating cellular activities, including
decisions to grow and divide, in accordance with metabolic resources.
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AKT induces histone acetylation through a AKT-ACLY axis

Lee, Carrer, Shah et al, Cell Metabol, 2014
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The Alarming Rise of Pancreatic Cancer Deaths in the United States:  Why we need to stem the tide today2 www.pancan.org

EXECUTIVE SUMMARY
Pancreatic cancer is the fourth leading cause of cancer death in the U.S., and is the only one of the most commonly 

diagnosed cancers with a five-year relative survival rate in the single digits, at just six percent.  Projections based on the 

changing demographics of the U.S. population and changes in incidence and death rates reveal the startling observation 

that pancreatic cancer is anticipated to move from the fourth to the second leading cause of cancer death in the 

U.S. by 2020.  An increase in the number of older adults and minorities in the nation will raise the number of total cancer 

cases.  However, this will be offset by decreases in death rates for most cancer types due to improvements in early 

detection and/or treatment so that the number of anticipated cancer deaths will remain largely unchanged.  

Pancreatic cancer is one of a handful of cancer types for which an increase in the number of new cases due to demographic 

changes is unusually large.   Even more striking is the realization that pancreatic cancer is unique among the top five 

cancer killers (currently lung, colorectal, breast, pancreas and prostate) in that both the incidence rate and death rate are 

increasing.  The result of the combination of these factors is that both the projected number of new pancreatic cancer cases 

and pancreatic cancer deaths will more 

than double by 2030.  By as early as 2015, 

the number of deaths from pancreatic 

cancer will exceed those from breast and 

colorectal cancer, and be surpassed only 

by the loss of life from lung cancer. 

What is particularly alarming is that there 

are currently no early detection tools or 

effective treatments for pancreatic cancer.  

The research advances that have markedly 

changed the death rate for so many other 

cancers have not translated into clinical 

benefits for pancreatic cancer patients.  

Specific biological challenges have 

impeded efforts to reduce the mortality 

rate from pancreatic cancer, including the 

anatomical location of the pancreas, an 

unusually dense and impenetrable barrier 

that inhibits the delivery of therapeutic 

drugs to the tumor, and genetic alterations 

which elude targeted therapies. These 

challenges have been compounded 

by a historically small, fragmented 

and underfunded research community 

dedicated to studying the disease.  Funding for pancreatic cancer research lags significantly behind the other current 

top five cancer killers.  The largest source of cancer research funding in the U.S. is the National Cancer Institute (NCI).  

NCI research investment towards pancreatic cancer is just two percent of the NCI’s total budget, representing only one-

third to one-sixth the amount dedicated to the other top cancer killers.  The long lag time between laboratory research 

advances and clinical benefit for patients facing the disease, coupled with the alarming rise projected for pancreatic cancer 

deaths, indicates that never has it been more urgent that a national effort become focused on research that will lead to 

improvements in the outcomes from a pancreatic cancer diagnosis.

Real progress in changing the trajectory of the rise in deaths from pancreatic cancer will require not only increased funding, 

but a carefully considered, long-term and comprehensive strategic plan to ensure that our limited federal resources target 

the areas of greatest need and potential for patient benefit. Congress is currently debating the Pancreatic Cancer Research 

& Education Act (S. 362/H.R. 733), which asks the NCI to create a long-term, comprehensive strategic plan to bring the 

intellectual and infrastructural resources of the nation to bear on this urgent problem.  It is critical that this country take 

steps to shine a light on this disease so that  we can identify new pathways to success.  

Pancreatic cancer does not need 

to be the death sentence that it 

is for most patients today.  The 

Pancreatic Cancer Action Network 

set a bold goal in 2011 to double 

the pancreatic cancer survival rate 

by 2020 as an important step in 

stemming the rapidly rising threat 

of pancreatic cancer.  This initiative, 

and the passage of legislation 

like the Pancreatic Cancer 

Research & Education Act, will 

help lead to a plan to develop new 

approaches for the early detection 

and treatment of pancreatic 

cancer and accelerate urgently 

needed improvements in patient 

outcomes.  By understanding the 

findings outlined in this report and 

heeding the warnings they offer, we 

can change the statistics and the 

course of this disease.
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Projections were calculated by considering expected changes in the number of new 
cases for that cancer site and the average annual change expected in the death rate 
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number of new cases for 2020 and 2030 were calculated using age-, sex-, race-, and 
origin-specific incidence figures from Smith et al (JCO 27:2758, 2009, Table 1) and 
applying the delay-adjusted average annual percent changes in incidence rate calcu-
lated by Eheman et al (Cancer 118:2338, 2012, Table 1).   These figures were further 
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heeding the warnings they offer, we 

can change the statistics and the 

course of this disease.
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PROJECTED CANCER DEATHS 
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Projected cancer deaths for the major cancer killers.  Projections of the number 
of deaths from the current top five cancer killers indicate that pancreatic cancer will 
become the second leading cause of cancer deaths as early as 2015.  The estimated 
number of deaths in 2010 is from the 2010 American Cancer Society Facts & Figures.  
Projections were calculated by considering expected changes in the number of new 
cases for that cancer site and the average annual change expected in the death rate 
(number of deaths/100,000 population).  Separate values were calculated for men and 
women and then combined to obtain the value for the total population.  The projected 
number of new cases for 2020 and 2030 were calculated using age-, sex-, race-, and 
origin-specific incidence figures from Smith et al (JCO 27:2758, 2009, Table 1) and 
applying the delay-adjusted average annual percent changes in incidence rate calcu-
lated by Eheman et al (Cancer 118:2338, 2012, Table 1).   These figures were further 
adjusted by the average annual percent changes in death rate calculated by Eheman 
et al (Cancer 118:2338, 2012, Table 2).
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PDA mouse models: KC and KPC mice
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Figure 1 e Genetically engineered mouse models of cancer faithfully reproduce the histological changes characteristic of human PDAC tumors.

(A) Schematic diagram of the preneoplastic lesions that precede the development of PDAC (modified from the Hruban et al., 2005). (B)

Representative PanIN lesions and PDAC observed in the Elas-tTA; Tet-O-Cre; KRasLSLG12Vgeo strain. Similar lesions appear in the Pdx1-

Cre; LSL-KRasG12D (KC) model and in the Ptf1a/P48-Cre; LSL-KRasG12D. (C) Schematic diagram of the timing at which the resident

knocked in KRas oncogenes are expressed during embryonic development in the various models. (D) Schematic diagram of the timing at which the

resident knocked-in KRas oncogenes are expressed in adult mice in two independent models of PDAC. In the Elas-tTA; Tet-O-Cre;

KRasLSLG12Vgeo strain, the pregnant mothers and their offspring are exposed to doxycycline in the drinking water to prevent expression of the

resident KRasG12V oncogene until the animals are at least 8 weeks old. These mice do not develop any lesions unless they undergo pancreatitis. In

the Elas-CreERT2; LSL-KRasG12D model expression of the endogenous KRasG12D oncogene is mediated by exposure to tamoxifen, an estrogen

analog that selectively activates the inducible CreERT2 recombinase.
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KC: mutant Kras - Cre-mediated gene activation
KPC: mutant Kras; p53 haplodeficiency; - Cre-mediated gene activation

Guerra & Barbacid, Mol Oncol, 2013
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Histone acetylation is elevated in acinar cells
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Oncogenic KRAS increases contribution of Glucose and 
Palmitate to the acetyl-CoA pool
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Oncogenic KRAS augments acetyl-CoA availability
• increased contribution from glucose and palmitate in KRASG12D-expressing acinar cells

Impact for tumorigenesis?
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Histone acetylation increases during ADM
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Mitochondrial-dependent histone acetylation 
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Oncogenic KRAS augments acetyl-CoA availability
• increased contribution from glucose and palmitate in KRAS-expressing acinar cells

Elevated acetyl-CoA availability promotes ADM
• histone hyper-acetylation

histone acetylation
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Acly deficiency in the pancreas does not 
induce overt abnormalities

Pdx1Cre Pdx1Cre;ACLYfl/fl (AclyPanKO)
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Carrer et al, Cancer Discovery, 2019ACLYfl/fl mice are available at VIMM



Acly deletion inhibits pancreatic tumorigenesis

Pdx1-Cre;KrasG12D;Aclyfl/+ (KC;ACLf/+) Pdx1-Cre;KrasG12D;Aclyfl/fl (KAC)

Carrer et al, Cancer Discovery, 2019
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Acly deletion inhibits pancreatic tumorigenesis
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Acly deletion extends survival in a model 
of pancreatic tumorigenesis
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Acly deletion suppresses Kras-induced 
acinar cell histone hyperacetylation

Carrer et al, Cancer Discovery, 2019
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Kras mutation Acinar-to-Ductal
Metaplasia Tumorigenesis

Acly deletion
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CONCLUSIONS

Oncogenic Kras reprograms acetyl-CoA metabolism in pre-malignant pancreatic epithelial cells
• effect of Kras on acetyl-CoA availability
• effect of oncogene activation in pre-malignant cells
• impact of metabolism on signaling in acinar cells

Elevation in acetyl-CoA availability is necessary for ADM
• deletion on ACLY suppresses tumor formation
• metabolites often dictate cell differentiation through epigenetic effect
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Diet & Cancer: “western diet” is associated with 
elevated cancer risk

Steck & Murphy, Nat Rev Cancer, 2019



Western Diet is characterized by high fat AND high sugar

Does obesity predispose to cancer? How?
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Can specific nutrient impact tumor development?



Can specific nutrient impact tumor development?

YES



Can specific nutrient impact tumor development?

YES

Mechanisms: 
Engagement of nutrient sensing pathways 
Remodeling of cell metabolism 
Competition among cells in the TME



Fructose feeding cause tumorigenesis

Goncalves et al., Supplementary Materials, Page 10 
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Fig. 1. HFCS enhances intestinal tumor growth in
APC-deficient mice independent of obesity.
(A) Mean weight of untreated APC−/− mice (Con),
APC−/− mice treated with a daily oral gavage of
HFCS, and APC−/− mice fed with unlimited HFCS in
drinking water bottle (WB) following the induction
of intestinal tumors. n = 12. (B) Body composition
of APC−/− mice in Con (n = 8), HFCS (n = 6), and WB
(n = 9) groups were measured after 8 weeks of treatment
using magnetic resonance. BM, body mass; FM, fat
mass; FFM, fat-free mass. (C) H&E (hematoxylin and
eosin) staining of the distal small intestine from
APC−/− mice treated with Con or HFCS via daily oral
gavage for 8 weeks. Black bar indicates 2 mm. (D) The
size of each tumor (diameter) in the intestine was
determined in whole-mount tissue after methylene blue
staining, using a dissecting microscope. Data represent
the number of tumors over 3 mm in diameter in Con
and HFCS-treated APC−/− mice. n = 12. (E) Representative
pathologic grading of intestinal sections from Con and
HFCS-treated APC−/− mice. Black bar indicates 2 mm.
White bar indicates 200 mm. (F) Percentage of high-grade
lesions from Con (n = 7) and HFCS-treated (n = 8)
APC−/− mice. (A) and (B): Two-way analysis of variance
(ANOVA) followed by Holm-Sidak post-test for multiple
comparisons; (D) and (F): Student’s t test; NS: not
significant. **P<0.01. All data represent means ± SEM.

Fig. 2. Intestinal tumors from APC-deficient mice facilitate glycolysis
by using both glucose and fructose. (A) The amount of radioactivity
in the serum (left) and liver (right) 20 min after an oral bolus of HFCS that
contained U-[14C]-fructose tracer in wild-type (WT) (n = 4) and tumor-
bearing APC−/− mice (n = 6). Radioactivity amount is presented as
disintegrations per minute (DPM) per microliter (serum) or per microgram
of protein input (liver). WT and APC−/− compared by Student’s t test,
**P < 0.01. (B) Schematic depicting key enzymes and metabolites
in glycolysis, fructolysis, and purine salvage pathways. Red indicates key
fructose metabolites; blue indicates enzymes. Glu, glucose; Fruc, fructose;
G6P, glucose 6-phosphate; FBP, fructose 1,6-bisphosphate; G3P, glycer-
aldehyde 3-phosphate; Pyr, pyruvate; F1P, fructose 1-phosphate; GA,
glyceraldehyde; DHAP, dihydroxyacetone phosphate; ATP, adenosine
triphosphate; ADP, adenosine diphosphate; AMP, adenosine monophosphate;
IMP, inosine monophosphate; HK, hexokinase; PFK, phosphofructokinase;

PK, pyruvate kinase; ALDOB, aldolase B; KHK, ketohexokinase; AMPD2, AMP
deaminase 2. (C) Percent labeling of fructose 1-phosphate and (D) lactate
following a 10-min ex vivo incubation with 10 mM U-[13C]-glucose, 10 mM
U-[13C]-glucose with 10 mM fructose, 10 mM U-[13C]-fructose, and 10 mM
U-[13C]-fructose with 10 mM glucose.The isotopic labeling of each metabolite
is indicated by the M+# designation indicated in the legend where the
# represents how many [12C] were replaced with [13C]. For example, the
M+3 species for fructose 1-phosphate has the chemical formula
13C3

12C3H13O9P. n = 3 to 4 per group. Two-way ANOVA with Holm-Sidak
post-test compared to the U-[13C]-glucose condition. *P < 0.05, ***P < 0.001,
****P < 0.0001, 13C Glu, U-[13C]-glucose; 13C Fru, U-[13C]-fructose.
(E) Relative abundance of key metabolites in the adenine purine salvage
pathway. Con (n = 14), HFCS (n = 9). Two-way ANOVA with Holm-Sidak
post-test *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. All data
represent means ± SEM.
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Results
The study design is illustrated in Fig. 1a. Female mice were treated with DEN at 14 days of age. Mice were weaned 
at 3 weeks of age and randomized to cages with non-littermates to avoid potential litter bias. From 6 weeks of age, 
mice were fed one of five diets with defined fat and sugar content. The five diets consisted of: a normal chow (NC) 
diet that was low in fat and sugar; a sucrose- and fructose-enriched diet (FD) that was low in fat; two high-sucrose 
Western diets (WD) containing either lard fat (WD-L) or coconut oil fat (WD-C); and a ketogenic diet (KD) 
that was high in lard fat and low in sugar (see Methods for precise composition). At 22 weeks of age (prior to 
tumor formation) mice were evaluated for diet effects on glucose and insulin tolerance, and blood samples were 
collected in the fed and fasted states for analysis of circulating nutrients and hormones. At 40 weeks of age mice 
were euthanized and evaluated for tumors. Liver tumor incidence was low (12.5%) in DEN-treated female mice 
fed NC diet, as expected. However, all three diets containing high sugar had increased tumor incidence such 
that mice fed WD-L had an incidence of 44%, mice fed WD-C had 56% incidence, and mice fed FD had 33% 
incidence. In contrast, mice fed the low-sugar ketogenic diet had no tumor incidence (Fig. 1b). Of the mice that 

Figure 1. Dietary sugar is associated with increased tumor incidence in female C57BL/6N mice treated 
with DEN. (a) Diagram of study design. (b) Liver tumor incidence and (c) burden in 40-week-old mice treated 
with DEN at 2 weeks of age (n =  5–9). For (c), bars represent median tumor burden. (d) Liver tumor incidence 
grouped by dietary sugar consumption. Low sugar includes NC and KD; high sugar includes WD-L, WD-C and 
FD (analyzed using Fisher’s exact test, two-tailed). (e) Representative images of livers from each diet group. NC 
(No DEN) is shown as a control for normal liver.
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Healy et al, Sci Rep, 2016; Todorovic et al, Nat Metab, 2020
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by KHK (also known as fructokinase), pro-
ducing fructose 1-phosphate (F1P). The activity
of HKs is tightly regulated by the concentration
of G6P (product inhibition), whereas the activity
of KHK is not subject to feedback inhibition. In
the liver, this results in a rapid accumulation of
F1P, coupled with a pronounced depletion of
adenosine 5´-triphosphate (ATP) following fruc-
tose consumption. F1P can then be cleaved into
three carbon units by aldolase B, bypassing phos-
phofructokinase (PFK). Despite the relatively

well-studied pathway of fructose metabolism
in the liver and in the small intestine, the role
of fructose metabolism in tumors is mostly
unknown.
Given that APC−/− tumors can efficiently trans-

port both glucose and fructose, we sought to
determine the metabolic fate of glucose and
fructose using 13C isotopic tracing. We isolated
tumors from APC−/− mice and exposed them
to four different labeling conditions for 10 min
ex vivo: 13C-glucose (labeled at all six carbons),

13C-fructose (labeled at all six carbons), 13C-glucose +
unlabeled fructose, and 13C-fructose + unlabeled
glucose. The labeling pattern of metabolic inter-
mediates from glucose and fructose was then
determined using liquid chromatography with
tandem mass spectrometry (LC-MS/MS). As ex-
pected, F1P was predominantly 13C-labeled at
all six positions (M+6) in tumors treated with
13C-fructose or 13C-fructose + unlabeled glucose
(47.1 and 67.1%, respectively), as assessed by the
percentage of labeling (Fig. 2C); these findings
confirm the activity and presence of KHK in the
tumors. Notably, there was almost no labeling of
downstream metabolites of F1P from 13C-fructose
when unlabeled glucose was added to the me-
dium (Fig. 2D and fig. S6A), suggesting that the
presence of glucose saturates aldolase and pre-
vents fructose from being cleaved into three
carbon units in this time frame. Because KHK
produces F1Pmuch faster than aldolase cleaves
it, F1P accumulates (fig. S6B). This results in an
acute drop in cytosolic ATP in tumors from
APC−/− mice that had received HFCS as com-
pared to Con tumors following a bolus (and
Fig. 2E).
In the liver, the activity of the purine deg-

radation pathway increases during fructose
ingestion because AMP deaminase (AMPD2) is
stimulated by the depletion of inorganic phos-
phate (Pi) that occurs in response to the high rate
of glycolysis (26, 27). In agreement with this
mechanistic link between fructose and purine
metabolism, we found that the abundance of
downstreammetabolites of AMPD2was higher
in tumors from HFCS-treated APC−/− mice than
in tumors from control APC−/− mice (Fig. 2E).
PFK is the most critical regulatory enzyme in
glycolysis, and it is inhibited by ATP (28). Thus,
we hypothesized that fructose-induced ATP de-
pletion might result in the activation of PFK,
thereby facilitating the metabolism of glucose
via glycolysis in APC−/− tumors. Indeed, we found
that tumors exposed to 13C-glucose + unlabeled
fructose contained a higher percentage of fully
labeled glycolytic metabolites than tumors ex-
posed to 13C-glucose alone (e.g., 39.6% versus
30.2% for lactate, the end product of glycolysis)
(Fig. 2D). We also confirmed that in vivo lactate
production in tumors was enhanced in APC−/−

mice treated with an oral bolus of 13C-glucose +
unlabeled fructose as compared to mice treated
with a bolus of 13C-glucose alone (fig. S6D). To-
gether, these results suggest that fructose enhances
glucose metabolism by depleting ATP levels,
thereby activating PFK, an important glycolytic
enzyme, in APC−/− tumors.
We next explored the mechanism by which

increased glycolysis enhances tumor growth in
HFCS-treated APC−/− mice. In addition to gen-
erating ATP, glycolysis serves as a carbon source
for de novo fatty acid synthesis. Cancer cells rely
heavily on fatty acid synthesis (also known as
“de novo lipogenesis”) for cellular membrane
formation, energy generation and storage, and
intracellular signaling (29, 30). Using next-
generation RNA sequencing (RNA-seq), we found
that the expression levels of all lipogenic enzymes,

Goncalves et al., Science 363, 1345–1349 (2019) 22 March 2019 3 of 5

Fig. 3. HFCS treatment accelerates de novo fatty
acid synthesis in intestinal tumors from APC-
deficient mice. (A) Heatmap depicting the relative
expression of the indicated genes involved in fatty
acid synthesis from APC−/− tumors (n = 16) and
intestinal epithelial cells (IECs, n = 16) using RNA-seq
data. (B) Relative abundance of saturated and
unsaturated 16- and 18-carbon fatty acid species in
APC−/− tumors treated daily with water (Con, n = 14)
or HFCS (n = 9). Groups compared by Student’s t test with correction for multiple comparisons using
the Holm-Sidak method. ****P < 0.0001. (C) Schematic depicting key enzymes, genes, and
metabolites in the de novo lipogenesis pathway. Red, enzyme name; red in parentheses, gene name.
(D) APC−/−; FASN−/− mice were treated with a daily oral gavage containing water (Con, n = 9)
or HFCS (n = 10) starting the day after tamoxifen injection and killed at 8 weeks. The size of each
tumor (diameter) in the intestine was determined in whole-mount tissue after methylene blue
staining, using a dissecting microscope. Data represent the number of tumors >3 mm in diameter
in Con and HFCS-treated mice. Groups compared by Student’s t test. NS, not significant.
(E) Percentage of high-grade tumors (n = 11 per group) from Con and HFCS-treated APC−/−;
FASN−/− mice. Student’s t test. NS, not significant. All data represent means ± SEM.
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Dietary interventions can change metabolite levels in the tumour microenvironment, 
which might then affect cancer cell metabolism to alter tumour growth1–5. Although 
caloric restriction (CR) and a ketogenic diet (KD) are often thought to limit tumour 
progression by lowering blood glucose and insulin levels6–8, we found that only CR 
inhibits the growth of select tumour allografts in mice, suggesting that other 
mechanisms contribute to tumour growth inhibition. A change in nutrient availability 
observed with CR, but not with KD, is lower lipid levels in the plasma and tumours. 
Upregulation of stearoyl-CoA desaturase (SCD), which synthesises monounsaturated 
fatty acids, is required for cancer cells to proliferate in a lipid-depleted environment, 
and CR also impairs tumour SCD activity to cause an imbalance between unsaturated 
and saturated fatty acids to slow tumour growth. Enforcing cancer cell SCD 
expression or raising circulating lipid levels through a higher-fat CR diet confers 
resistance to the effects of CR. By contrast, although KD also impairs tumour SCD 
activity, KD-driven increases in lipid availability maintain the unsaturated to saturated 
fatty acid ratios in tumours, and changing the KD fat composition to increase tumour 
saturated fatty acid levels cooperates with decreased tumour SCD activity to slow 
tumour growth. These data suggest that diet-induced mismatches between tumour 
fatty acid desaturation activity and the availability of specific fatty acid species 
determine whether low glycaemic diets impair tumour growth.

Low glycaemic diets are often presumed to inhibit tumour growth 
by lowering blood glucose and insulin levels6–8, but whether changes 
in other nutrients also contribute is less understood. C57BL/6J mice 
bearing subcutaneous tumours formed from AL1376 pancreatic ductal 
adenocarcinoma (PDAC) cells derived from the LSL-Kras(G12D);Trp53fl/

fl;Pdx1-Cre mouse model9 were exposed to a control diet, CR or a KD 
(Extended Data Table 1). Interestingly, only CR inhibits tumour growth 
in this model (Fig. 1a–d, Extended Data Fig. 1a–h). Although CR mice 
consume 40% fewer calories (Extended Data Fig. 2a, b) and have reduced 
body weights (Extended Data Fig. 2c), tumour growth is still inhibited 
even when normalized to animal body weights (Extended Data Fig. 1a, 
b). CR tumours exhibit reduced Ki67 positivity and unchanged cleaved 
caspase 3 positivity (Extended Data Fig. 2d, e), consistent with CR slow-
ing tumour growth and not causing tumour regression (Fig. 1a). In 
contrast, mice fed the KD are not calorically restricted (Extended Data 
Fig. 2j, k) and maintain body weights (Extended Data Fig. 2l). Tumour 
growth in this model is unaffected by the KD even when normalised to 
animal body weights (Extended Data Fig. 1c, d), and Ki67 and cleaved 
caspase 3 staining in tumours are unaffected by the KD (Extended Data 
Fig. 2m, n). CR and KD have the same effects in both male (Fig. 1a–d) 
and female (Extended Data Fig. 1e–h) mice and also similarly affect 
subcutaneous tumours formed from LGSP non-small-cell lung cancer 
cells derived from the LSL-Kras(G12D);Trp53fl/fl;Ad-Cre mouse model10 

(Extended Data Fig. 1i–p). These data demonstrate in two cancer models 
involving different tissues that CR, but not KD, inhibits tumour growth.

Both diets induce similar decreases in blood glucose levels (Fig. 1e, 
f). Moreover, only the KD significantly reduces fasting plasma insulin 
levels, although CR results in a trend towards decreased levels (Fig. 1g, 
h). Therefore, the effects of CR on tumour growth might not be fully 
explained by reduced blood glucose and insulin. Previous studies exam-
ined how these diets affect other hormone signalling pathways11, and 
we also found that CR and the KD have distinct effects on circulating 
glucagon, FGF21 and corticosterone (Extended Data Fig. 2g–i, p–r). 
However, because dietary perturbations induce changes in the systemic 
availability of many metabolites1, these two diets might also affect the 
availability of metabolites other than glucose to impair tumour growth 
in mice exposed to CR.

We measured metabolite levels in plasma and tumour interstitial 
fluid (TIF) from tumour-bearing mice fed a control diet, CR or the KD. 
Notably, despite lowering blood glucose levels, the KD does not lower 
TIF glucose levels, whereas CR decreases TIF glucose from ~1.6 mM 
to ~0.8 mM (Fig. 2a, b). Why CR has a stronger effect on TIF glucose 
levels is unclear, and effects on tumour vascularization12 or tumour 
cell glucose uptake might contribute. The effects of CR on TIF glucose 
might contribute, in part, to tumour growth inhibition, but, because 
reducing glucose to 0.8 mM has minimal effect on cell proliferation 
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(Fig. 2c), we considered whether changes in the availability of other 
nutrients might also contribute to the effects of CR.

CR and the KD have minor effects on levels of many metabolites 
(Fig. 2d). Most notably, the KD more effectively raises levels of the 
‘ketone’ β-hydroxybutyrate (β-OHB) (Fig. 2d, Extended Data Fig. 3a). 
Impairing ketone metabolism in some cancer cells can sensitise 
tumours to a KD13. Consistently, whereas β-OHB supplementation 
does not affect AL1376 cell proliferation (Extended Data Fig. 3b), these 
cells incorporate β-OHB into the TCA cycle (Extended Data Fig. 3c) 
and palmitate (Extended Data Fig. 3d). β-OHB exposure also alters 
the fatty acid composition of these cells (Extended Data Fig. 3e, f). 
Therefore, increased ketone levels might contribute to why the KD 
does not inhibit tumour growth in this model.

We next found a striking difference in the effects of CR and the KD 
on fatty acid levels. Although many fatty acids in plasma and TIF are 
increased by the KD, levels of almost all fatty acids are reduced by CR 
(Fig. 2e). These observations are consistent with CR mice maintaining 
muscle mass but losing white adipose tissue (Extended Data Fig. 2f), 
whereas mice fed the KD maintain both muscle and white adipose tissue 
mass (Extended Data Fig. 2o). Therefore, decreased tumour availability 
of lipids and fatty acids is specific to CR, and environmental lipid limita-
tion could contribute to how CR inhibits tumour growth.

To evaluate how lipid deprivation influences cellular fatty acid 
metabolism, we cultured cells in lipid-depleted media containing only 
trace fatty acids14 (Extended Data Fig. 4a). Cancer cells derived from 
various tissues, including AL1376, LGSP, HeLa, Panc1 and A549 cells, 
can still proliferate in lipid-depleted media, although at a slower rate 
(Fig. 3a, Extended Data Fig. 4b). Notably, lipid starvation does not sen-
sitise AL1376 cells to any anti-proliferative effects of glucose limitation 
(Fig. 2c), suggesting that the combination of these two CR-mediated 
effects alone might not explain reduced tumour growth. Lipid deple-
tion decreases cellular levels of polyunsaturated fatty acids (PUFAs) 
because these essential fatty acids cannot be synthesised by mam-
malian cells and must be obtained from the environment (Fig. 3b, 
Extended Data Fig. 4c). In contrast, levels of saturated fatty acids (SFAs) 

and monounsaturated fatty acids (MUFAs) are relatively maintained 
(Fig. 3b, Extended Data Fig. 4c), consistent with exogenous lipid limita-
tion promoting SREBP1 transcription factor activation and de novo fatty 
acid synthesis (Fig. 3c, Extended Data Fig. 4d–i, Supplementary Table 1).

Interestingly, 16:1(n-7) MUFA levels are markedly increased in cells 
cultured in lipid-depleted conditions (Fig. 3b, Extended Data Fig. 4c). 
Stearoyl-CoA desaturase (SCD) is responsible for the synthesis of 16:1(n-7) 
and 18:1(n-9) MUFAs from the 16:0 and 18:0 SFAs, respectively (Fig. 3d). 
These fatty acids are abundant (Extended Data Fig. 4j), indicating that 
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Fig. 1 | CR, but not the KD, impairs growth of PDAC allograft tumours. 
a–d, Tumour volumes (a, c) and endpoint tumour weights (b, d) of subcutaneous 
AL1376 PDAC allografts in male mice exposed to CR or a control diet (a, b) or the 
KD or a control diet (c, d). Control n = 5 mice, CR n = 4 mice (a, b); Control n = 5 
mice, KD n = 5 mice (c, d). e–h, Effects of control diets, CR or the KD on blood 
glucose levels (e, f) or fasting plasma insulin levels (g, h). Control n = 12, CR n = 11 
(e); Control n = 9, KD n = 10 (f); Control n = 6, CR n = 6 (g); Control n = 7, KD n = 8 (h). 
Data are presented as mean ± s.e.m. (a, c) or as box-and-whisker plots displaying 
median, interquartile range (boxes) and minima and maxima (whiskers)  
(b, d, e–h). Comparisons were made using two-way repeated-measures ANOVA 
(a, c) or a two-tailed Student’s t-test (b, d, e–h).
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Dietary interventions can change metabolite levels in the tumour microenvironment, 
which might then affect cancer cell metabolism to alter tumour growth1–5. Although 
caloric restriction (CR) and a ketogenic diet (KD) are often thought to limit tumour 
progression by lowering blood glucose and insulin levels6–8, we found that only CR 
inhibits the growth of select tumour allografts in mice, suggesting that other 
mechanisms contribute to tumour growth inhibition. A change in nutrient availability 
observed with CR, but not with KD, is lower lipid levels in the plasma and tumours. 
Upregulation of stearoyl-CoA desaturase (SCD), which synthesises monounsaturated 
fatty acids, is required for cancer cells to proliferate in a lipid-depleted environment, 
and CR also impairs tumour SCD activity to cause an imbalance between unsaturated 
and saturated fatty acids to slow tumour growth. Enforcing cancer cell SCD 
expression or raising circulating lipid levels through a higher-fat CR diet confers 
resistance to the effects of CR. By contrast, although KD also impairs tumour SCD 
activity, KD-driven increases in lipid availability maintain the unsaturated to saturated 
fatty acid ratios in tumours, and changing the KD fat composition to increase tumour 
saturated fatty acid levels cooperates with decreased tumour SCD activity to slow 
tumour growth. These data suggest that diet-induced mismatches between tumour 
fatty acid desaturation activity and the availability of specific fatty acid species 
determine whether low glycaemic diets impair tumour growth.

Low glycaemic diets are often presumed to inhibit tumour growth 
by lowering blood glucose and insulin levels6–8, but whether changes 
in other nutrients also contribute is less understood. C57BL/6J mice 
bearing subcutaneous tumours formed from AL1376 pancreatic ductal 
adenocarcinoma (PDAC) cells derived from the LSL-Kras(G12D);Trp53fl/

fl;Pdx1-Cre mouse model9 were exposed to a control diet, CR or a KD 
(Extended Data Table 1). Interestingly, only CR inhibits tumour growth 
in this model (Fig. 1a–d, Extended Data Fig. 1a–h). Although CR mice 
consume 40% fewer calories (Extended Data Fig. 2a, b) and have reduced 
body weights (Extended Data Fig. 2c), tumour growth is still inhibited 
even when normalized to animal body weights (Extended Data Fig. 1a, 
b). CR tumours exhibit reduced Ki67 positivity and unchanged cleaved 
caspase 3 positivity (Extended Data Fig. 2d, e), consistent with CR slow-
ing tumour growth and not causing tumour regression (Fig. 1a). In 
contrast, mice fed the KD are not calorically restricted (Extended Data 
Fig. 2j, k) and maintain body weights (Extended Data Fig. 2l). Tumour 
growth in this model is unaffected by the KD even when normalised to 
animal body weights (Extended Data Fig. 1c, d), and Ki67 and cleaved 
caspase 3 staining in tumours are unaffected by the KD (Extended Data 
Fig. 2m, n). CR and KD have the same effects in both male (Fig. 1a–d) 
and female (Extended Data Fig. 1e–h) mice and also similarly affect 
subcutaneous tumours formed from LGSP non-small-cell lung cancer 
cells derived from the LSL-Kras(G12D);Trp53fl/fl;Ad-Cre mouse model10 

(Extended Data Fig. 1i–p). These data demonstrate in two cancer models 
involving different tissues that CR, but not KD, inhibits tumour growth.

Both diets induce similar decreases in blood glucose levels (Fig. 1e, 
f). Moreover, only the KD significantly reduces fasting plasma insulin 
levels, although CR results in a trend towards decreased levels (Fig. 1g, 
h). Therefore, the effects of CR on tumour growth might not be fully 
explained by reduced blood glucose and insulin. Previous studies exam-
ined how these diets affect other hormone signalling pathways11, and 
we also found that CR and the KD have distinct effects on circulating 
glucagon, FGF21 and corticosterone (Extended Data Fig. 2g–i, p–r). 
However, because dietary perturbations induce changes in the systemic 
availability of many metabolites1, these two diets might also affect the 
availability of metabolites other than glucose to impair tumour growth 
in mice exposed to CR.

We measured metabolite levels in plasma and tumour interstitial 
fluid (TIF) from tumour-bearing mice fed a control diet, CR or the KD. 
Notably, despite lowering blood glucose levels, the KD does not lower 
TIF glucose levels, whereas CR decreases TIF glucose from ~1.6 mM 
to ~0.8 mM (Fig. 2a, b). Why CR has a stronger effect on TIF glucose 
levels is unclear, and effects on tumour vascularization12 or tumour 
cell glucose uptake might contribute. The effects of CR on TIF glucose 
might contribute, in part, to tumour growth inhibition, but, because 
reducing glucose to 0.8 mM has minimal effect on cell proliferation 
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(Fig. 2c), we considered whether changes in the availability of other 
nutrients might also contribute to the effects of CR.

CR and the KD have minor effects on levels of many metabolites 
(Fig. 2d). Most notably, the KD more effectively raises levels of the 
‘ketone’ β-hydroxybutyrate (β-OHB) (Fig. 2d, Extended Data Fig. 3a). 
Impairing ketone metabolism in some cancer cells can sensitise 
tumours to a KD13. Consistently, whereas β-OHB supplementation 
does not affect AL1376 cell proliferation (Extended Data Fig. 3b), these 
cells incorporate β-OHB into the TCA cycle (Extended Data Fig. 3c) 
and palmitate (Extended Data Fig. 3d). β-OHB exposure also alters 
the fatty acid composition of these cells (Extended Data Fig. 3e, f). 
Therefore, increased ketone levels might contribute to why the KD 
does not inhibit tumour growth in this model.

We next found a striking difference in the effects of CR and the KD 
on fatty acid levels. Although many fatty acids in plasma and TIF are 
increased by the KD, levels of almost all fatty acids are reduced by CR 
(Fig. 2e). These observations are consistent with CR mice maintaining 
muscle mass but losing white adipose tissue (Extended Data Fig. 2f), 
whereas mice fed the KD maintain both muscle and white adipose tissue 
mass (Extended Data Fig. 2o). Therefore, decreased tumour availability 
of lipids and fatty acids is specific to CR, and environmental lipid limita-
tion could contribute to how CR inhibits tumour growth.

To evaluate how lipid deprivation influences cellular fatty acid 
metabolism, we cultured cells in lipid-depleted media containing only 
trace fatty acids14 (Extended Data Fig. 4a). Cancer cells derived from 
various tissues, including AL1376, LGSP, HeLa, Panc1 and A549 cells, 
can still proliferate in lipid-depleted media, although at a slower rate 
(Fig. 3a, Extended Data Fig. 4b). Notably, lipid starvation does not sen-
sitise AL1376 cells to any anti-proliferative effects of glucose limitation 
(Fig. 2c), suggesting that the combination of these two CR-mediated 
effects alone might not explain reduced tumour growth. Lipid deple-
tion decreases cellular levels of polyunsaturated fatty acids (PUFAs) 
because these essential fatty acids cannot be synthesised by mam-
malian cells and must be obtained from the environment (Fig. 3b, 
Extended Data Fig. 4c). In contrast, levels of saturated fatty acids (SFAs) 

and monounsaturated fatty acids (MUFAs) are relatively maintained 
(Fig. 3b, Extended Data Fig. 4c), consistent with exogenous lipid limita-
tion promoting SREBP1 transcription factor activation and de novo fatty 
acid synthesis (Fig. 3c, Extended Data Fig. 4d–i, Supplementary Table 1).

Interestingly, 16:1(n-7) MUFA levels are markedly increased in cells 
cultured in lipid-depleted conditions (Fig. 3b, Extended Data Fig. 4c). 
Stearoyl-CoA desaturase (SCD) is responsible for the synthesis of 16:1(n-7) 
and 18:1(n-9) MUFAs from the 16:0 and 18:0 SFAs, respectively (Fig. 3d). 
These fatty acids are abundant (Extended Data Fig. 4j), indicating that 

Control
KD

P = 0.001Control
CR P

 = 0.007

0
0 5

Day

P = 0.063

C
on

tr
ol C
R

C
on

tr
ol K
D

C
on

tr
ol K
D

C
on

tr
ol K
D

C
on

tr
ol C
R

C
on

tr
ol C
R10 15 20 25

200

P = 4 × 10–5

P = 5 × 10–5

P = 0.011

Tu
m

ou
r v

ol
um

e 
(m

m
3 )

Tu
m

ou
r w

ei
gh

t (
m

g)

B
lo

od
 g

lu
co

se
 (m

M
)

P
la

sm
a 

in
su

lin
 (n

g 
m

l–1
)

400
600
800

0
200
400
600

0

5

10

15

B
lo

od
 g

lu
co

se
 (m

M
)

0

5

10

15

800
1,000
1,200

Tu
m

ou
r w

ei
gh

t (
m

g)

0

500

1,000

1,500

1,000

0
200

Tu
m

ou
r v

ol
um

e 
(m

m
3 )

400
600
800

1,000

0

1

2

3
P

la
sm

a 
in

su
lin

 (n
g 

m
l–1

)

0

0.5

1.0

1.5

4

0 5
Day
10 15 20

a b e g

d f hc

Fig. 1 | CR, but not the KD, impairs growth of PDAC allograft tumours. 
a–d, Tumour volumes (a, c) and endpoint tumour weights (b, d) of subcutaneous 
AL1376 PDAC allografts in male mice exposed to CR or a control diet (a, b) or the 
KD or a control diet (c, d). Control n = 5 mice, CR n = 4 mice (a, b); Control n = 5 
mice, KD n = 5 mice (c, d). e–h, Effects of control diets, CR or the KD on blood 
glucose levels (e, f) or fasting plasma insulin levels (g, h). Control n = 12, CR n = 11 
(e); Control n = 9, KD n = 10 (f); Control n = 6, CR n = 6 (g); Control n = 7, KD n = 8 (h). 
Data are presented as mean ± s.e.m. (a, c) or as box-and-whisker plots displaying 
median, interquartile range (boxes) and minima and maxima (whiskers)  
(b, d, e–h). Comparisons were made using two-way repeated-measures ANOVA 
(a, c) or a two-tailed Student’s t-test (b, d, e–h).
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Fig. 2 | CR and the KD differentially alter nutrient levels in the plasma and 
TIF. a, b, Glucose concentration in TIF from subcutaneous AL1376 tumours in 
mice exposed to CR or a control diet (a) or the KD or a control diet (b). Control 
n = 11, CR n = 10 (a); Control n = 5, KD n = 7 (b). c, Doubling times of AL1376 cells 
cultured in lipidated versus de-lipidated media containing the indicated 
glucose concentrations. n = 3 biologically independent replicates per group. 
d, Fold change in specified metabolite levels induced by CR or the KD relative to 
the control diet measured in the plasma (upper) or TIF (lower). Plasma: CR n = 8, 
KD n = 9; TIF: CR n = 13, KD n = 6. e, Fold changes in specified fatty acid levels 
induced by CR or the KD relative to the control diet measured in the plasma 
(upper) or TIF (lower). Plasma: CR n = 7, KD n = 4; TIF: CR n = 10, KD n = 4. Data are 
presented as box-and-whisker plots displaying median, interquartile range 
(boxes) and minima and maxima (whiskers) (a, b) or as mean ± s.e.m. (c–e). 
Comparisons were made using a two-tailed Student’s t-test (a–c).
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Low glycaemic diets alter lipid metabolism 
to influence tumour growth

Evan C. Lien1, Anna M. Westermark1, Yin Zhang2,3, Chen Yuan2, Zhaoqi Li1,4, Allison N. Lau1, 
Kiera M. Sapp1,4, Brian M. Wolpin2 & Matthew G. Vander Heiden1,2,4ಞᅒ

Dietary interventions can change metabolite levels in the tumour microenvironment, 
which might then affect cancer cell metabolism to alter tumour growth1–5. Although 
caloric restriction (CR) and a ketogenic diet (KD) are often thought to limit tumour 
progression by lowering blood glucose and insulin levels6–8, we found that only CR 
inhibits the growth of select tumour allografts in mice, suggesting that other 
mechanisms contribute to tumour growth inhibition. A change in nutrient availability 
observed with CR, but not with KD, is lower lipid levels in the plasma and tumours. 
Upregulation of stearoyl-CoA desaturase (SCD), which synthesises monounsaturated 
fatty acids, is required for cancer cells to proliferate in a lipid-depleted environment, 
and CR also impairs tumour SCD activity to cause an imbalance between unsaturated 
and saturated fatty acids to slow tumour growth. Enforcing cancer cell SCD 
expression or raising circulating lipid levels through a higher-fat CR diet confers 
resistance to the effects of CR. By contrast, although KD also impairs tumour SCD 
activity, KD-driven increases in lipid availability maintain the unsaturated to saturated 
fatty acid ratios in tumours, and changing the KD fat composition to increase tumour 
saturated fatty acid levels cooperates with decreased tumour SCD activity to slow 
tumour growth. These data suggest that diet-induced mismatches between tumour 
fatty acid desaturation activity and the availability of specific fatty acid species 
determine whether low glycaemic diets impair tumour growth.

Low glycaemic diets are often presumed to inhibit tumour growth 
by lowering blood glucose and insulin levels6–8, but whether changes 
in other nutrients also contribute is less understood. C57BL/6J mice 
bearing subcutaneous tumours formed from AL1376 pancreatic ductal 
adenocarcinoma (PDAC) cells derived from the LSL-Kras(G12D);Trp53fl/

fl;Pdx1-Cre mouse model9 were exposed to a control diet, CR or a KD 
(Extended Data Table 1). Interestingly, only CR inhibits tumour growth 
in this model (Fig. 1a–d, Extended Data Fig. 1a–h). Although CR mice 
consume 40% fewer calories (Extended Data Fig. 2a, b) and have reduced 
body weights (Extended Data Fig. 2c), tumour growth is still inhibited 
even when normalized to animal body weights (Extended Data Fig. 1a, 
b). CR tumours exhibit reduced Ki67 positivity and unchanged cleaved 
caspase 3 positivity (Extended Data Fig. 2d, e), consistent with CR slow-
ing tumour growth and not causing tumour regression (Fig. 1a). In 
contrast, mice fed the KD are not calorically restricted (Extended Data 
Fig. 2j, k) and maintain body weights (Extended Data Fig. 2l). Tumour 
growth in this model is unaffected by the KD even when normalised to 
animal body weights (Extended Data Fig. 1c, d), and Ki67 and cleaved 
caspase 3 staining in tumours are unaffected by the KD (Extended Data 
Fig. 2m, n). CR and KD have the same effects in both male (Fig. 1a–d) 
and female (Extended Data Fig. 1e–h) mice and also similarly affect 
subcutaneous tumours formed from LGSP non-small-cell lung cancer 
cells derived from the LSL-Kras(G12D);Trp53fl/fl;Ad-Cre mouse model10 

(Extended Data Fig. 1i–p). These data demonstrate in two cancer models 
involving different tissues that CR, but not KD, inhibits tumour growth.

Both diets induce similar decreases in blood glucose levels (Fig. 1e, 
f). Moreover, only the KD significantly reduces fasting plasma insulin 
levels, although CR results in a trend towards decreased levels (Fig. 1g, 
h). Therefore, the effects of CR on tumour growth might not be fully 
explained by reduced blood glucose and insulin. Previous studies exam-
ined how these diets affect other hormone signalling pathways11, and 
we also found that CR and the KD have distinct effects on circulating 
glucagon, FGF21 and corticosterone (Extended Data Fig. 2g–i, p–r). 
However, because dietary perturbations induce changes in the systemic 
availability of many metabolites1, these two diets might also affect the 
availability of metabolites other than glucose to impair tumour growth 
in mice exposed to CR.

We measured metabolite levels in plasma and tumour interstitial 
fluid (TIF) from tumour-bearing mice fed a control diet, CR or the KD. 
Notably, despite lowering blood glucose levels, the KD does not lower 
TIF glucose levels, whereas CR decreases TIF glucose from ~1.6 mM 
to ~0.8 mM (Fig. 2a, b). Why CR has a stronger effect on TIF glucose 
levels is unclear, and effects on tumour vascularization12 or tumour 
cell glucose uptake might contribute. The effects of CR on TIF glucose 
might contribute, in part, to tumour growth inhibition, but, because 
reducing glucose to 0.8 mM has minimal effect on cell proliferation 
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(Fig. 2c), we considered whether changes in the availability of other 
nutrients might also contribute to the effects of CR.

CR and the KD have minor effects on levels of many metabolites 
(Fig. 2d). Most notably, the KD more effectively raises levels of the 
‘ketone’ β-hydroxybutyrate (β-OHB) (Fig. 2d, Extended Data Fig. 3a). 
Impairing ketone metabolism in some cancer cells can sensitise 
tumours to a KD13. Consistently, whereas β-OHB supplementation 
does not affect AL1376 cell proliferation (Extended Data Fig. 3b), these 
cells incorporate β-OHB into the TCA cycle (Extended Data Fig. 3c) 
and palmitate (Extended Data Fig. 3d). β-OHB exposure also alters 
the fatty acid composition of these cells (Extended Data Fig. 3e, f). 
Therefore, increased ketone levels might contribute to why the KD 
does not inhibit tumour growth in this model.

We next found a striking difference in the effects of CR and the KD 
on fatty acid levels. Although many fatty acids in plasma and TIF are 
increased by the KD, levels of almost all fatty acids are reduced by CR 
(Fig. 2e). These observations are consistent with CR mice maintaining 
muscle mass but losing white adipose tissue (Extended Data Fig. 2f), 
whereas mice fed the KD maintain both muscle and white adipose tissue 
mass (Extended Data Fig. 2o). Therefore, decreased tumour availability 
of lipids and fatty acids is specific to CR, and environmental lipid limita-
tion could contribute to how CR inhibits tumour growth.

To evaluate how lipid deprivation influences cellular fatty acid 
metabolism, we cultured cells in lipid-depleted media containing only 
trace fatty acids14 (Extended Data Fig. 4a). Cancer cells derived from 
various tissues, including AL1376, LGSP, HeLa, Panc1 and A549 cells, 
can still proliferate in lipid-depleted media, although at a slower rate 
(Fig. 3a, Extended Data Fig. 4b). Notably, lipid starvation does not sen-
sitise AL1376 cells to any anti-proliferative effects of glucose limitation 
(Fig. 2c), suggesting that the combination of these two CR-mediated 
effects alone might not explain reduced tumour growth. Lipid deple-
tion decreases cellular levels of polyunsaturated fatty acids (PUFAs) 
because these essential fatty acids cannot be synthesised by mam-
malian cells and must be obtained from the environment (Fig. 3b, 
Extended Data Fig. 4c). In contrast, levels of saturated fatty acids (SFAs) 

and monounsaturated fatty acids (MUFAs) are relatively maintained 
(Fig. 3b, Extended Data Fig. 4c), consistent with exogenous lipid limita-
tion promoting SREBP1 transcription factor activation and de novo fatty 
acid synthesis (Fig. 3c, Extended Data Fig. 4d–i, Supplementary Table 1).

Interestingly, 16:1(n-7) MUFA levels are markedly increased in cells 
cultured in lipid-depleted conditions (Fig. 3b, Extended Data Fig. 4c). 
Stearoyl-CoA desaturase (SCD) is responsible for the synthesis of 16:1(n-7) 
and 18:1(n-9) MUFAs from the 16:0 and 18:0 SFAs, respectively (Fig. 3d). 
These fatty acids are abundant (Extended Data Fig. 4j), indicating that 
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Fig. 1 | CR, but not the KD, impairs growth of PDAC allograft tumours. 
a–d, Tumour volumes (a, c) and endpoint tumour weights (b, d) of subcutaneous 
AL1376 PDAC allografts in male mice exposed to CR or a control diet (a, b) or the 
KD or a control diet (c, d). Control n = 5 mice, CR n = 4 mice (a, b); Control n = 5 
mice, KD n = 5 mice (c, d). e–h, Effects of control diets, CR or the KD on blood 
glucose levels (e, f) or fasting plasma insulin levels (g, h). Control n = 12, CR n = 11 
(e); Control n = 9, KD n = 10 (f); Control n = 6, CR n = 6 (g); Control n = 7, KD n = 8 (h). 
Data are presented as mean ± s.e.m. (a, c) or as box-and-whisker plots displaying 
median, interquartile range (boxes) and minima and maxima (whiskers)  
(b, d, e–h). Comparisons were made using two-way repeated-measures ANOVA 
(a, c) or a two-tailed Student’s t-test (b, d, e–h).
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Fig. 2 | CR and the KD differentially alter nutrient levels in the plasma and 
TIF. a, b, Glucose concentration in TIF from subcutaneous AL1376 tumours in 
mice exposed to CR or a control diet (a) or the KD or a control diet (b). Control 
n = 11, CR n = 10 (a); Control n = 5, KD n = 7 (b). c, Doubling times of AL1376 cells 
cultured in lipidated versus de-lipidated media containing the indicated 
glucose concentrations. n = 3 biologically independent replicates per group. 
d, Fold change in specified metabolite levels induced by CR or the KD relative to 
the control diet measured in the plasma (upper) or TIF (lower). Plasma: CR n = 8, 
KD n = 9; TIF: CR n = 13, KD n = 6. e, Fold changes in specified fatty acid levels 
induced by CR or the KD relative to the control diet measured in the plasma 
(upper) or TIF (lower). Plasma: CR n = 7, KD n = 4; TIF: CR n = 10, KD n = 4. Data are 
presented as box-and-whisker plots displaying median, interquartile range 
(boxes) and minima and maxima (whiskers) (a, b) or as mean ± s.e.m. (c–e). 
Comparisons were made using a two-tailed Student’s t-test (a–c).
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(Fig. 2c), we considered whether changes in the availability of other 
nutrients might also contribute to the effects of CR.

CR and the KD have minor effects on levels of many metabolites 
(Fig. 2d). Most notably, the KD more effectively raises levels of the 
‘ketone’ β-hydroxybutyrate (β-OHB) (Fig. 2d, Extended Data Fig. 3a). 
Impairing ketone metabolism in some cancer cells can sensitise 
tumours to a KD13. Consistently, whereas β-OHB supplementation 
does not affect AL1376 cell proliferation (Extended Data Fig. 3b), these 
cells incorporate β-OHB into the TCA cycle (Extended Data Fig. 3c) 
and palmitate (Extended Data Fig. 3d). β-OHB exposure also alters 
the fatty acid composition of these cells (Extended Data Fig. 3e, f). 
Therefore, increased ketone levels might contribute to why the KD 
does not inhibit tumour growth in this model.

We next found a striking difference in the effects of CR and the KD 
on fatty acid levels. Although many fatty acids in plasma and TIF are 
increased by the KD, levels of almost all fatty acids are reduced by CR 
(Fig. 2e). These observations are consistent with CR mice maintaining 
muscle mass but losing white adipose tissue (Extended Data Fig. 2f), 
whereas mice fed the KD maintain both muscle and white adipose tissue 
mass (Extended Data Fig. 2o). Therefore, decreased tumour availability 
of lipids and fatty acids is specific to CR, and environmental lipid limita-
tion could contribute to how CR inhibits tumour growth.

To evaluate how lipid deprivation influences cellular fatty acid 
metabolism, we cultured cells in lipid-depleted media containing only 
trace fatty acids14 (Extended Data Fig. 4a). Cancer cells derived from 
various tissues, including AL1376, LGSP, HeLa, Panc1 and A549 cells, 
can still proliferate in lipid-depleted media, although at a slower rate 
(Fig. 3a, Extended Data Fig. 4b). Notably, lipid starvation does not sen-
sitise AL1376 cells to any anti-proliferative effects of glucose limitation 
(Fig. 2c), suggesting that the combination of these two CR-mediated 
effects alone might not explain reduced tumour growth. Lipid deple-
tion decreases cellular levels of polyunsaturated fatty acids (PUFAs) 
because these essential fatty acids cannot be synthesised by mam-
malian cells and must be obtained from the environment (Fig. 3b, 
Extended Data Fig. 4c). In contrast, levels of saturated fatty acids (SFAs) 

and monounsaturated fatty acids (MUFAs) are relatively maintained 
(Fig. 3b, Extended Data Fig. 4c), consistent with exogenous lipid limita-
tion promoting SREBP1 transcription factor activation and de novo fatty 
acid synthesis (Fig. 3c, Extended Data Fig. 4d–i, Supplementary Table 1).

Interestingly, 16:1(n-7) MUFA levels are markedly increased in cells 
cultured in lipid-depleted conditions (Fig. 3b, Extended Data Fig. 4c). 
Stearoyl-CoA desaturase (SCD) is responsible for the synthesis of 16:1(n-7) 
and 18:1(n-9) MUFAs from the 16:0 and 18:0 SFAs, respectively (Fig. 3d). 
These fatty acids are abundant (Extended Data Fig. 4j), indicating that 
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Fig. 1 | CR, but not the KD, impairs growth of PDAC allograft tumours. 
a–d, Tumour volumes (a, c) and endpoint tumour weights (b, d) of subcutaneous 
AL1376 PDAC allografts in male mice exposed to CR or a control diet (a, b) or the 
KD or a control diet (c, d). Control n = 5 mice, CR n = 4 mice (a, b); Control n = 5 
mice, KD n = 5 mice (c, d). e–h, Effects of control diets, CR or the KD on blood 
glucose levels (e, f) or fasting plasma insulin levels (g, h). Control n = 12, CR n = 11 
(e); Control n = 9, KD n = 10 (f); Control n = 6, CR n = 6 (g); Control n = 7, KD n = 8 (h). 
Data are presented as mean ± s.e.m. (a, c) or as box-and-whisker plots displaying 
median, interquartile range (boxes) and minima and maxima (whiskers)  
(b, d, e–h). Comparisons were made using two-way repeated-measures ANOVA 
(a, c) or a two-tailed Student’s t-test (b, d, e–h).

Tu
m

ou
r i

nt
er

st
iti

al
flu

id
 g

lu
co

se
 (m

M
)

lo
g 2(

di
et

/c
on

tr
ol

)
lo

g 2(
di

et
/c

on
tr

ol
)

0

1
2

2

3

Tu
m

ou
r i

nt
er

st
iti

al
flu

id
 g

lu
co

se
 (m

M
)

0

4

64

0

–1

1

–2

0
1

–2

–4

P = 0.043

Con
tro

l
CR

Con
tro

l
KD

Plasma

Plasma

py
ru

va
te

la
ct

at
e

β-
O

H
B

su
cc

in
at

e
fu

m
ar

at
e

αK
G

m
al

at
e

ci
tr

at
e

A
la

A
sp G
ln

G
lu

S
er G
ly

P
ro

14
:0

16
:0

18
:0

16
:1

(n
-7

)

16
:1

(n
-1

0)

18
:1

(n
-9

)

18
:1

(n
-7

)

20
:1

(n
-9

)

24
:1

(n
-9

)

18
:2

(n
-6

)

20
:3

(n
-6

)

20
:4

(n
-6

)

18
:3

(n
-3

)

20
:5

(n
-3

)

22
:6

(n
-3

)

A
sn Ty

r
A

rg
M

et
Th

r
P

he Ly
s

Le
u Ile Va
l

Tumour interstitial fluid

Tumour interstitial fluid

CR

KD

CR

KD

a c

d

e

b +lipids
–lipids P = 0.041

0.0

0.5

1.0

1.5

2.0

Glucose (mM)

D
ou

bl
in

gs
/d

ay

1.6 0.82.825 8 5

–4

–2

0

2

4

–2

0

2

4

6

Fig. 2 | CR and the KD differentially alter nutrient levels in the plasma and 
TIF. a, b, Glucose concentration in TIF from subcutaneous AL1376 tumours in 
mice exposed to CR or a control diet (a) or the KD or a control diet (b). Control 
n = 11, CR n = 10 (a); Control n = 5, KD n = 7 (b). c, Doubling times of AL1376 cells 
cultured in lipidated versus de-lipidated media containing the indicated 
glucose concentrations. n = 3 biologically independent replicates per group. 
d, Fold change in specified metabolite levels induced by CR or the KD relative to 
the control diet measured in the plasma (upper) or TIF (lower). Plasma: CR n = 8, 
KD n = 9; TIF: CR n = 13, KD n = 6. e, Fold changes in specified fatty acid levels 
induced by CR or the KD relative to the control diet measured in the plasma 
(upper) or TIF (lower). Plasma: CR n = 7, KD n = 4; TIF: CR n = 10, KD n = 4. Data are 
presented as box-and-whisker plots displaying median, interquartile range 
(boxes) and minima and maxima (whiskers) (a, b) or as mean ± s.e.m. (c–e). 
Comparisons were made using a two-tailed Student’s t-test (a–c).
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(Fig. 2c), we considered whether changes in the availability of other 
nutrients might also contribute to the effects of CR.

CR and the KD have minor effects on levels of many metabolites 
(Fig. 2d). Most notably, the KD more effectively raises levels of the 
‘ketone’ β-hydroxybutyrate (β-OHB) (Fig. 2d, Extended Data Fig. 3a). 
Impairing ketone metabolism in some cancer cells can sensitise 
tumours to a KD13. Consistently, whereas β-OHB supplementation 
does not affect AL1376 cell proliferation (Extended Data Fig. 3b), these 
cells incorporate β-OHB into the TCA cycle (Extended Data Fig. 3c) 
and palmitate (Extended Data Fig. 3d). β-OHB exposure also alters 
the fatty acid composition of these cells (Extended Data Fig. 3e, f). 
Therefore, increased ketone levels might contribute to why the KD 
does not inhibit tumour growth in this model.

We next found a striking difference in the effects of CR and the KD 
on fatty acid levels. Although many fatty acids in plasma and TIF are 
increased by the KD, levels of almost all fatty acids are reduced by CR 
(Fig. 2e). These observations are consistent with CR mice maintaining 
muscle mass but losing white adipose tissue (Extended Data Fig. 2f), 
whereas mice fed the KD maintain both muscle and white adipose tissue 
mass (Extended Data Fig. 2o). Therefore, decreased tumour availability 
of lipids and fatty acids is specific to CR, and environmental lipid limita-
tion could contribute to how CR inhibits tumour growth.

To evaluate how lipid deprivation influences cellular fatty acid 
metabolism, we cultured cells in lipid-depleted media containing only 
trace fatty acids14 (Extended Data Fig. 4a). Cancer cells derived from 
various tissues, including AL1376, LGSP, HeLa, Panc1 and A549 cells, 
can still proliferate in lipid-depleted media, although at a slower rate 
(Fig. 3a, Extended Data Fig. 4b). Notably, lipid starvation does not sen-
sitise AL1376 cells to any anti-proliferative effects of glucose limitation 
(Fig. 2c), suggesting that the combination of these two CR-mediated 
effects alone might not explain reduced tumour growth. Lipid deple-
tion decreases cellular levels of polyunsaturated fatty acids (PUFAs) 
because these essential fatty acids cannot be synthesised by mam-
malian cells and must be obtained from the environment (Fig. 3b, 
Extended Data Fig. 4c). In contrast, levels of saturated fatty acids (SFAs) 

and monounsaturated fatty acids (MUFAs) are relatively maintained 
(Fig. 3b, Extended Data Fig. 4c), consistent with exogenous lipid limita-
tion promoting SREBP1 transcription factor activation and de novo fatty 
acid synthesis (Fig. 3c, Extended Data Fig. 4d–i, Supplementary Table 1).

Interestingly, 16:1(n-7) MUFA levels are markedly increased in cells 
cultured in lipid-depleted conditions (Fig. 3b, Extended Data Fig. 4c). 
Stearoyl-CoA desaturase (SCD) is responsible for the synthesis of 16:1(n-7) 
and 18:1(n-9) MUFAs from the 16:0 and 18:0 SFAs, respectively (Fig. 3d). 
These fatty acids are abundant (Extended Data Fig. 4j), indicating that 
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Fig. 1 | CR, but not the KD, impairs growth of PDAC allograft tumours. 
a–d, Tumour volumes (a, c) and endpoint tumour weights (b, d) of subcutaneous 
AL1376 PDAC allografts in male mice exposed to CR or a control diet (a, b) or the 
KD or a control diet (c, d). Control n = 5 mice, CR n = 4 mice (a, b); Control n = 5 
mice, KD n = 5 mice (c, d). e–h, Effects of control diets, CR or the KD on blood 
glucose levels (e, f) or fasting plasma insulin levels (g, h). Control n = 12, CR n = 11 
(e); Control n = 9, KD n = 10 (f); Control n = 6, CR n = 6 (g); Control n = 7, KD n = 8 (h). 
Data are presented as mean ± s.e.m. (a, c) or as box-and-whisker plots displaying 
median, interquartile range (boxes) and minima and maxima (whiskers)  
(b, d, e–h). Comparisons were made using two-way repeated-measures ANOVA 
(a, c) or a two-tailed Student’s t-test (b, d, e–h).
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Fig. 2 | CR and the KD differentially alter nutrient levels in the plasma and 
TIF. a, b, Glucose concentration in TIF from subcutaneous AL1376 tumours in 
mice exposed to CR or a control diet (a) or the KD or a control diet (b). Control 
n = 11, CR n = 10 (a); Control n = 5, KD n = 7 (b). c, Doubling times of AL1376 cells 
cultured in lipidated versus de-lipidated media containing the indicated 
glucose concentrations. n = 3 biologically independent replicates per group. 
d, Fold change in specified metabolite levels induced by CR or the KD relative to 
the control diet measured in the plasma (upper) or TIF (lower). Plasma: CR n = 8, 
KD n = 9; TIF: CR n = 13, KD n = 6. e, Fold changes in specified fatty acid levels 
induced by CR or the KD relative to the control diet measured in the plasma 
(upper) or TIF (lower). Plasma: CR n = 7, KD n = 4; TIF: CR n = 10, KD n = 4. Data are 
presented as box-and-whisker plots displaying median, interquartile range 
(boxes) and minima and maxima (whiskers) (a, b) or as mean ± s.e.m. (c–e). 
Comparisons were made using a two-tailed Student’s t-test (a–c).
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(Fig. 2c), we considered whether changes in the availability of other 
nutrients might also contribute to the effects of CR.

CR and the KD have minor effects on levels of many metabolites 
(Fig. 2d). Most notably, the KD more effectively raises levels of the 
‘ketone’ β-hydroxybutyrate (β-OHB) (Fig. 2d, Extended Data Fig. 3a). 
Impairing ketone metabolism in some cancer cells can sensitise 
tumours to a KD13. Consistently, whereas β-OHB supplementation 
does not affect AL1376 cell proliferation (Extended Data Fig. 3b), these 
cells incorporate β-OHB into the TCA cycle (Extended Data Fig. 3c) 
and palmitate (Extended Data Fig. 3d). β-OHB exposure also alters 
the fatty acid composition of these cells (Extended Data Fig. 3e, f). 
Therefore, increased ketone levels might contribute to why the KD 
does not inhibit tumour growth in this model.

We next found a striking difference in the effects of CR and the KD 
on fatty acid levels. Although many fatty acids in plasma and TIF are 
increased by the KD, levels of almost all fatty acids are reduced by CR 
(Fig. 2e). These observations are consistent with CR mice maintaining 
muscle mass but losing white adipose tissue (Extended Data Fig. 2f), 
whereas mice fed the KD maintain both muscle and white adipose tissue 
mass (Extended Data Fig. 2o). Therefore, decreased tumour availability 
of lipids and fatty acids is specific to CR, and environmental lipid limita-
tion could contribute to how CR inhibits tumour growth.

To evaluate how lipid deprivation influences cellular fatty acid 
metabolism, we cultured cells in lipid-depleted media containing only 
trace fatty acids14 (Extended Data Fig. 4a). Cancer cells derived from 
various tissues, including AL1376, LGSP, HeLa, Panc1 and A549 cells, 
can still proliferate in lipid-depleted media, although at a slower rate 
(Fig. 3a, Extended Data Fig. 4b). Notably, lipid starvation does not sen-
sitise AL1376 cells to any anti-proliferative effects of glucose limitation 
(Fig. 2c), suggesting that the combination of these two CR-mediated 
effects alone might not explain reduced tumour growth. Lipid deple-
tion decreases cellular levels of polyunsaturated fatty acids (PUFAs) 
because these essential fatty acids cannot be synthesised by mam-
malian cells and must be obtained from the environment (Fig. 3b, 
Extended Data Fig. 4c). In contrast, levels of saturated fatty acids (SFAs) 

and monounsaturated fatty acids (MUFAs) are relatively maintained 
(Fig. 3b, Extended Data Fig. 4c), consistent with exogenous lipid limita-
tion promoting SREBP1 transcription factor activation and de novo fatty 
acid synthesis (Fig. 3c, Extended Data Fig. 4d–i, Supplementary Table 1).

Interestingly, 16:1(n-7) MUFA levels are markedly increased in cells 
cultured in lipid-depleted conditions (Fig. 3b, Extended Data Fig. 4c). 
Stearoyl-CoA desaturase (SCD) is responsible for the synthesis of 16:1(n-7) 
and 18:1(n-9) MUFAs from the 16:0 and 18:0 SFAs, respectively (Fig. 3d). 
These fatty acids are abundant (Extended Data Fig. 4j), indicating that 
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Fig. 1 | CR, but not the KD, impairs growth of PDAC allograft tumours. 
a–d, Tumour volumes (a, c) and endpoint tumour weights (b, d) of subcutaneous 
AL1376 PDAC allografts in male mice exposed to CR or a control diet (a, b) or the 
KD or a control diet (c, d). Control n = 5 mice, CR n = 4 mice (a, b); Control n = 5 
mice, KD n = 5 mice (c, d). e–h, Effects of control diets, CR or the KD on blood 
glucose levels (e, f) or fasting plasma insulin levels (g, h). Control n = 12, CR n = 11 
(e); Control n = 9, KD n = 10 (f); Control n = 6, CR n = 6 (g); Control n = 7, KD n = 8 (h). 
Data are presented as mean ± s.e.m. (a, c) or as box-and-whisker plots displaying 
median, interquartile range (boxes) and minima and maxima (whiskers)  
(b, d, e–h). Comparisons were made using two-way repeated-measures ANOVA 
(a, c) or a two-tailed Student’s t-test (b, d, e–h).
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Fig. 2 | CR and the KD differentially alter nutrient levels in the plasma and 
TIF. a, b, Glucose concentration in TIF from subcutaneous AL1376 tumours in 
mice exposed to CR or a control diet (a) or the KD or a control diet (b). Control 
n = 11, CR n = 10 (a); Control n = 5, KD n = 7 (b). c, Doubling times of AL1376 cells 
cultured in lipidated versus de-lipidated media containing the indicated 
glucose concentrations. n = 3 biologically independent replicates per group. 
d, Fold change in specified metabolite levels induced by CR or the KD relative to 
the control diet measured in the plasma (upper) or TIF (lower). Plasma: CR n = 8, 
KD n = 9; TIF: CR n = 13, KD n = 6. e, Fold changes in specified fatty acid levels 
induced by CR or the KD relative to the control diet measured in the plasma 
(upper) or TIF (lower). Plasma: CR n = 7, KD n = 4; TIF: CR n = 10, KD n = 4. Data are 
presented as box-and-whisker plots displaying median, interquartile range 
(boxes) and minima and maxima (whiskers) (a, b) or as mean ± s.e.m. (c–e). 
Comparisons were made using a two-tailed Student’s t-test (a–c).





Figure 6. Protein-Level Analysis Confirms Enhanced Fatty Acid Uptake and Oxidation by HFD Tumor Cells
(A) Schematic depicting TMT-proteomics experiment.

(B) Enrichment analysis using Hallmark gene sets from MSigDB.

(legend continued on next page)
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SUMMARY

Obesity is a major cancer risk factor, but how differences in systemic metabolism change the tumor micro-
environment (TME) and impact anti-tumor immunity is not understood. Here, we demonstrate that high-fat
diet (HFD)-induced obesity impairs CD8+ T cell function in the murine TME, accelerating tumor growth. We
generate a single-cell resolution atlas of cellular metabolism in the TME, detailing how it changes with
diet-induced obesity. We find that tumor and CD8+ T cells display distinct metabolic adaptations to obesity.
Tumor cells increase fat uptake with HFD, whereas tumor-infiltrating CD8+ T cells do not. These differential
adaptations lead to altered fatty acid partitioning in HFD tumors, impairing CD8+ T cell infiltration and
function. Blocking metabolic reprogramming by tumor cells in obese mice improves anti-tumor immunity.
Analysis of human cancers reveals similar transcriptional changes in CD8+ T cell markers, suggesting inter-
ventions that exploit metabolism to improve cancer immunotherapy.

INTRODUCTION

Obesity is an epidemic in the Western world and a risk factor for
at least 13 types of cancer, including colorectal carcinoma
(Lauby-Secretan et al., 2016). Of cancers in patients >30 years
of age in the United States, !5% and 10% are attributable to
excess body weight in men and women, respectively (Islami
et al., 2018). Moreover, while overall cancer incidence has
decreased over the past 10 years in the United States, rates
are rising for several obesity-related cancers, such as liver,
pancreatic, thyroid, and uterine cancer, as well as for colorectal
cancer in patients under 55 (Lauby-Secretan et al., 2016; Siegel
et al., 2019; Sung et al., 2019). Thus, it is crucial to elucidate
mechanisms by which obesity increases tumor burden.

Obesity induces systemic perturbations to organismal meta-
bolism, leading to dyslipidemia, hypercholesterolemia, insulin
resistance, altered hormone levels, and baseline changes in
inflammation (Deng et al., 2016). Cellular changes associated
with obesity include transcriptional and epigenetic alterations
in the intestinal epithelium favoring colorectal tumor
initiation (Beyaz et al., 2016; Li et al., 2014, 2018) and progres-
sion (Li et al., 2014). Previous studies on obesity and cancer
have focused on tumor-intrinsic effects or on the endocrine-tu-
mor cell regulatory axis. It has not yet been reported how
changes in systemic metabolism induced by obesity affect im-
mune cells in the local tumor microenvironment (TME).
The TME is a unique metabolic niche, containing cellular com-

ponents (tumor cells, immune cells, and stromal cells) as well as
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Figure 6. Protein-Level Analysis Confirms Enhanced Fatty Acid Uptake and Oxidation by HFD Tumor Cells
(A) Schematic depicting TMT-proteomics experiment.

(B) Enrichment analysis using Hallmark gene sets from MSigDB.

(legend continued on next page)
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and HFD tumors (Figures S2A and S2D). As a result, the ratio of
CD8+ T cells to Tregs was lower in HFD tumors (Figure S2E).

In addition to CD8+ T cells, we also evaluated the effects of
HFD on other immune cell populations in MC38 tumors. Natural
killer (NK) cell numbers were comparable across conditions (Fig-
ure S2F). However, the percentage of CD11b+ myeloid cells
increased with HFD (Figures S2A and S2G), corresponding to
an expansion of both GR1+ CD11b+myeloid-derived suppressor
cell numbers (Figures S2A and S2H) and F4/80+ GR1! CD11b+

tumor-associated macrophages (TAMs) (Figures S2A and S2I),
two populations known to promote tumor growth. The ratio of
CD11b+ myeloid cells to tumor cells did not increase, because

there were fewer infiltrating immune cells in HFD tumors (Fig-
ure S2J). We also looked at CD11c+ dendritic cells, which stim-
ulate T cells by presenting antigen. The percentage of CD11c+

dendritic cells in tumors was similar in CD and HFD, as were
the expression levels of MHC-I, MHC-II, and CD40 on CD11c+

cells (Figures S2K–S2N). Diet did not alter MHC-I and PD-L1
levels on MC38 tumor cells (Figures S2O and S2P). These find-
ings suggest that CD8+ T cells are the immune cell type in the
MC38 TME most dramatically impacted by HFD.
To study the effect of HFD on the activity and function of CD8+

T cells in tumors, we assayed markers indicative of T cell func-
tion. CD8+ tumor-infiltrating lymphocytes (TILs) from HFD mice

Figure 1. MC38 Tumor Growth Is Accelerated by HFD Feeding in a CD8+ T Cell-Dependent Manner
(A) Schematic depicting experimental setup.

(B–E) Tumor growth curves of WT C57BL/6J mice inoculated with 105 MC38 (B), 2 3 105 E0771 (C), 105 B16 melanoma (D), or 105 Lewis lung carcinoma (E)

tumor cells.

(F) Tumor growth curves of TCRa-KO mice fed CD or HFD inoculated with 105 MC38 tumor cells.

(G) Tumor growth curves ofWTC57BL/6Jmice inoculated with 105MC38 tumor cells and treatedwith isotype control (left) or depleting anti-CD8 (right) antibodies

after CD or HFD feeding for 8–10 weeks.

Data represent R2 independent experiments with R5 mice per group. Statistical significance was assessed by two-way ANOVA followed by the Bonferroni

posthoc correction (B–G). (*p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001.) Graphs display mean ± SEM (B–G).

See also Figure S1.
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and HFD tumors (Figures S2A and S2D). As a result, the ratio of
CD8+ T cells to Tregs was lower in HFD tumors (Figure S2E).

In addition to CD8+ T cells, we also evaluated the effects of
HFD on other immune cell populations in MC38 tumors. Natural
killer (NK) cell numbers were comparable across conditions (Fig-
ure S2F). However, the percentage of CD11b+ myeloid cells
increased with HFD (Figures S2A and S2G), corresponding to
an expansion of both GR1+ CD11b+myeloid-derived suppressor
cell numbers (Figures S2A and S2H) and F4/80+ GR1! CD11b+

tumor-associated macrophages (TAMs) (Figures S2A and S2I),
two populations known to promote tumor growth. The ratio of
CD11b+ myeloid cells to tumor cells did not increase, because

there were fewer infiltrating immune cells in HFD tumors (Fig-
ure S2J). We also looked at CD11c+ dendritic cells, which stim-
ulate T cells by presenting antigen. The percentage of CD11c+

dendritic cells in tumors was similar in CD and HFD, as were
the expression levels of MHC-I, MHC-II, and CD40 on CD11c+

cells (Figures S2K–S2N). Diet did not alter MHC-I and PD-L1
levels on MC38 tumor cells (Figures S2O and S2P). These find-
ings suggest that CD8+ T cells are the immune cell type in the
MC38 TME most dramatically impacted by HFD.
To study the effect of HFD on the activity and function of CD8+

T cells in tumors, we assayed markers indicative of T cell func-
tion. CD8+ tumor-infiltrating lymphocytes (TILs) from HFD mice

Figure 1. MC38 Tumor Growth Is Accelerated by HFD Feeding in a CD8+ T Cell-Dependent Manner
(A) Schematic depicting experimental setup.

(B–E) Tumor growth curves of WT C57BL/6J mice inoculated with 105 MC38 (B), 2 3 105 E0771 (C), 105 B16 melanoma (D), or 105 Lewis lung carcinoma (E)

tumor cells.

(F) Tumor growth curves of TCRa-KO mice fed CD or HFD inoculated with 105 MC38 tumor cells.

(G) Tumor growth curves ofWTC57BL/6Jmice inoculated with 105MC38 tumor cells and treatedwith isotype control (left) or depleting anti-CD8 (right) antibodies

after CD or HFD feeding for 8–10 weeks.

Data represent R2 independent experiments with R5 mice per group. Statistical significance was assessed by two-way ANOVA followed by the Bonferroni

posthoc correction (B–G). (*p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001.) Graphs display mean ± SEM (B–G).

See also Figure S1.
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were less proliferative, based on Ki67 levels (Figures 2E and
S2Q). A smaller proportion of HFD CD8+ TILs expressed the cos-
timulatory receptor ICOS (Figures 2F and S2R). We also exam-
ined PD-1 expression, which is induced during activation, and
observed fewer CD8+ TILs expressing PD-1 in HFD animals (Fig-

ure 2G). Thus, CD8+ TILs express lower levels of both co-stimu-
latory and co-inhibitory receptors, consistent with decreased
activation. Accordingly, we found that fewer CD8+ TILs ex-
pressed the cytolytic molecule granzyme B (GZMB) with HFD
compared to CD (Figures 2H and 2I), suggesting reduced

Figure 2. HFD Reduces Intratumoral CD8+ T Cell Numbers and Functionality
(A) Schematic depicting experimental setup.

(B–L) Flow cytometry analysis of MC38 (B and E–L), MC38-GFP (C and D), E0771 (M) or B16-OVA-RFP (N) tumors on days 10–14 after inoculation.

(B) Quantification of the percentage of CD8+ T cells among intratumoral CD45+ cells.

(C and D) The ratio of CD45+ cells (C) or CD8+ T cells (D) to MC38-GFP tumor cells.

(E–G) Quantification of Ki67 (E), ICOS (F), and PD-1 (G) expression among CD8+ TILs.

(H and I) Representative flow plot (H) and quantification (I) of GZMB expression among CD8+ TILs.

(J–L) Quantification of IFNg (J), TNFa (K) and IL-2 (L) expression among CD8+ TILs after ex vivo phorbol myristate acetate (PMA)/ionomycin stimulation.

(M and N) Quantification of GZMB expression among CD8+ TILs in E0771 (M) and B16-OVA-RFP (N) tumors.

Data representR2 independent experiments withR6mice per group. Statistical significance was assessed by Student’s t test (B–G, I–N). (not significant [ns], p >

0.05, *p % 0.05, **p % 0.01). Graphs display mean ± SD (B–G and I–N.)

See also Figure S2.
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Figure 6. Protein-Level Analysis Confirms Enhanced Fatty Acid Uptake and Oxidation by HFD Tumor Cells
(A) Schematic depicting TMT-proteomics experiment.

(B) Enrichment analysis using Hallmark gene sets from MSigDB.

(legend continued on next page)
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and HFD tumors (Figures S2A and S2D). As a result, the ratio of
CD8+ T cells to Tregs was lower in HFD tumors (Figure S2E).

In addition to CD8+ T cells, we also evaluated the effects of
HFD on other immune cell populations in MC38 tumors. Natural
killer (NK) cell numbers were comparable across conditions (Fig-
ure S2F). However, the percentage of CD11b+ myeloid cells
increased with HFD (Figures S2A and S2G), corresponding to
an expansion of both GR1+ CD11b+myeloid-derived suppressor
cell numbers (Figures S2A and S2H) and F4/80+ GR1! CD11b+

tumor-associated macrophages (TAMs) (Figures S2A and S2I),
two populations known to promote tumor growth. The ratio of
CD11b+ myeloid cells to tumor cells did not increase, because

there were fewer infiltrating immune cells in HFD tumors (Fig-
ure S2J). We also looked at CD11c+ dendritic cells, which stim-
ulate T cells by presenting antigen. The percentage of CD11c+

dendritic cells in tumors was similar in CD and HFD, as were
the expression levels of MHC-I, MHC-II, and CD40 on CD11c+

cells (Figures S2K–S2N). Diet did not alter MHC-I and PD-L1
levels on MC38 tumor cells (Figures S2O and S2P). These find-
ings suggest that CD8+ T cells are the immune cell type in the
MC38 TME most dramatically impacted by HFD.
To study the effect of HFD on the activity and function of CD8+

T cells in tumors, we assayed markers indicative of T cell func-
tion. CD8+ tumor-infiltrating lymphocytes (TILs) from HFD mice

Figure 1. MC38 Tumor Growth Is Accelerated by HFD Feeding in a CD8+ T Cell-Dependent Manner
(A) Schematic depicting experimental setup.

(B–E) Tumor growth curves of WT C57BL/6J mice inoculated with 105 MC38 (B), 2 3 105 E0771 (C), 105 B16 melanoma (D), or 105 Lewis lung carcinoma (E)

tumor cells.

(F) Tumor growth curves of TCRa-KO mice fed CD or HFD inoculated with 105 MC38 tumor cells.

(G) Tumor growth curves ofWTC57BL/6Jmice inoculated with 105MC38 tumor cells and treatedwith isotype control (left) or depleting anti-CD8 (right) antibodies

after CD or HFD feeding for 8–10 weeks.

Data represent R2 independent experiments with R5 mice per group. Statistical significance was assessed by two-way ANOVA followed by the Bonferroni

posthoc correction (B–G). (*p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001.) Graphs display mean ± SEM (B–G).

See also Figure S1.
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were less proliferative, based on Ki67 levels (Figures 2E and
S2Q). A smaller proportion of HFD CD8+ TILs expressed the cos-
timulatory receptor ICOS (Figures 2F and S2R). We also exam-
ined PD-1 expression, which is induced during activation, and
observed fewer CD8+ TILs expressing PD-1 in HFD animals (Fig-

ure 2G). Thus, CD8+ TILs express lower levels of both co-stimu-
latory and co-inhibitory receptors, consistent with decreased
activation. Accordingly, we found that fewer CD8+ TILs ex-
pressed the cytolytic molecule granzyme B (GZMB) with HFD
compared to CD (Figures 2H and 2I), suggesting reduced

Figure 2. HFD Reduces Intratumoral CD8+ T Cell Numbers and Functionality
(A) Schematic depicting experimental setup.

(B–L) Flow cytometry analysis of MC38 (B and E–L), MC38-GFP (C and D), E0771 (M) or B16-OVA-RFP (N) tumors on days 10–14 after inoculation.

(B) Quantification of the percentage of CD8+ T cells among intratumoral CD45+ cells.

(C and D) The ratio of CD45+ cells (C) or CD8+ T cells (D) to MC38-GFP tumor cells.

(E–G) Quantification of Ki67 (E), ICOS (F), and PD-1 (G) expression among CD8+ TILs.

(H and I) Representative flow plot (H) and quantification (I) of GZMB expression among CD8+ TILs.

(J–L) Quantification of IFNg (J), TNFa (K) and IL-2 (L) expression among CD8+ TILs after ex vivo phorbol myristate acetate (PMA)/ionomycin stimulation.

(M and N) Quantification of GZMB expression among CD8+ TILs in E0771 (M) and B16-OVA-RFP (N) tumors.

Data representR2 independent experiments withR6mice per group. Statistical significance was assessed by Student’s t test (B–G, I–N). (not significant [ns], p >

0.05, *p % 0.05, **p % 0.01). Graphs display mean ± SD (B–G and I–N.)

See also Figure S2.
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SUMMARY

Obesity is a major cancer risk factor, but how differences in systemic metabolism change the tumor micro-
environment (TME) and impact anti-tumor immunity is not understood. Here, we demonstrate that high-fat
diet (HFD)-induced obesity impairs CD8+ T cell function in the murine TME, accelerating tumor growth. We
generate a single-cell resolution atlas of cellular metabolism in the TME, detailing how it changes with
diet-induced obesity. We find that tumor and CD8+ T cells display distinct metabolic adaptations to obesity.
Tumor cells increase fat uptake with HFD, whereas tumor-infiltrating CD8+ T cells do not. These differential
adaptations lead to altered fatty acid partitioning in HFD tumors, impairing CD8+ T cell infiltration and
function. Blocking metabolic reprogramming by tumor cells in obese mice improves anti-tumor immunity.
Analysis of human cancers reveals similar transcriptional changes in CD8+ T cell markers, suggesting inter-
ventions that exploit metabolism to improve cancer immunotherapy.

INTRODUCTION

Obesity is an epidemic in the Western world and a risk factor for
at least 13 types of cancer, including colorectal carcinoma
(Lauby-Secretan et al., 2016). Of cancers in patients >30 years
of age in the United States, !5% and 10% are attributable to
excess body weight in men and women, respectively (Islami
et al., 2018). Moreover, while overall cancer incidence has
decreased over the past 10 years in the United States, rates
are rising for several obesity-related cancers, such as liver,
pancreatic, thyroid, and uterine cancer, as well as for colorectal
cancer in patients under 55 (Lauby-Secretan et al., 2016; Siegel
et al., 2019; Sung et al., 2019). Thus, it is crucial to elucidate
mechanisms by which obesity increases tumor burden.

Obesity induces systemic perturbations to organismal meta-
bolism, leading to dyslipidemia, hypercholesterolemia, insulin
resistance, altered hormone levels, and baseline changes in
inflammation (Deng et al., 2016). Cellular changes associated
with obesity include transcriptional and epigenetic alterations
in the intestinal epithelium favoring colorectal tumor
initiation (Beyaz et al., 2016; Li et al., 2014, 2018) and progres-
sion (Li et al., 2014). Previous studies on obesity and cancer
have focused on tumor-intrinsic effects or on the endocrine-tu-
mor cell regulatory axis. It has not yet been reported how
changes in systemic metabolism induced by obesity affect im-
mune cells in the local tumor microenvironment (TME).
The TME is a unique metabolic niche, containing cellular com-

ponents (tumor cells, immune cells, and stromal cells) as well as
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Cancer cells and infiltrating lymphocytes compete for lipids in the TME, with the former 
being able to outpace the latter for uptake. 

Obesity (HFD) enhances the ability of cancer cells to outcompete T cells



Diet rarely impacts cancer metabolism per se 
….but can synergies with treatment!!

• FASTING: reduces levels of IGF1, improves response to chemotherapy in models of 
breast cancer, melanoma, glioma and neuroblastoma 

• METHIONINE RESTRICTION: reduces levels of SAM, methylation of DNA and 
mTORC1. Enhances response to therapy in several preclinical models 

• SER/GLY RESTRICTION: essential nutrient for tumors lacking PHGDH and SHMT 
amplification. Potentiates effect of biguanidines. 

• HISTIDINE SUPPLEMENTATION: His catabolism drains THF pool, enhancing the 
tumor-killing effect of MTX 

• KETOGENIC DIET: Decrease blood insulin levels. Suppress insulin-driven resistance 
to anti-PI3K treatment 

• ARGININE DEPRIVATION: Tumor often silence ASS1 and become auxotrophs for Arg. 
Arg limitation synergies with inhibition of Arg-degrading enzyme ADI

For more info: Kanarek et al, Nature, 2020
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Amino acid deprivation
Although amino acids are traditionally classified as ‘essential’ or ‘non-
essential’, reflecting their relative dietary requirements for organismal 
fitness and growth, these categories are less relevant for cancer cells. 
Most ‘non-essential’ amino acids are required in large amounts by 
cancer cells for various anabolic processes, and the deprivation of 
specific amino acids often severely compromises the fitness of can-
cer cells, regardless of their ability to synthesize these amino acids. 
When discussing dietary restriction of amino acids it is important to 
consider the buffering of their levels in the blood by muscle atrophy, 
which occurs in order to allow the supply of essential amino acids to 
essential organs49. Owing to muscle atrophy, dietary deprivation of 
essential amino acids is likely to cause an increase in the  levels of all 
non-deprived amino acids in the serum, and even full withdrawal of all 
dietary protein is ineffective at reducing the levels of most amino acids 
in the blood50. Therefore, it is not trivial to deplete amino acid levels 
in the tumour milieu without causing a severe whole-body reduction 
of these amino acids that is likely to be toxic. From a technical per-
spective, specific amino acid restriction can be achieved in humans 
by defined protein beverages, supplemented with fruits, vegetables 
and some grains51.

Here we do not consider the common requirement for all amino acids 
as building blocks for protein synthesis, but rather focus on the unique 
metabolic functions of specific amino acids in cancer metabolism, and 
the potential benefits of their dietary depletion.

Methionine. Cancer cells require high levels of methionine for their 
growth, and many cancer cell lines are methionine auxotrophs52. In ad-
dition to its key requirement for translation, methionine is a substrate 
for S-adenosylmethionine (SAM) metabolism and is thus important for 
SAM-dependent downstream methylation reactions, including DNA 
methylation, which regulates gene expression53. Adequate levels of SAM 
are also necessary for the activation of mTORC154, which is the effector 
kinase of a major pro-proliferative oncogenic signalling pathway5,23. 
Finally, dietary methionine reduces cellular redox stress55, which is of 
particular importance for cancer cells.

The potential of dietary methionine restriction to enhance cancer 
treatment was first suggested in the early 1990s, and has been dem-
onstrated in various mouse models and types of cancer, including 
sarcoma51,56, glioma57,58, prostate cancer59,60, colorectal cancer51,61, 
breast cancer62–64, and melanoma65. As restriction of methionine for 

one week only is sufficient to yield significant metabolic changes in 
mice66, and methionine deprivation for short time periods is more 
likely to be complied with by patients, future studies should probably 
focus on the restriction of dietary methionine for periods shorter than 
several weeks.

Recently, it was shown that methionine restriction in humans results 
in similar metabolic changes to those observed in methionine-deprived 
tumour-bearing mice, including inhibition of one-carbon metabolism and 
nucleotide synthesis51. These encouraging results imply that methionine 
restriction in patients with cancer is likely to inhibit tumour progression 
similarly to its well-documented anti-tumorigenic effect in mouse models.

There are drawbacks to methionine deprivation. For example, the 
restriction of both methionine and cysteine has a pro-angiogenic 
effect67 that should be carefully considered when recommending 
dietary changes for patients with solid tumours. Specifically, secre-
tion of VEGF by endothelial cells following restriction of methionine 
and cysteine might support tumour growth, and must be taken into 
account in cases of tumours that overexpress VEGF and rely on it for 
their growth68.

Dietary restriction of methionine shows particular promise as a 
cancer-preventive regime: it has been shown to extend the lifespan 
of rodents69,70, and to result in several metabolic benefits that might 
improve healthspan as well70–72. These studies suggest that long-term 
methionine restriction is a safe and beneficial dietary strategy that is 
worth considering by healthy individuals to prevent cancer.

Serine. Serine contributes to several metabolic processes, including 
nucleotide synthesis, the response to oxidative stress, and the TCA 
cycle. Serine is considered a non-essential amino acid because cells can 
synthesize it de novo from glucose or glycine (Fig. 3). However, cancer 
cells depend on exogenous serine to support their high proliferation 
rate73,74. This positions serine as a cancer-specific essential nutrient.

Dietary deprivation of serine might enhance serine synthesis from 
glucose and/or glycine. While de novo synthesis of serine from glu-
cose by the serine synthesis pathway is an essential process in some 
cancer cells and can promote tumour growth in vivo, in these cases it 
is uncoupled from serine availability and its activation depends mostly 
on genomic variations in the first enzyme in the serine synthesis path-
way—phosphoglycerate dehydrogenase (PHGDH)75. PHGDH catalyses 
the committed step in serine synthesis (3-phospho-D-glycerate + NAD+ 
↔ 3-phosphonooxypyruvate + NADH). In many cases, serine synthesis 
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Fig. 3 | Serine metabolism in cancer cells. Serine is an essential metabolite for 
many cancer cells, even though it can be synthesized in mammalian cells. 
Serine can be synthesized from glucose through the serine synthesis pathway, 
or from glycine by the enzyme SHMT. Serine has been shown to contribute to 
ceramide synthesis142, which is important for mitochondrial function; in 
addition, through its metabolism to phosphatidylserine, serine participates in 
membrane synthesis. Serine can serve as a source for cysteine, which is 

important for glutathione (GSH) synthesis and the oxidative stress response, 
or for pyruvate, a TCA cycle substrate that is important for ATP production. 
Serine can also be converted into glycine during the conversion of THF to 
5,10-methylene THF, which is critical for one-carbon metabolism and 
nucleotide biosynthesis, as well as for the methylation cycle and thus 
methylation of DNA, RNA and proteins143.
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cose by the serine synthesis pathway is an essential process in some 
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exogenously lowered HAL expression are both less sensitive to meth-
otrexate than control cells.

Methotrexate is used as the standard of care in the treatment of the 
most common paediatric malignancy, acute lymphoblastic leukaemia 
(ALL)22, with relatively high success rates that unfortunately are accom-
panied by severe toxicity5. At present, treatment-outcome prediction 
markers are lacking23, leading physicians to prescribe methotrexate 
regimens based on clinical parameters instead of personalized pharma-
cogenetic factors. Notably, we found that young patients with ALL that 
showed high HAL expression in the ALL cells have significantly higher 
survival rates, compared to patients in the same study24 with low HAL 
expression (Fig. 3g). Expression levels of SLC19A1, which encodes the 
transporter for methotrexate, as well as the genes (AMDHD1 and 
FTCD) encoding histidine degradation pathway enzymes showed no 
significant association with patient survival (Extended Data Fig. 5b–d). 
These data warrant further investigation of the expression level of HAL 
as a prediction factor for treatment success rate in patients with ALL 
that are treated with methotrexate.

The association between expression levels of the rate-limiting enzyme 
in the histidine degradation pathway and methotrexate sensitivity in 
cancer cell lines and patients raised the possibility that increasing flux 
through this pathway could enhance the cytotoxic effects of methotrex-
ate. We proposed that in vivo histidine supplementation would increase 
histidine degradation and consumption of THF by FTCD, which might 
enhance the toxic effects of methotrexate on tumour cells. To assess the 
response of cancer cells to methotrexate in the presence of above-normal 

levels of histidine, we generated tumours by injecting HEL or SEM cells 
subcutaneously into NOD-SCID mice and treated the tumour-bearing 
mice with vehicle, histidine, methotrexate or a combination of histidine 
and methotrexate (Fig. 4a). To reliably assess the contribution of histi-
dine supplementation, we intentionally used a mild regimen of meth-
otrexate consisting of doses lower than those normally used in mice25.

As expected, tumours from mice treated with this reduced dosing 
of methotrexate did not have a significant decrease in size (Fig. 4b, c, 
Extended Data Fig. 6a, b). However, tumours from mice given both 
methotrexate and histidine showed a marked decrease in tumour size 
that was significantly greater than in any of the other treatment cohorts 
(Fig. 4b, c). Additionally, tumours from mice treated with methotrex-
ate and histidine supplementation appeared histologically worse and 
contained large necrotic areas and what morphologically appeared to 
be necrotic or apoptotic cells (Fig. 4d–f, Extended Data Figs. 6c, d, 7a). 
Organs known to be adversely affected by methotrexate showed no 
further toxicity in mice treated with the combined therapy compared 
to mice treated with methotrexate alone (Extended Data Figs. 7b, 9a), 
and no difference was observed in the weight loss of the mice treated 
with methotrexate alone compared to methotrexate treatment supple-
mented with histidine (Extended Data Fig. 9b). No enhanced toxicity 
was observed in mice treated with the combined therapy compared 
to methotrexate alone even when the mice were treated for 15 days 
(Extended Data Figs. 10, 11).

According to our hypothesis, histidine supplementation should 
increase the flux through the histidine degradation pathway and cause 
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Fig. 4 | In vivo histidine supplementation increases flux through the 
histidine degradation pathway and sensitizes tumours to methotrexate. 
a, Workflow for the in vivo assessment of the methotrexate-sensitivity of 
tumour xenografts after histidine supplementation. HEL or SEM cells were 
injected subcutaneously into NOD-SCID mice. Three weeks later tumour 
size was assessed by in vivo imaging and mice were randomly divided into 
four experimental groups: vehicle-treated, histidine supplementation, 
methotrexate-treated and histidine supplementation combined with 
methotrexate treatment. The treatments were followed by a second 
imaging session. b, c, The combination of methotrexate and histidine 
supplementation is the only treatment that resulted in a significant 
reduction in tumour size. Fold changes in tumour size as measured  
in vivo before and after the different treatments are presented for HEL- 
cell-derived tumours (b), and SEM-cell-derived tumours (c) (non-
parametric one-way ANOVA, Kruskal–Wallis test, Dunn’s post hoc 
test). d, The combination of methotrexate treatment and histidine 
supplementation caused cancer cell death. Haematoxylin and eosin 
staining of tumours from mice injected with HEL cells and treated with 
the different regimes is presented at two magnifications. Mitotic cells 

(blue arrows) and apoptotic or necrotic cells (orange arrows) are marked 
in the bottom panel. Scale bars: 200 µm (top), 10 µm (bottom). e, f, The 
combination of methotrexate and histidine supplementation was the only 
treatment that resulted in significant necrosis in tumours. Necrotic areas 
as detected by haematoxylin and eosin staining (d, top three rows, right 
column) were measured in the different groups (non-parametric one-
way ANOVA, Kruskal–Wallis test, Dunn’s post hoc test). g, THF levels 
decreased after methotrexate treatment and decreased even further when 
methotrexate was combined with histidine supplementation. Methotrexate 
levels were not different in tumours from mice treated with methotrexate 
alone or in combination with histidine supplementation. Nucleotide 
abundance was significantly lower in tumours from mice treated with 
methotrexate and histidine supplementation compared to tumours from 
vehicle-treated mice (non-parametric one-way ANOVA, Kruskal–Wallis 
test, Dunn’s post hoc test. Methotrexate, two tailed t-test). b, d, e, vehicle 
(n = 5), histidine (n = 4), methotrexate (n = 6), methotrexate + histidine 
(n = 6). c, f, (n = 6), (n = 7), (n = 7), (n = 7) for the same groups. g, (n = 5), 
(n = 4), (n = 5), (n = 6), for the same groups. Centre bars indicate mean, 
error bars indicate s.e.m.
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exogenously lowered HAL expression are both less sensitive to meth-
otrexate than control cells.
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regimens based on clinical parameters instead of personalized pharma-
cogenetic factors. Notably, we found that young patients with ALL that 
showed high HAL expression in the ALL cells have significantly higher 
survival rates, compared to patients in the same study24 with low HAL 
expression (Fig. 3g). Expression levels of SLC19A1, which encodes the 
transporter for methotrexate, as well as the genes (AMDHD1 and 
FTCD) encoding histidine degradation pathway enzymes showed no 
significant association with patient survival (Extended Data Fig. 5b–d). 
These data warrant further investigation of the expression level of HAL 
as a prediction factor for treatment success rate in patients with ALL 
that are treated with methotrexate.

The association between expression levels of the rate-limiting enzyme 
in the histidine degradation pathway and methotrexate sensitivity in 
cancer cell lines and patients raised the possibility that increasing flux 
through this pathway could enhance the cytotoxic effects of methotrex-
ate. We proposed that in vivo histidine supplementation would increase 
histidine degradation and consumption of THF by FTCD, which might 
enhance the toxic effects of methotrexate on tumour cells. To assess the 
response of cancer cells to methotrexate in the presence of above-normal 

levels of histidine, we generated tumours by injecting HEL or SEM cells 
subcutaneously into NOD-SCID mice and treated the tumour-bearing 
mice with vehicle, histidine, methotrexate or a combination of histidine 
and methotrexate (Fig. 4a). To reliably assess the contribution of histi-
dine supplementation, we intentionally used a mild regimen of meth-
otrexate consisting of doses lower than those normally used in mice25.

As expected, tumours from mice treated with this reduced dosing 
of methotrexate did not have a significant decrease in size (Fig. 4b, c, 
Extended Data Fig. 6a, b). However, tumours from mice given both 
methotrexate and histidine showed a marked decrease in tumour size 
that was significantly greater than in any of the other treatment cohorts 
(Fig. 4b, c). Additionally, tumours from mice treated with methotrex-
ate and histidine supplementation appeared histologically worse and 
contained large necrotic areas and what morphologically appeared to 
be necrotic or apoptotic cells (Fig. 4d–f, Extended Data Figs. 6c, d, 7a). 
Organs known to be adversely affected by methotrexate showed no 
further toxicity in mice treated with the combined therapy compared 
to mice treated with methotrexate alone (Extended Data Figs. 7b, 9a), 
and no difference was observed in the weight loss of the mice treated 
with methotrexate alone compared to methotrexate treatment supple-
mented with histidine (Extended Data Fig. 9b). No enhanced toxicity 
was observed in mice treated with the combined therapy compared 
to methotrexate alone even when the mice were treated for 15 days 
(Extended Data Figs. 10, 11).

According to our hypothesis, histidine supplementation should 
increase the flux through the histidine degradation pathway and cause 
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Fig. 4 | In vivo histidine supplementation increases flux through the 
histidine degradation pathway and sensitizes tumours to methotrexate. 
a, Workflow for the in vivo assessment of the methotrexate-sensitivity of 
tumour xenografts after histidine supplementation. HEL or SEM cells were 
injected subcutaneously into NOD-SCID mice. Three weeks later tumour 
size was assessed by in vivo imaging and mice were randomly divided into 
four experimental groups: vehicle-treated, histidine supplementation, 
methotrexate-treated and histidine supplementation combined with 
methotrexate treatment. The treatments were followed by a second 
imaging session. b, c, The combination of methotrexate and histidine 
supplementation is the only treatment that resulted in a significant 
reduction in tumour size. Fold changes in tumour size as measured  
in vivo before and after the different treatments are presented for HEL- 
cell-derived tumours (b), and SEM-cell-derived tumours (c) (non-
parametric one-way ANOVA, Kruskal–Wallis test, Dunn’s post hoc 
test). d, The combination of methotrexate treatment and histidine 
supplementation caused cancer cell death. Haematoxylin and eosin 
staining of tumours from mice injected with HEL cells and treated with 
the different regimes is presented at two magnifications. Mitotic cells 

(blue arrows) and apoptotic or necrotic cells (orange arrows) are marked 
in the bottom panel. Scale bars: 200 µm (top), 10 µm (bottom). e, f, The 
combination of methotrexate and histidine supplementation was the only 
treatment that resulted in significant necrosis in tumours. Necrotic areas 
as detected by haematoxylin and eosin staining (d, top three rows, right 
column) were measured in the different groups (non-parametric one-
way ANOVA, Kruskal–Wallis test, Dunn’s post hoc test). g, THF levels 
decreased after methotrexate treatment and decreased even further when 
methotrexate was combined with histidine supplementation. Methotrexate 
levels were not different in tumours from mice treated with methotrexate 
alone or in combination with histidine supplementation. Nucleotide 
abundance was significantly lower in tumours from mice treated with 
methotrexate and histidine supplementation compared to tumours from 
vehicle-treated mice (non-parametric one-way ANOVA, Kruskal–Wallis 
test, Dunn’s post hoc test. Methotrexate, two tailed t-test). b, d, e, vehicle 
(n = 5), histidine (n = 4), methotrexate (n = 6), methotrexate + histidine 
(n = 6). c, f, (n = 6), (n = 7), (n = 7), (n = 7) for the same groups. g, (n = 5), 
(n = 4), (n = 5), (n = 6), for the same groups. Centre bars indicate mean, 
error bars indicate s.e.m.
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exogenously lowered HAL expression are both less sensitive to meth-
otrexate than control cells.

Methotrexate is used as the standard of care in the treatment of the 
most common paediatric malignancy, acute lymphoblastic leukaemia 
(ALL)22, with relatively high success rates that unfortunately are accom-
panied by severe toxicity5. At present, treatment-outcome prediction 
markers are lacking23, leading physicians to prescribe methotrexate 
regimens based on clinical parameters instead of personalized pharma-
cogenetic factors. Notably, we found that young patients with ALL that 
showed high HAL expression in the ALL cells have significantly higher 
survival rates, compared to patients in the same study24 with low HAL 
expression (Fig. 3g). Expression levels of SLC19A1, which encodes the 
transporter for methotrexate, as well as the genes (AMDHD1 and 
FTCD) encoding histidine degradation pathway enzymes showed no 
significant association with patient survival (Extended Data Fig. 5b–d). 
These data warrant further investigation of the expression level of HAL 
as a prediction factor for treatment success rate in patients with ALL 
that are treated with methotrexate.

The association between expression levels of the rate-limiting enzyme 
in the histidine degradation pathway and methotrexate sensitivity in 
cancer cell lines and patients raised the possibility that increasing flux 
through this pathway could enhance the cytotoxic effects of methotrex-
ate. We proposed that in vivo histidine supplementation would increase 
histidine degradation and consumption of THF by FTCD, which might 
enhance the toxic effects of methotrexate on tumour cells. To assess the 
response of cancer cells to methotrexate in the presence of above-normal 

levels of histidine, we generated tumours by injecting HEL or SEM cells 
subcutaneously into NOD-SCID mice and treated the tumour-bearing 
mice with vehicle, histidine, methotrexate or a combination of histidine 
and methotrexate (Fig. 4a). To reliably assess the contribution of histi-
dine supplementation, we intentionally used a mild regimen of meth-
otrexate consisting of doses lower than those normally used in mice25.

As expected, tumours from mice treated with this reduced dosing 
of methotrexate did not have a significant decrease in size (Fig. 4b, c, 
Extended Data Fig. 6a, b). However, tumours from mice given both 
methotrexate and histidine showed a marked decrease in tumour size 
that was significantly greater than in any of the other treatment cohorts 
(Fig. 4b, c). Additionally, tumours from mice treated with methotrex-
ate and histidine supplementation appeared histologically worse and 
contained large necrotic areas and what morphologically appeared to 
be necrotic or apoptotic cells (Fig. 4d–f, Extended Data Figs. 6c, d, 7a). 
Organs known to be adversely affected by methotrexate showed no 
further toxicity in mice treated with the combined therapy compared 
to mice treated with methotrexate alone (Extended Data Figs. 7b, 9a), 
and no difference was observed in the weight loss of the mice treated 
with methotrexate alone compared to methotrexate treatment supple-
mented with histidine (Extended Data Fig. 9b). No enhanced toxicity 
was observed in mice treated with the combined therapy compared 
to methotrexate alone even when the mice were treated for 15 days 
(Extended Data Figs. 10, 11).

According to our hypothesis, histidine supplementation should 
increase the flux through the histidine degradation pathway and cause 
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Fig. 4 | In vivo histidine supplementation increases flux through the 
histidine degradation pathway and sensitizes tumours to methotrexate. 
a, Workflow for the in vivo assessment of the methotrexate-sensitivity of 
tumour xenografts after histidine supplementation. HEL or SEM cells were 
injected subcutaneously into NOD-SCID mice. Three weeks later tumour 
size was assessed by in vivo imaging and mice were randomly divided into 
four experimental groups: vehicle-treated, histidine supplementation, 
methotrexate-treated and histidine supplementation combined with 
methotrexate treatment. The treatments were followed by a second 
imaging session. b, c, The combination of methotrexate and histidine 
supplementation is the only treatment that resulted in a significant 
reduction in tumour size. Fold changes in tumour size as measured  
in vivo before and after the different treatments are presented for HEL- 
cell-derived tumours (b), and SEM-cell-derived tumours (c) (non-
parametric one-way ANOVA, Kruskal–Wallis test, Dunn’s post hoc 
test). d, The combination of methotrexate treatment and histidine 
supplementation caused cancer cell death. Haematoxylin and eosin 
staining of tumours from mice injected with HEL cells and treated with 
the different regimes is presented at two magnifications. Mitotic cells 

(blue arrows) and apoptotic or necrotic cells (orange arrows) are marked 
in the bottom panel. Scale bars: 200 µm (top), 10 µm (bottom). e, f, The 
combination of methotrexate and histidine supplementation was the only 
treatment that resulted in significant necrosis in tumours. Necrotic areas 
as detected by haematoxylin and eosin staining (d, top three rows, right 
column) were measured in the different groups (non-parametric one-
way ANOVA, Kruskal–Wallis test, Dunn’s post hoc test). g, THF levels 
decreased after methotrexate treatment and decreased even further when 
methotrexate was combined with histidine supplementation. Methotrexate 
levels were not different in tumours from mice treated with methotrexate 
alone or in combination with histidine supplementation. Nucleotide 
abundance was significantly lower in tumours from mice treated with 
methotrexate and histidine supplementation compared to tumours from 
vehicle-treated mice (non-parametric one-way ANOVA, Kruskal–Wallis 
test, Dunn’s post hoc test. Methotrexate, two tailed t-test). b, d, e, vehicle 
(n = 5), histidine (n = 4), methotrexate (n = 6), methotrexate + histidine 
(n = 6). c, f, (n = 6), (n = 7), (n = 7), (n = 7) for the same groups. g, (n = 5), 
(n = 4), (n = 5), (n = 6), for the same groups. Centre bars indicate mean, 
error bars indicate s.e.m.
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exogenously lowered HAL expression are both less sensitive to meth-
otrexate than control cells.

Methotrexate is used as the standard of care in the treatment of the 
most common paediatric malignancy, acute lymphoblastic leukaemia 
(ALL)22, with relatively high success rates that unfortunately are accom-
panied by severe toxicity5. At present, treatment-outcome prediction 
markers are lacking23, leading physicians to prescribe methotrexate 
regimens based on clinical parameters instead of personalized pharma-
cogenetic factors. Notably, we found that young patients with ALL that 
showed high HAL expression in the ALL cells have significantly higher 
survival rates, compared to patients in the same study24 with low HAL 
expression (Fig. 3g). Expression levels of SLC19A1, which encodes the 
transporter for methotrexate, as well as the genes (AMDHD1 and 
FTCD) encoding histidine degradation pathway enzymes showed no 
significant association with patient survival (Extended Data Fig. 5b–d). 
These data warrant further investigation of the expression level of HAL 
as a prediction factor for treatment success rate in patients with ALL 
that are treated with methotrexate.

The association between expression levels of the rate-limiting enzyme 
in the histidine degradation pathway and methotrexate sensitivity in 
cancer cell lines and patients raised the possibility that increasing flux 
through this pathway could enhance the cytotoxic effects of methotrex-
ate. We proposed that in vivo histidine supplementation would increase 
histidine degradation and consumption of THF by FTCD, which might 
enhance the toxic effects of methotrexate on tumour cells. To assess the 
response of cancer cells to methotrexate in the presence of above-normal 

levels of histidine, we generated tumours by injecting HEL or SEM cells 
subcutaneously into NOD-SCID mice and treated the tumour-bearing 
mice with vehicle, histidine, methotrexate or a combination of histidine 
and methotrexate (Fig. 4a). To reliably assess the contribution of histi-
dine supplementation, we intentionally used a mild regimen of meth-
otrexate consisting of doses lower than those normally used in mice25.

As expected, tumours from mice treated with this reduced dosing 
of methotrexate did not have a significant decrease in size (Fig. 4b, c, 
Extended Data Fig. 6a, b). However, tumours from mice given both 
methotrexate and histidine showed a marked decrease in tumour size 
that was significantly greater than in any of the other treatment cohorts 
(Fig. 4b, c). Additionally, tumours from mice treated with methotrex-
ate and histidine supplementation appeared histologically worse and 
contained large necrotic areas and what morphologically appeared to 
be necrotic or apoptotic cells (Fig. 4d–f, Extended Data Figs. 6c, d, 7a). 
Organs known to be adversely affected by methotrexate showed no 
further toxicity in mice treated with the combined therapy compared 
to mice treated with methotrexate alone (Extended Data Figs. 7b, 9a), 
and no difference was observed in the weight loss of the mice treated 
with methotrexate alone compared to methotrexate treatment supple-
mented with histidine (Extended Data Fig. 9b). No enhanced toxicity 
was observed in mice treated with the combined therapy compared 
to methotrexate alone even when the mice were treated for 15 days 
(Extended Data Figs. 10, 11).

According to our hypothesis, histidine supplementation should 
increase the flux through the histidine degradation pathway and cause 
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Fig. 4 | In vivo histidine supplementation increases flux through the 
histidine degradation pathway and sensitizes tumours to methotrexate. 
a, Workflow for the in vivo assessment of the methotrexate-sensitivity of 
tumour xenografts after histidine supplementation. HEL or SEM cells were 
injected subcutaneously into NOD-SCID mice. Three weeks later tumour 
size was assessed by in vivo imaging and mice were randomly divided into 
four experimental groups: vehicle-treated, histidine supplementation, 
methotrexate-treated and histidine supplementation combined with 
methotrexate treatment. The treatments were followed by a second 
imaging session. b, c, The combination of methotrexate and histidine 
supplementation is the only treatment that resulted in a significant 
reduction in tumour size. Fold changes in tumour size as measured  
in vivo before and after the different treatments are presented for HEL- 
cell-derived tumours (b), and SEM-cell-derived tumours (c) (non-
parametric one-way ANOVA, Kruskal–Wallis test, Dunn’s post hoc 
test). d, The combination of methotrexate treatment and histidine 
supplementation caused cancer cell death. Haematoxylin and eosin 
staining of tumours from mice injected with HEL cells and treated with 
the different regimes is presented at two magnifications. Mitotic cells 

(blue arrows) and apoptotic or necrotic cells (orange arrows) are marked 
in the bottom panel. Scale bars: 200 µm (top), 10 µm (bottom). e, f, The 
combination of methotrexate and histidine supplementation was the only 
treatment that resulted in significant necrosis in tumours. Necrotic areas 
as detected by haematoxylin and eosin staining (d, top three rows, right 
column) were measured in the different groups (non-parametric one-
way ANOVA, Kruskal–Wallis test, Dunn’s post hoc test). g, THF levels 
decreased after methotrexate treatment and decreased even further when 
methotrexate was combined with histidine supplementation. Methotrexate 
levels were not different in tumours from mice treated with methotrexate 
alone or in combination with histidine supplementation. Nucleotide 
abundance was significantly lower in tumours from mice treated with 
methotrexate and histidine supplementation compared to tumours from 
vehicle-treated mice (non-parametric one-way ANOVA, Kruskal–Wallis 
test, Dunn’s post hoc test. Methotrexate, two tailed t-test). b, d, e, vehicle 
(n = 5), histidine (n = 4), methotrexate (n = 6), methotrexate + histidine 
(n = 6). c, f, (n = 6), (n = 7), (n = 7), (n = 7) for the same groups. g, (n = 5), 
(n = 4), (n = 5), (n = 6), for the same groups. Centre bars indicate mean, 
error bars indicate s.e.m.
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Extended Data Fig. 7 | See next page for caption.
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breast cancer and MLL-AF9 driven acute myeloid leukaemia (AML) 
(Fig. 4c, Extended Data Figs. 5–7).

The addition of the ketogenic diet improved drug efficacy with an 
array of agents that target the PI3K pathway in addition to BKM120 
and BYL719, including the pan-PI3K inhibitor GDC-0941, the PI3K-
β-sparing compound GDC-0032, the mTOR/PI3K dual inhibitor 
GDC-0980, and the recently approved PI3K-α/δ inhibitor Copanlisib 
(Extended Data Fig. 5). It is important to note that treatment with the 
ketogenic diet alone had variable effects in different tumour models, 
indicating that the dietary changes themselves were insufficient to cause 
the tumour responses observed across the mouse models. In some 
instances, such as the AML model, the ketogenic diet alone accelerated 
disease progression, suggesting that this diet may be detrimental for 
some patients with cancer when used in isolation.

Our data suggest that insulin feedback limits the efficacy of PI3K 
inhibition in several tumour models. By reducing the systemic insulin 
response, the addition of a ketogenic diet to BKM120 reduced immuno-
histochemical markers of insulin signalling in PTEN/PIK3CA mutant 
endometrial patient-derived xenograft (PDX) tumours, compared to 
tumours from mice treated with BKM120 alone. In these tumours, 
the ketogenic diet enhanced the ability of BKM120 to reduce levels of 
phosphorylated insulin receptor, phosphorylated AKT and phospho-
rylated S6 and this reduction in signalling correlated with decreased 
levels of proliferation as shown by Ki67 staining, and increased levels of 
apoptosis as indicated by cleaved caspase 3 staining (Fig. 4d, e).

While these data do not exclude insulin-independent effects of com-
bining PI3K inhibition with anti-glycaemic therapy, they demonstrate 
that using this approach has the potential to substantially increase the 
therapeutic efficacy of these compounds. In light of these results, it may 
also be important to think about how common clinical practices such 
as intravenous glucose administration, glucocorticoid use, or provid-
ing patients with glucose-laden nutritional supplements may impact 
therapeutic responses. As therapeutic agents that target this critical 
oncogenic pathway are brought through clinical trials, they should be 

paired with strategies such as SGLT2 inhibition or the ketogenic diet 
to limit this self-defeating systemic feedback.
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Fig. 4 | Effect of circumventing the on target glucose–insulin feedback 
of PI3K inhibitors upon tumour growth. a, Graph of mean (± s.d.) 
tumour volumes of K8484 KPC with doxycycline-inducible shRNA 
targeting Renilla (shRenilla) or insulin receptor (shIR), treated with 
doxycycline and as indicated with the PI3K inhibitor BYL-719 and/or  
co-administration of a ketogenic diet (n = 8, 9, 8, 10, for shRenilla tumours 
treated with vehicle, BYL719, ketogenic diet, and BYL + ketogenic diet, 
respectively, and n = 8, 8, 10, 8 for shIR tumours treated with vehicle, 
BYL719, ketogenic diet, and BYL + ketogenic diet, respectively.  
b, Mean (± s.d.) volumes of ES272 Pik3ca mutant breast cancer allograft 
tumours treated with BYL-719 and/or insulin along with the ketogenic 
diet (keto) as indicated. n = 3, 3, 5, 5, 5, 3, 4, 4 for vehicle, insulin, BYL, 
BYL + insulin, ketogenic diet, ketogenic + insulin, ketogenic + BYL, and 

ketogenic + BYL + insulin, respectively. c, Mean (± s.d.) tumour volume 
of endometrial PDXs treated with BKM120 and/or a ketogenic diet (n = 5 
per arm, P = 0.0028 by ANOVA comparison between BKM120 alone and 
BKM120 + ketogenic diet). d, e, Histology and quantification of phospho-
insulin receptor (pINSR), pAKT, pS6, cleaved caspase 3 (Cl. Casp 3), and 
ki67 of the tumours from d taken 4 h after the last treatment with vehicle, 
ketogenic diet, BKM120, or the combination of the ketogenic diet with 
BKM120 (BKM120 + keto). Quantification is depicted as score per HPF, 
four images were taken for each of the n = 5 mice. P values from two-sided 
t-tests comparing the blinded scoring in BKM120-treated tumours with 
those treated with BKM120 + ketogenic diet were 0.005, 0.005, 0.017 and 
0.028 for pINSR, pAKT, pS6 and Cl. Casp 3, respectively. H-score denotes 
intensity and percent of cells with staining at the cell membrane.
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Extended Data Fig. 7 | See next page for caption.
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breast cancer and MLL-AF9 driven acute myeloid leukaemia (AML) 
(Fig. 4c, Extended Data Figs. 5–7).

The addition of the ketogenic diet improved drug efficacy with an 
array of agents that target the PI3K pathway in addition to BKM120 
and BYL719, including the pan-PI3K inhibitor GDC-0941, the PI3K-
β-sparing compound GDC-0032, the mTOR/PI3K dual inhibitor 
GDC-0980, and the recently approved PI3K-α/δ inhibitor Copanlisib 
(Extended Data Fig. 5). It is important to note that treatment with the 
ketogenic diet alone had variable effects in different tumour models, 
indicating that the dietary changes themselves were insufficient to cause 
the tumour responses observed across the mouse models. In some 
instances, such as the AML model, the ketogenic diet alone accelerated 
disease progression, suggesting that this diet may be detrimental for 
some patients with cancer when used in isolation.

Our data suggest that insulin feedback limits the efficacy of PI3K 
inhibition in several tumour models. By reducing the systemic insulin 
response, the addition of a ketogenic diet to BKM120 reduced immuno-
histochemical markers of insulin signalling in PTEN/PIK3CA mutant 
endometrial patient-derived xenograft (PDX) tumours, compared to 
tumours from mice treated with BKM120 alone. In these tumours, 
the ketogenic diet enhanced the ability of BKM120 to reduce levels of 
phosphorylated insulin receptor, phosphorylated AKT and phospho-
rylated S6 and this reduction in signalling correlated with decreased 
levels of proliferation as shown by Ki67 staining, and increased levels of 
apoptosis as indicated by cleaved caspase 3 staining (Fig. 4d, e).

While these data do not exclude insulin-independent effects of com-
bining PI3K inhibition with anti-glycaemic therapy, they demonstrate 
that using this approach has the potential to substantially increase the 
therapeutic efficacy of these compounds. In light of these results, it may 
also be important to think about how common clinical practices such 
as intravenous glucose administration, glucocorticoid use, or provid-
ing patients with glucose-laden nutritional supplements may impact 
therapeutic responses. As therapeutic agents that target this critical 
oncogenic pathway are brought through clinical trials, they should be 

paired with strategies such as SGLT2 inhibition or the ketogenic diet 
to limit this self-defeating systemic feedback.

Online content
Any Methods, including any statements of data availability and Nature Research 
reporting summaries, along with any additional references and Source Data files, 
are available in the online version of the paper at https://doi.org/10.1038/s41586-
018-0343-4

Received: 25 July 2017; Accepted: 26 June 2018;  
Published online 4 July 2018.

 1. Kandoth, C. et al. Mutational landscape and significance across 12 major 
cancer types. Nature 502, 333–339 (2013).

 2. Millis, S. Z., Ikeda, S., Reddy, S., Gatalica, Z. & Kurzrock, R. Landscape of 
phosphatidylinositol-3-kinase pathway alterations across 19784 diverse solid 
tumors. JAMA Oncol. 2, 1565–1573 (2016).

 3. Bendell, J. C. et al. Phase I, dose-escalation study of BKM120, an oral pan-class 
I PI3K inhibitor, in patients with advanced solid tumors. J. Clin. Oncol. 30, 
282–290 (2012).

 4. Juric, D. et al. Phase I dose-escalation study of taselisib, an oral PI3K 
inhibitor, in patients with advanced solid tumors. Cancer Discov. 7, 704–715 
(2017).

 5. Patnaik, A. et al. First-in-human phase I study of copanlisib (BAY 80-6946), an 
intravenous pan-class I phosphatidylinositol 3-kinase inhibitor, in patients with 
advanced solid tumors and non-Hodgkin’s lymphomas. Ann. Oncol. 27, 
1928–1940 (2016).

 6. Mayer, I. A. et al. A Phase Ib study of alpelisib (BYL719), a PI3Kα-specific 
inhibitor, with letrozole in ER+/HER2− metastatic breast cancer. Clin. Cancer 
Res. 23, 26–34 (2017).

 7. Hopkins, B. D., Goncalves, M. D. & Cantley, L. C. Obesity and cancer 
mechanisms: cancer metabolism. J. Clin. Oncol. 34, 4277–4283 (2016).

 8. Fruman, D. A. et al. The PI3K pathway in human disease. Cell 170, 605–635 
(2017).

 9. Belardi, V., Gallagher, E. J., Novosyadlyy, R. & LeRoith, D. Insulin and IGFs in 
obesity-related breast cancer. J. Mammary Gland Biol. Neoplasia 18, 277–289 
(2013).

 10. Gallagher, E. J. & LeRoith, D. Minireview: IGF, insulin, and cancer. Endocrinology 
152, 2546–2551 (2011).

 11. Klil-Drori, A. J., Azoulay, L. & Pollak, M. N. Cancer, obesity, diabetes, and 
antidiabetic drugs: is the fog clearing? Nat. Rev. Clin. Oncol. 14, 85–99 (2017).

pS
6

C
l. 

C
as

p 
3

d e

0

200

400

600

Veh
icl

e

Keto
ge

nic

BKM
12

0

BKM
12

0 +
 ke

to
ge

nic
0

20
40
60
80

P
os

iti
ve

 c
el

ls
 p

er
 H

P
F

pS6

Cl. Casp 3

pA
K

T
pI

N
S

R

0
100
200
300
400

H
-s

co
re

 c
el

l m
em

br
an

e

0
50

100
150
200
250

pAKT

pINSR
Vehicle BKM120Ketogenic diet BKM120 + keto

K
i6

7

5 10 15–2
0
2
4
6
8

10

Time (days)

Time (days)

Time (days)

Tu
m

ou
r v

ol
um

e
(c

m
3 )

Tu
m

ou
r v

ol
um

e
(c

m
3 )

Tu
m

ou
r v

ol
um

e
(c

m
3 )

ShRenilla + vehicle
ShRenilla + vehicle
Sh-Renilla + BYL719
ShRenilla + ketogenic diet
ShRenilla + ketogenic diet + BYL719
ShIR + vehicle
ShIR + BYL719
ShIR + BYL719
ShIR + ketogenic diet
ShIR + ketogenic diet + BYL719

0 10 20 30
0.0

0.5

1.0

1.5
BYL-719
Insulin
Vehicle
BYL-719 + insulin
Ketogenic diet
Ketogenic diet + insulin
Ketogenic diet + BYL-719
Ketogenic diet + BYL-719 + insulin

0 5 10
0

1

2

3 Vehicle
Ketogenic diet
BKM120
BKM120 + ketogenic diet

a

b

c

Fig. 4 | Effect of circumventing the on target glucose–insulin feedback 
of PI3K inhibitors upon tumour growth. a, Graph of mean (± s.d.) 
tumour volumes of K8484 KPC with doxycycline-inducible shRNA 
targeting Renilla (shRenilla) or insulin receptor (shIR), treated with 
doxycycline and as indicated with the PI3K inhibitor BYL-719 and/or  
co-administration of a ketogenic diet (n = 8, 9, 8, 10, for shRenilla tumours 
treated with vehicle, BYL719, ketogenic diet, and BYL + ketogenic diet, 
respectively, and n = 8, 8, 10, 8 for shIR tumours treated with vehicle, 
BYL719, ketogenic diet, and BYL + ketogenic diet, respectively.  
b, Mean (± s.d.) volumes of ES272 Pik3ca mutant breast cancer allograft 
tumours treated with BYL-719 and/or insulin along with the ketogenic 
diet (keto) as indicated. n = 3, 3, 5, 5, 5, 3, 4, 4 for vehicle, insulin, BYL, 
BYL + insulin, ketogenic diet, ketogenic + insulin, ketogenic + BYL, and 

ketogenic + BYL + insulin, respectively. c, Mean (± s.d.) tumour volume 
of endometrial PDXs treated with BKM120 and/or a ketogenic diet (n = 5 
per arm, P = 0.0028 by ANOVA comparison between BKM120 alone and 
BKM120 + ketogenic diet). d, e, Histology and quantification of phospho-
insulin receptor (pINSR), pAKT, pS6, cleaved caspase 3 (Cl. Casp 3), and 
ki67 of the tumours from d taken 4 h after the last treatment with vehicle, 
ketogenic diet, BKM120, or the combination of the ketogenic diet with 
BKM120 (BKM120 + keto). Quantification is depicted as score per HPF, 
four images were taken for each of the n = 5 mice. P values from two-sided 
t-tests comparing the blinded scoring in BKM120-treated tumours with 
those treated with BKM120 + ketogenic diet were 0.005, 0.005, 0.017 and 
0.028 for pINSR, pAKT, pS6 and Cl. Casp 3, respectively. H-score denotes 
intensity and percent of cells with staining at the cell membrane.
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breast cancer and MLL-AF9 driven acute myeloid leukaemia (AML) 
(Fig. 4c, Extended Data Figs. 5–7).

The addition of the ketogenic diet improved drug efficacy with an 
array of agents that target the PI3K pathway in addition to BKM120 
and BYL719, including the pan-PI3K inhibitor GDC-0941, the PI3K-
β-sparing compound GDC-0032, the mTOR/PI3K dual inhibitor 
GDC-0980, and the recently approved PI3K-α/δ inhibitor Copanlisib 
(Extended Data Fig. 5). It is important to note that treatment with the 
ketogenic diet alone had variable effects in different tumour models, 
indicating that the dietary changes themselves were insufficient to cause 
the tumour responses observed across the mouse models. In some 
instances, such as the AML model, the ketogenic diet alone accelerated 
disease progression, suggesting that this diet may be detrimental for 
some patients with cancer when used in isolation.

Our data suggest that insulin feedback limits the efficacy of PI3K 
inhibition in several tumour models. By reducing the systemic insulin 
response, the addition of a ketogenic diet to BKM120 reduced immuno-
histochemical markers of insulin signalling in PTEN/PIK3CA mutant 
endometrial patient-derived xenograft (PDX) tumours, compared to 
tumours from mice treated with BKM120 alone. In these tumours, 
the ketogenic diet enhanced the ability of BKM120 to reduce levels of 
phosphorylated insulin receptor, phosphorylated AKT and phospho-
rylated S6 and this reduction in signalling correlated with decreased 
levels of proliferation as shown by Ki67 staining, and increased levels of 
apoptosis as indicated by cleaved caspase 3 staining (Fig. 4d, e).

While these data do not exclude insulin-independent effects of com-
bining PI3K inhibition with anti-glycaemic therapy, they demonstrate 
that using this approach has the potential to substantially increase the 
therapeutic efficacy of these compounds. In light of these results, it may 
also be important to think about how common clinical practices such 
as intravenous glucose administration, glucocorticoid use, or provid-
ing patients with glucose-laden nutritional supplements may impact 
therapeutic responses. As therapeutic agents that target this critical 
oncogenic pathway are brought through clinical trials, they should be 

paired with strategies such as SGLT2 inhibition or the ketogenic diet 
to limit this self-defeating systemic feedback.

Online content
Any Methods, including any statements of data availability and Nature Research 
reporting summaries, along with any additional references and Source Data files, 
are available in the online version of the paper at https://doi.org/10.1038/s41586-
018-0343-4
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Fig. 4 | Effect of circumventing the on target glucose–insulin feedback 
of PI3K inhibitors upon tumour growth. a, Graph of mean (± s.d.) 
tumour volumes of K8484 KPC with doxycycline-inducible shRNA 
targeting Renilla (shRenilla) or insulin receptor (shIR), treated with 
doxycycline and as indicated with the PI3K inhibitor BYL-719 and/or  
co-administration of a ketogenic diet (n = 8, 9, 8, 10, for shRenilla tumours 
treated with vehicle, BYL719, ketogenic diet, and BYL + ketogenic diet, 
respectively, and n = 8, 8, 10, 8 for shIR tumours treated with vehicle, 
BYL719, ketogenic diet, and BYL + ketogenic diet, respectively.  
b, Mean (± s.d.) volumes of ES272 Pik3ca mutant breast cancer allograft 
tumours treated with BYL-719 and/or insulin along with the ketogenic 
diet (keto) as indicated. n = 3, 3, 5, 5, 5, 3, 4, 4 for vehicle, insulin, BYL, 
BYL + insulin, ketogenic diet, ketogenic + insulin, ketogenic + BYL, and 

ketogenic + BYL + insulin, respectively. c, Mean (± s.d.) tumour volume 
of endometrial PDXs treated with BKM120 and/or a ketogenic diet (n = 5 
per arm, P = 0.0028 by ANOVA comparison between BKM120 alone and 
BKM120 + ketogenic diet). d, e, Histology and quantification of phospho-
insulin receptor (pINSR), pAKT, pS6, cleaved caspase 3 (Cl. Casp 3), and 
ki67 of the tumours from d taken 4 h after the last treatment with vehicle, 
ketogenic diet, BKM120, or the combination of the ketogenic diet with 
BKM120 (BKM120 + keto). Quantification is depicted as score per HPF, 
four images were taken for each of the n = 5 mice. P values from two-sided 
t-tests comparing the blinded scoring in BKM120-treated tumours with 
those treated with BKM120 + ketogenic diet were 0.005, 0.005, 0.017 and 
0.028 for pINSR, pAKT, pS6 and Cl. Casp 3, respectively. H-score denotes 
intensity and percent of cells with staining at the cell membrane.
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Extended Data Fig. 7 | See next page for caption.
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breast cancer and MLL-AF9 driven acute myeloid leukaemia (AML) 
(Fig. 4c, Extended Data Figs. 5–7).

The addition of the ketogenic diet improved drug efficacy with an 
array of agents that target the PI3K pathway in addition to BKM120 
and BYL719, including the pan-PI3K inhibitor GDC-0941, the PI3K-
β-sparing compound GDC-0032, the mTOR/PI3K dual inhibitor 
GDC-0980, and the recently approved PI3K-α/δ inhibitor Copanlisib 
(Extended Data Fig. 5). It is important to note that treatment with the 
ketogenic diet alone had variable effects in different tumour models, 
indicating that the dietary changes themselves were insufficient to cause 
the tumour responses observed across the mouse models. In some 
instances, such as the AML model, the ketogenic diet alone accelerated 
disease progression, suggesting that this diet may be detrimental for 
some patients with cancer when used in isolation.

Our data suggest that insulin feedback limits the efficacy of PI3K 
inhibition in several tumour models. By reducing the systemic insulin 
response, the addition of a ketogenic diet to BKM120 reduced immuno-
histochemical markers of insulin signalling in PTEN/PIK3CA mutant 
endometrial patient-derived xenograft (PDX) tumours, compared to 
tumours from mice treated with BKM120 alone. In these tumours, 
the ketogenic diet enhanced the ability of BKM120 to reduce levels of 
phosphorylated insulin receptor, phosphorylated AKT and phospho-
rylated S6 and this reduction in signalling correlated with decreased 
levels of proliferation as shown by Ki67 staining, and increased levels of 
apoptosis as indicated by cleaved caspase 3 staining (Fig. 4d, e).

While these data do not exclude insulin-independent effects of com-
bining PI3K inhibition with anti-glycaemic therapy, they demonstrate 
that using this approach has the potential to substantially increase the 
therapeutic efficacy of these compounds. In light of these results, it may 
also be important to think about how common clinical practices such 
as intravenous glucose administration, glucocorticoid use, or provid-
ing patients with glucose-laden nutritional supplements may impact 
therapeutic responses. As therapeutic agents that target this critical 
oncogenic pathway are brought through clinical trials, they should be 

paired with strategies such as SGLT2 inhibition or the ketogenic diet 
to limit this self-defeating systemic feedback.

Online content
Any Methods, including any statements of data availability and Nature Research 
reporting summaries, along with any additional references and Source Data files, 
are available in the online version of the paper at https://doi.org/10.1038/s41586-
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Fig. 4 | Effect of circumventing the on target glucose–insulin feedback 
of PI3K inhibitors upon tumour growth. a, Graph of mean (± s.d.) 
tumour volumes of K8484 KPC with doxycycline-inducible shRNA 
targeting Renilla (shRenilla) or insulin receptor (shIR), treated with 
doxycycline and as indicated with the PI3K inhibitor BYL-719 and/or  
co-administration of a ketogenic diet (n = 8, 9, 8, 10, for shRenilla tumours 
treated with vehicle, BYL719, ketogenic diet, and BYL + ketogenic diet, 
respectively, and n = 8, 8, 10, 8 for shIR tumours treated with vehicle, 
BYL719, ketogenic diet, and BYL + ketogenic diet, respectively.  
b, Mean (± s.d.) volumes of ES272 Pik3ca mutant breast cancer allograft 
tumours treated with BYL-719 and/or insulin along with the ketogenic 
diet (keto) as indicated. n = 3, 3, 5, 5, 5, 3, 4, 4 for vehicle, insulin, BYL, 
BYL + insulin, ketogenic diet, ketogenic + insulin, ketogenic + BYL, and 

ketogenic + BYL + insulin, respectively. c, Mean (± s.d.) tumour volume 
of endometrial PDXs treated with BKM120 and/or a ketogenic diet (n = 5 
per arm, P = 0.0028 by ANOVA comparison between BKM120 alone and 
BKM120 + ketogenic diet). d, e, Histology and quantification of phospho-
insulin receptor (pINSR), pAKT, pS6, cleaved caspase 3 (Cl. Casp 3), and 
ki67 of the tumours from d taken 4 h after the last treatment with vehicle, 
ketogenic diet, BKM120, or the combination of the ketogenic diet with 
BKM120 (BKM120 + keto). Quantification is depicted as score per HPF, 
four images were taken for each of the n = 5 mice. P values from two-sided 
t-tests comparing the blinded scoring in BKM120-treated tumours with 
those treated with BKM120 + ketogenic diet were 0.005, 0.005, 0.017 and 
0.028 for pINSR, pAKT, pS6 and Cl. Casp 3, respectively. H-score denotes 
intensity and percent of cells with staining at the cell membrane.
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breast cancer and MLL-AF9 driven acute myeloid leukaemia (AML) 
(Fig. 4c, Extended Data Figs. 5–7).

The addition of the ketogenic diet improved drug efficacy with an 
array of agents that target the PI3K pathway in addition to BKM120 
and BYL719, including the pan-PI3K inhibitor GDC-0941, the PI3K-
β-sparing compound GDC-0032, the mTOR/PI3K dual inhibitor 
GDC-0980, and the recently approved PI3K-α/δ inhibitor Copanlisib 
(Extended Data Fig. 5). It is important to note that treatment with the 
ketogenic diet alone had variable effects in different tumour models, 
indicating that the dietary changes themselves were insufficient to cause 
the tumour responses observed across the mouse models. In some 
instances, such as the AML model, the ketogenic diet alone accelerated 
disease progression, suggesting that this diet may be detrimental for 
some patients with cancer when used in isolation.

Our data suggest that insulin feedback limits the efficacy of PI3K 
inhibition in several tumour models. By reducing the systemic insulin 
response, the addition of a ketogenic diet to BKM120 reduced immuno-
histochemical markers of insulin signalling in PTEN/PIK3CA mutant 
endometrial patient-derived xenograft (PDX) tumours, compared to 
tumours from mice treated with BKM120 alone. In these tumours, 
the ketogenic diet enhanced the ability of BKM120 to reduce levels of 
phosphorylated insulin receptor, phosphorylated AKT and phospho-
rylated S6 and this reduction in signalling correlated with decreased 
levels of proliferation as shown by Ki67 staining, and increased levels of 
apoptosis as indicated by cleaved caspase 3 staining (Fig. 4d, e).

While these data do not exclude insulin-independent effects of com-
bining PI3K inhibition with anti-glycaemic therapy, they demonstrate 
that using this approach has the potential to substantially increase the 
therapeutic efficacy of these compounds. In light of these results, it may 
also be important to think about how common clinical practices such 
as intravenous glucose administration, glucocorticoid use, or provid-
ing patients with glucose-laden nutritional supplements may impact 
therapeutic responses. As therapeutic agents that target this critical 
oncogenic pathway are brought through clinical trials, they should be 

paired with strategies such as SGLT2 inhibition or the ketogenic diet 
to limit this self-defeating systemic feedback.

Online content
Any Methods, including any statements of data availability and Nature Research 
reporting summaries, along with any additional references and Source Data files, 
are available in the online version of the paper at https://doi.org/10.1038/s41586-
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b, Mean (± s.d.) volumes of ES272 Pik3ca mutant breast cancer allograft 
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ketogenic + BYL + insulin, respectively. c, Mean (± s.d.) tumour volume 
of endometrial PDXs treated with BKM120 and/or a ketogenic diet (n = 5 
per arm, P = 0.0028 by ANOVA comparison between BKM120 alone and 
BKM120 + ketogenic diet). d, e, Histology and quantification of phospho-
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ki67 of the tumours from d taken 4 h after the last treatment with vehicle, 
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four images were taken for each of the n = 5 mice. P values from two-sided 
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