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Supply and demands dictate metabolism

1. METABOLIC DEMANDS 
• Growth and proliferation 
• Differentiation 

2. METABOLIC SUPPLY 
• Tissue specificity 
• Hormonal stimulation 
• Diet 
• Perfusion
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Enzyme Oncogenic alteration Functional outcome
PFKFB3 The PFK2 isoform PFKFB3 is highly expressed in several human 

cancers, including colon, prostate, breast, ovary, and thyroid. 
Most PFK2 isoforms both generate and degrade F-2,6-bisP, which activates PFK1 to increase fl ux through glyco-
lysis. PFKFB3 has no phosphatase activity and its kinase activity may be stimulated by several oncogenic events, 
further promoting glycolytic fl ux.

PHGDH Genomic regions containing the PHGDH gene are amplifi ed in 
breast cancer and melanoma. 

PHGDH overexpression not only increases serine synthetic pathway fl ux to sustain cell proliferation but also 
generates αKG.

PGAM1 PGAM1 is upregulated in colorectal cancer and hepatocellular 
carcinoma, likely due to TP53 loss.

PGAM1 balances intracellular 3-phosphoglycerate and 2-phosphoglycerate levels, which regulate oxidative pentose 
phosphate pathway and serine synthetic pathway activities, respectively. 

PKM2 Many cancer cells express the M2 isoform of PK. Tyrosine kinase 
signaling, including phosphorylation at Y105, reduces enzyme 
activity.

Low PKM2 catalytic activity causes accumulation of upstream glycolytic intermediates, promoting diversion of 
3-phosphoglycerate into the serine synthetic pathway.

FAS Highly expressed in human cancer, FAS expression is associated 
with poor prognosis in breast and prostate cancer.

While precise functional consequences have not been elucidated, FAS catalyzes fatty acid synthesis to support de 
novo lipogenesis and is critical for cell growth. 

IDH1 Somatic missense mutations at R132 are prevalent in glioma, 
acute myeloid leukemia, and other cancers and confer neomor-
phic enzyme activity converting αKG to 2HG.

2HG can act as a competitive antagonist of multiple αKG-dependent dioxygenase enzymes, including DNA 
5-methylcytosine hydroxylase TET2 and Jumonji C histone demethylase enzymes. Increased DNA and histone 
methylation may be linked to impaired cell differentiation.

IDH2 Missense mutations at R172 (the analogous residue to IDH1 R132) 
as well as the non-analogous residue R140 can lead to elevated 
2HG levels.

IDH2 mutations can recapitulate many of the effects of IDH1 mutations. However, IDH1 and IDH2 mutations are 
found with distinct frequencies across different cancers, suggestive of subtle biochemical differences. 

SDH Germline loss-of-function mutations in any of the four subunits of 
SDH or the SDH assembly factor are associated with hereditary 
forms of pheochromocytoma and/or paraganglioma.

Succinate can competitively inhibit multiple αKG dependent dioxygenases, including the prolyl hydroxylases that 
promote HIFα degradation. Elevated HIFα may provide a growth advantage under particular conditions.

FH Hereditary mutations can underlie cutaneous and uterine leiomyo-
mas and renal cell cancer. 

The pathogenic mechanisms are unclear. Fumarate may inhibit αKG-dependent dioxygenases and stabilize HIFα. 
Fumarate can also directly modify a cysteine residue on KEAP1, increasing antioxidant response genes that may 
promote cancer cell survival.

Proliferation presents metabolic challenges

Finley LY, Thompson CB, Cell, 2012
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ABSTRACT 

The relationship between growth factor-dependent cell growth and proliferation and the up-
regulation of cellular metabolism required to support these processes remains poorly defined. 
Here, we demonstrate that cell growth, proliferation, and glucose metabolism are coordinately 
regulated by interleukin-3 (IL-3) in cytokine-dependent cells. Surprisingly, glycolytic activity is 
stimulated to a greater extent than would be expected based on the rate of cell growth or 
proliferation. IL-3 signaling exerts a direct effect on glycolytic commitment independent of cell 
growth control. These results are not restricted to IL-3 as the cytokines IL-7 and IL-2 have 
similar effects on glucose metabolism when assayed in factor-dependent cell lines or primary 
lymphocytes, respectively. Growth factor stimulation leads cells to consume less oxygen and 
produce more lactate per glucose, indicative of conversion from oxidative to glycolytic 
metabolism. The enforced rate of glucose metabolism is in excess of that required to support cell 
growth; accordingly, if extracellular glucose is reduced, cells retain the ability to grow and 
proliferate by derepressing oxidative metabolism. These data suggest that the high rate of 
glycolysis observed in response to growth factor stimulation is a primary effect rather than a 
homeostatic response to increased cell growth. 

Key Words: growth factor •  interleukin-3 •  glucose metabolism •  cell size 

he growth, proliferation, and survival of cells within multicellular organisms depend on 
the presence of appropriate extracellular signals (1). These cues maintain the delicate 
balance between cell accumulation and cell death necessary for normal development and 

tissue homeostasis. These signals can arise from cellular interactions with soluble proteins such 
as cytokines, with other cells, or with the extracellular matrix. Extracellular signals that promote 
cell growth also result in increased glucose utilization. For example, early studies demonstrated 
that lectin stimulation of lymphocytes increased their glucose uptake, rate of glycolysis, and 
pentose phosphate shunt activity (2–4). 
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Figure 1. IL-3 stimulation results in increases in cell number, cell size, and glycolytic rate. A) Cell accumulation in 
culture increases with higher concentrations of IL-3. The concentration of cells was measured over three days in culture 
with 0.01, 0.05, or 0.35 ng/ml of IL-3. Average of eight independent experiments ± SEM is shown. B) Cell size increases 
throughout the cell cycle with higher concentrations of IL-3. Unfixed cells were stained with the cell permeable DNA dye 
Hoechst 33342 to measure cell cycle as well as propidium iodide to measure viability. Viable cells were analyzed for cell 
cycle, and a histogram of the forward scatter values of cells in either G1 or G2/M was plotted. A representative experiment 
is shown. C) Glycolytic rate increases dramatically when the concentration of IL-3 is increased. Glycolytic rate was 
measured by the specific conversion of glucose to water. Average of three independent experiments ± SEM is shown. 

Page 13 of 20
(page number not for citation purposes)

 15306860, 2004, 11, D
ow

nloaded from
 https://faseb.onlinelibrary.w

iley.com
/doi/10.1096/fj.03-1001fje by U

N
IV

ERSITA
 D

I PA
D

O
V

A
 Centro di A

teneo per le Bib Ca, W
iley O

nline Library on [22/02/2024]. See the Term
s and Conditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable Creative Com
m

ons License

FL5.12 are immortalized 
but non-tumorigenic 
lyphoblastoid cells that 
depend on the presence 
of IL-3 for growth and 
proliferation



The FASEB Journal express article 10.1096/fj.03-1001fje. Published online June 4, 2004. 

Cytokine stimulation of aerobic glycolysis in hematopoietic 
cells exceeds proliferative demand 
Daniel E. Bauer,* Marian H. Harris,* David R. Plas, Julian J. Lum, Peter S. Hammerman, 
Jeffrey C. Rathmell, James L. Riley, and Craig B. Thompson 

Abramson Family Cancer Research Institute, Department of Cancer Biology, University of 
Pennsylvania, Philadelphia, Pennsylvania 19104 

*These authors contributed equally. 

Corresponding author: Craig B. Thompson, Abramson Family Cancer Research Institute, 
Department of Cancer Biology, University of Pennsylvania, Philadelphia, PA 19104; E-mail: 
craig@mail.med.upenn.edu. 

ABSTRACT 

The relationship between growth factor-dependent cell growth and proliferation and the up-
regulation of cellular metabolism required to support these processes remains poorly defined. 
Here, we demonstrate that cell growth, proliferation, and glucose metabolism are coordinately 
regulated by interleukin-3 (IL-3) in cytokine-dependent cells. Surprisingly, glycolytic activity is 
stimulated to a greater extent than would be expected based on the rate of cell growth or 
proliferation. IL-3 signaling exerts a direct effect on glycolytic commitment independent of cell 
growth control. These results are not restricted to IL-3 as the cytokines IL-7 and IL-2 have 
similar effects on glucose metabolism when assayed in factor-dependent cell lines or primary 
lymphocytes, respectively. Growth factor stimulation leads cells to consume less oxygen and 
produce more lactate per glucose, indicative of conversion from oxidative to glycolytic 
metabolism. The enforced rate of glucose metabolism is in excess of that required to support cell 
growth; accordingly, if extracellular glucose is reduced, cells retain the ability to grow and 
proliferate by derepressing oxidative metabolism. These data suggest that the high rate of 
glycolysis observed in response to growth factor stimulation is a primary effect rather than a 
homeostatic response to increased cell growth. 

Key Words: growth factor •  interleukin-3 •  glucose metabolism •  cell size 

he growth, proliferation, and survival of cells within multicellular organisms depend on 
the presence of appropriate extracellular signals (1). These cues maintain the delicate 
balance between cell accumulation and cell death necessary for normal development and 

tissue homeostasis. These signals can arise from cellular interactions with soluble proteins such 
as cytokines, with other cells, or with the extracellular matrix. Extracellular signals that promote 
cell growth also result in increased glucose utilization. For example, early studies demonstrated 
that lectin stimulation of lymphocytes increased their glucose uptake, rate of glycolysis, and 
pentose phosphate shunt activity (2–4). 

T 

Page 1 of 20
(page number not for citation purposes)

Bauer et al, FASEB J, 2004

Fig. 1 
 

 
 
                  
Figure 1. IL-3 stimulation results in increases in cell number, cell size, and glycolytic rate. A) Cell accumulation in 
culture increases with higher concentrations of IL-3. The concentration of cells was measured over three days in culture 
with 0.01, 0.05, or 0.35 ng/ml of IL-3. Average of eight independent experiments ± SEM is shown. B) Cell size increases 
throughout the cell cycle with higher concentrations of IL-3. Unfixed cells were stained with the cell permeable DNA dye 
Hoechst 33342 to measure cell cycle as well as propidium iodide to measure viability. Viable cells were analyzed for cell 
cycle, and a histogram of the forward scatter values of cells in either G1 or G2/M was plotted. A representative experiment 
is shown. C) Glycolytic rate increases dramatically when the concentration of IL-3 is increased. Glycolytic rate was 
measured by the specific conversion of glucose to water. Average of three independent experiments ± SEM is shown. 

Page 13 of 20
(page number not for citation purposes)

 15306860, 2004, 11, D
ow

nloaded from
 https://faseb.onlinelibrary.w

iley.com
/doi/10.1096/fj.03-1001fje by U

N
IV

ERSITA
 D

I PA
D

O
V

A
 Centro di A

teneo per le Bib Ca, W
iley O

nline Library on [22/02/2024]. See the Term
s and Conditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable Creative Com
m

ons License

FL5.12 are immortalized 
but non-tumorigenic 
lyphoblastoid cells that 
depend on the presence 
of IL-3 for growth and 
proliferation

Fig. 1 
 

 
 
                  
Figure 1. IL-3 stimulation results in increases in cell number, cell size, and glycolytic rate. A) Cell accumulation in 
culture increases with higher concentrations of IL-3. The concentration of cells was measured over three days in culture 
with 0.01, 0.05, or 0.35 ng/ml of IL-3. Average of eight independent experiments ± SEM is shown. B) Cell size increases 
throughout the cell cycle with higher concentrations of IL-3. Unfixed cells were stained with the cell permeable DNA dye 
Hoechst 33342 to measure cell cycle as well as propidium iodide to measure viability. Viable cells were analyzed for cell 
cycle, and a histogram of the forward scatter values of cells in either G1 or G2/M was plotted. A representative experiment 
is shown. C) Glycolytic rate increases dramatically when the concentration of IL-3 is increased. Glycolytic rate was 
measured by the specific conversion of glucose to water. Average of three independent experiments ± SEM is shown. 

Page 13 of 20
(page number not for citation purposes)

 15306860, 2004, 11, D
ow

nloaded from
 https://faseb.onlinelibrary.w

iley.com
/doi/10.1096/fj.03-1001fje by U

N
IV

ERSITA
 D

I PA
D

O
V

A
 C

entro di A
teneo per le B

ib Ca, W
iley O

nline Library on [22/02/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable Creative C

om
m

ons License

IL-3 addition promotes 
glycolysis (conversion of 
radioactive glucose to 
water)



The FASEB Journal express article 10.1096/fj.03-1001fje. Published online June 4, 2004. 

Cytokine stimulation of aerobic glycolysis in hematopoietic 
cells exceeds proliferative demand 
Daniel E. Bauer,* Marian H. Harris,* David R. Plas, Julian J. Lum, Peter S. Hammerman, 
Jeffrey C. Rathmell, James L. Riley, and Craig B. Thompson 

Abramson Family Cancer Research Institute, Department of Cancer Biology, University of 
Pennsylvania, Philadelphia, Pennsylvania 19104 

*These authors contributed equally. 

Corresponding author: Craig B. Thompson, Abramson Family Cancer Research Institute, 
Department of Cancer Biology, University of Pennsylvania, Philadelphia, PA 19104; E-mail: 
craig@mail.med.upenn.edu. 

ABSTRACT 

The relationship between growth factor-dependent cell growth and proliferation and the up-
regulation of cellular metabolism required to support these processes remains poorly defined. 
Here, we demonstrate that cell growth, proliferation, and glucose metabolism are coordinately 
regulated by interleukin-3 (IL-3) in cytokine-dependent cells. Surprisingly, glycolytic activity is 
stimulated to a greater extent than would be expected based on the rate of cell growth or 
proliferation. IL-3 signaling exerts a direct effect on glycolytic commitment independent of cell 
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growth; accordingly, if extracellular glucose is reduced, cells retain the ability to grow and 
proliferate by derepressing oxidative metabolism. These data suggest that the high rate of 
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as cytokines, with other cells, or with the extracellular matrix. Extracellular signals that promote 
cell growth also result in increased glucose utilization. For example, early studies demonstrated 
that lectin stimulation of lymphocytes increased their glucose uptake, rate of glycolysis, and 
pentose phosphate shunt activity (2–4). 
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Figure 1. IL-3 stimulation results in increases in cell number, cell size, and glycolytic rate. A) Cell accumulation in 
culture increases with higher concentrations of IL-3. The concentration of cells was measured over three days in culture 
with 0.01, 0.05, or 0.35 ng/ml of IL-3. Average of eight independent experiments ± SEM is shown. B) Cell size increases 
throughout the cell cycle with higher concentrations of IL-3. Unfixed cells were stained with the cell permeable DNA dye 
Hoechst 33342 to measure cell cycle as well as propidium iodide to measure viability. Viable cells were analyzed for cell 
cycle, and a histogram of the forward scatter values of cells in either G1 or G2/M was plotted. A representative experiment 
is shown. C) Glycolytic rate increases dramatically when the concentration of IL-3 is increased. Glycolytic rate was 
measured by the specific conversion of glucose to water. Average of three independent experiments ± SEM is shown. 
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ABSTRACT 

The relationship between growth factor-dependent cell growth and proliferation and the up-
regulation of cellular metabolism required to support these processes remains poorly defined. 
Here, we demonstrate that cell growth, proliferation, and glucose metabolism are coordinately 
regulated by interleukin-3 (IL-3) in cytokine-dependent cells. Surprisingly, glycolytic activity is 
stimulated to a greater extent than would be expected based on the rate of cell growth or 
proliferation. IL-3 signaling exerts a direct effect on glycolytic commitment independent of cell 
growth control. These results are not restricted to IL-3 as the cytokines IL-7 and IL-2 have 
similar effects on glucose metabolism when assayed in factor-dependent cell lines or primary 
lymphocytes, respectively. Growth factor stimulation leads cells to consume less oxygen and 
produce more lactate per glucose, indicative of conversion from oxidative to glycolytic 
metabolism. The enforced rate of glucose metabolism is in excess of that required to support cell 
growth; accordingly, if extracellular glucose is reduced, cells retain the ability to grow and 
proliferate by derepressing oxidative metabolism. These data suggest that the high rate of 
glycolysis observed in response to growth factor stimulation is a primary effect rather than a 
homeostatic response to increased cell growth. 
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he growth, proliferation, and survival of cells within multicellular organisms depend on 
the presence of appropriate extracellular signals (1). These cues maintain the delicate 
balance between cell accumulation and cell death necessary for normal development and 

tissue homeostasis. These signals can arise from cellular interactions with soluble proteins such 
as cytokines, with other cells, or with the extracellular matrix. Extracellular signals that promote 
cell growth also result in increased glucose utilization. For example, early studies demonstrated 
that lectin stimulation of lymphocytes increased their glucose uptake, rate of glycolysis, and 
pentose phosphate shunt activity (2–4). 
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Figure 1. IL-3 stimulation results in increases in cell number, cell size, and glycolytic rate. A) Cell accumulation in 
culture increases with higher concentrations of IL-3. The concentration of cells was measured over three days in culture 
with 0.01, 0.05, or 0.35 ng/ml of IL-3. Average of eight independent experiments ± SEM is shown. B) Cell size increases 
throughout the cell cycle with higher concentrations of IL-3. Unfixed cells were stained with the cell permeable DNA dye 
Hoechst 33342 to measure cell cycle as well as propidium iodide to measure viability. Viable cells were analyzed for cell 
cycle, and a histogram of the forward scatter values of cells in either G1 or G2/M was plotted. A representative experiment 
is shown. C) Glycolytic rate increases dramatically when the concentration of IL-3 is increased. Glycolytic rate was 
measured by the specific conversion of glucose to water. Average of three independent experiments ± SEM is shown. 
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Figure 2. IL-3 stimulation results in activation of glycolysis at multiple steps. A) Glut1 staining increases in cells 
grown in higher concentrations of IL-3. The Glut1 content of cells was measured via flow cytometry. A representative 
experiment is shown. B) Hexokinase activity increases in cells grown in higher concentrations of IL-3. Hexokinase activity 
was determined in whole cell lysates by a spectrophotometric assay in which glucose 6-phosphate formation is coupled to 
NADPH production. Average of four independent experiments ± SEM is shown. The mean hexokinase activity was 
significantly greater for cells stimulated with 0.35 than for 0.01 ng/ml IL-3 (paired t test, two-tailed P value, P < 0.01).  
C) Phosphofructokinase-1 (PFK-1) activity increases in cells grown in higher concentrations of IL-3. PFK-1 activity was 
determined in whole-cell lysates by a spectrophotometric assay in which fructose 1,6-bisphosphate formation was coupled 
to NADH consumption. Average of five independent experiments ± SEM is shown. The mean PFK-1 activity was 
significantly greater for cells stimulated with 0.35 than for 0.01 ng/ml IL-3 (paired t test, two-tailed P value, P < 0.05). 
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grown in higher concentrations of IL-3. The Glut1 content of cells was measured via flow cytometry. A representative 
experiment is shown. B) Hexokinase activity increases in cells grown in higher concentrations of IL-3. Hexokinase activity 
was determined in whole cell lysates by a spectrophotometric assay in which glucose 6-phosphate formation is coupled to 
NADPH production. Average of four independent experiments ± SEM is shown. The mean hexokinase activity was 
significantly greater for cells stimulated with 0.35 than for 0.01 ng/ml IL-3 (paired t test, two-tailed P value, P < 0.01).  
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significantly greater for cells stimulated with 0.35 than for 0.01 ng/ml IL-3 (paired t test, two-tailed P value, P < 0.05). 
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Figure 4. Lactate production increases as cells are grown in higher concentrations of IL-3. Cells were cultured in 
0.01, 0.05, or 0.35 ng/ml IL-3 for three days. A) Cells consume more of the glucose in their media when grown in higher 
concentrations of IL-3. Average of at least four independent experiments ± SEM is shown. B) Lactate accumulation in the 
media increases as cells are grown in higher concentrations of growth factor. Average of at least four independent 
experiments ± SEM is shown. C) The amount of lactate produced per glucose consumed increases as cells are grown in 
higher concentrations of IL-3. Lactate production data were divided by glucose consumption data. The theoretical 
maximum, if all glucose were converted into lactate, is 1 mg of lactate produced per 1 mg of glucose consumed. 
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ARTICLES

Pyruvate kinase M2 is a phosphotyrosine-
binding protein
Heather R. Christofk1, Matthew G. Vander Heiden1,3, Ning Wu1, John M. Asara2,4 & Lewis C. Cantley1,4

Growth factors stimulate cells to take up excess nutrients and to use them for anabolic processes. The biochemical
mechanism by which this is accomplished is not fully understood but it is initiated by phosphorylation of signalling proteins
on tyrosine residues. Using a novel proteomic screen for phosphotyrosine-binding proteins, we have made the observation
that an enzyme involved in glycolysis, the human M2 (fetal) isoform of pyruvate kinase (PKM2), binds directly and
selectively to tyrosine-phosphorylated peptides. We show that binding of phosphotyrosine peptides to PKM2 results in
release of the allosteric activator fructose-1,6-bisphosphate, leading to inhibition of PKM2 enzymatic activity. We also
provide evidence that this regulation of PKM2 by phosphotyrosine signalling diverts glucose metabolites from energy
production to anabolic processes when cells are stimulated by certain growth factors. Collectively, our results indicate that
expression of this phosphotyrosine-binding form of pyruvate kinase is critical for rapid growth in cancer cells.

Metabolic regulation in rapidly growing tissues such as fetal tissues
and tumours is different from that in most adult tissues. Rapidly
growing cells must take up nutrients at a high rate and maintain a
balance between utilization of nutrients for energy production (for
example, ATP synthesis) and for anabolic processes (for example,
protein, lipid and nucleic acid synthesis). In contrast, most adult
tissues require less nutrient uptake and use a greater fraction of
available nutrients for energy production rather than macromolecule
synthesis. This difference between metabolism of cancer cells and
normal adult tissues was first pointed out by Warburg in 19291,
who observed that cancer cells take up glucose at higher rates than
normal tissue but use a smaller fraction of this glucose for oxidative
phosphorylation, even when oxygen is not limiting. This effect, called
aerobic glycolysis or the Warburg effect, is thought to be due to the
reprogramming of metabolic genes to allow cancer cells to function
more like fetal cells and to enable a greater fraction of glucose meta-
bolites to be incorporated into macromolecule synthesis rather than
burned to CO2.

More recent studies have shown that growth factor signalling path-
ways have a major role in programming metabolic pathways in cells
by mediating long-term2,3 as well as acute4 changes in cell meta-
bolism. Paradoxically, there are reports that activation of protein-
tyrosine kinases results in a decrease in the specific activity of
pyruvate kinase, the enzyme that catalyses the penultimate step in
glycolysis; that is, conversion of phosphoenolpyruvate to pyruvate5,6.
The mechanism by which protein-tyrosine kinases affect the activity
of pyruvate kinase has been controversial. Pyruvate kinase as well as
several other enzymes involved in glycolysis (including enolase and
lactate dehydrogenase) are phosphorylated on tyrosine residues in
cancer cells7,8, and it has been argued that the inhibition of pyruvate
kinase observed in cells with activated protein-tyrosine kinases could
be explained by direct tyrosine phosphorylation9,10. However, others
have argued that the stoichiometry of tyrosine phosphorylation of
pyruvate kinase (and of other glycolytic enzymes) is too low to affect
catalytic activity. Here we present a novel mechanism to explain how
protein-tyrosine kinases acutely regulate the activity of pyruvate
kinase.

Screen identifies PKM2 as a pTyr binding protein

We used a proteomic screening approach to identify novel phospho-
tyrosine (pTyr)-binding proteins from cell lysates (Fig. 1a). Using
SILAC, stable isotope labelling of amino acids in cell culture11, we
prepared lysates from HeLa cells grown in either heavy isotopic 13C-
arginine and 13C-lysine or normal isotopic 12C-arginine and 12C-
lysine. ‘Heavy’ lysates were flowed over a phosphotyrosine peptide
library affinity matrix, and ‘light’ lysates were flowed over a corres-
ponding unphosphorylated peptide library affinity matrix. Bound
proteins were eluted with sodium phenylphosphate, digested with
trypsin, and the peptides were analysed by microcapillary liquid chro-
matography tandem mass spectrometry (LC-MS/MS). As shown in
Fig. 1b, most of the proteins identified had peptides that yielded ,1:1
SILAC heavy to light ratios, thus indicating equal binding to the
phosphotyrosine and tyrosine peptide matrices. As a validation of
the approach, several proteins that contain well-characterized
phosphotyrosine-binding domains were identified as showing .3:1
SILAC ratios, consistent with preferential binding to the phospho-
tyrosine peptide library affinity matrix. Surprisingly, despite the
absence of a known phosphotyrosine-binding domain, pyruvate
kinase exhibited a $15:1 SILAC heavy:light ratio, identifying it as a
candidate novel phosphotyrosine-binding protein.

As validation of the phosphotyrosine-binding property of pyruvate
kinase, lysates from HeLa cells were passed over the phosphotyrosine
and tyrosine peptide library affinity matrices, and eluates were
analysed by SDS–polyacrylamide gel electrophoresis (PAGE). LC-
MS/MS analysis of those proteins visible by silver stain that selectively
bound to the phosphotyrosine peptide library matrix also identified
known phosphotyrosine-binding proteins as well as pyruvate kinase
(Fig. 1c). To confirm the preferential binding of pyruvate kinase to
the phosphotyrosine peptide affinity matrix, eluates from the phos-
photyrosine and tyrosine peptide library columns were analysed by
western blot using a pyruvate kinase antibody (Fig. 1d). p85, the SH2-
domain-containing regulatory subunit of phosphatidylinositol-3
kinase, is used as a positive control, and GAPDH is used as a negative
control. As shown in Fig. 1d, immunoblotting for both p85 and
pyruvate kinase shows selective binding to the phosphotyrosine

1Department of Systems Biology, 2Department of Pathology, Harvard Medical School, Boston, Massachusetts 02115, USA. 3Dana Farber Cancer Institute, Boston, Massachusetts
02115, USA. 4Division of Signal Transduction, Beth Israel Deaconess Medical Center, Boston, Massachusetts 02115, USA.
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peptide library matrix. Notably, whereas pyruvate kinase exhibited
selective binding to the immobilized phosphotyrosine peptide library,
it did not show selective binding to immobilized phosphoserine or
phosphothreonine peptide libraries (Supplementary Fig. 1).

pTyr binding is specific to pyruvate kinase isoform M2

Four pyruvate kinase isoforms exist in mammals: L, liver; R, red
blood cell; M1, adult; and M2, embryonic/tumour12 (Fig. 2a). The
M1, M2 and L isoforms were transiently expressed as Flag-tagged
proteins in 293 cells, and lysates were flowed over the phosphotyr-
osine and tyrosine peptide affinity columns to assess binding. Eluates
from the columns were analysed by western blot using a Flag anti-
body (Fig. 2b). The M2 isoform is the only pyruvate kinase isoform
that binds phosphotyrosine peptides. Given that PKM1, the splice
variant of PKM2, does not bind to phosphotyrosine peptides, we
looked to the crystal structures of these isoforms for a potential
phosphotyrosine-binding site on PKM2. PKM1 and PKM2 are iden-
tical proteins with the exception of a 56-amino-acid stretch encoded
by the alternatively spliced region. Previous studies have shown that
this stretch of amino acids comprises the only structural difference
between the M1 and M2 isoforms and forms an allosteric pocket
unique to PKM2 that allows for binding of its activator, FBP13.

To determine whether the FBP-binding pocket on PKM2 coordi-
nates phosphotyrosine peptide binding, we assessed whether FBP
could compete for binding of PKM2 to a phosphotyrosine peptide
library column. Recombinant PKM2 was incubated with increasing
amounts of FBP and then flowed over the phosphotyrosine peptide
affinity matrix. A concentration of 20 mM FBP was able to compete
for binding of recombinant PKM2 to phosphotyrosine peptides
(Fig. 2c). To examine further how this region of PKM2 interacts with
phosphotyrosine, point mutants of various residues in and around
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Figure 1 | Proteomic screen identifies pyruvate kinase as a novel
phosphotyrosine-binding protein. a, A schematic diagram of the proteomic
screen for phosphotyrosine binding proteins using SILAC and peptide library
affinity matrices. The peptide libraries were designed as follows:
phosphorylated peptide library (pY), biotin-Z-Z-Gly-Gly-Gly-X-X-X-X-X-
pTyr-X-X-X-X-X-Gly-Gly; unphosphorylated peptide library (Y), biotin-Z-Z-
Gly-Gly-Gly-X-X-X-X-X-Tyr-X-X-X-X-X-Gly-Gly, where Z indicates
aminohexanoic acid and X denotes any amino acid except cysteine. Peptide
libraries were incubated with streptavidin beads and packed onto columns to
form the phosphotyrosine and tyrosine peptide library affinity matrices. Heavy
lysates were flowed over the phosphotyrosine column, and light lysates were
flowed over the tyrosine column. Bound proteins were eluted with 20 mM
sodium phenylphosphate, digested with trypsin, and then analysed by
microcapillary reversed-phase tandem mass spectrometry (LC-MS/MS).
b, Screen results using commercially available software showing the SILAC
ratios (heavy:light) for the proteins identified by LC-MS/MS. Background
proteins yielded ,1:1 SILAC ratios. Known phosphotyrosine-binding proteins
(blue) yielded .3:1 SILAC ratios. Pyruvate kinase (red) yielded a $15:1 SILAC
ratio, identifying it as a candidate novel phosphotyrosine binder. c, A silver stain
of proteins from HeLa cell lysates that bound to the phosphotyrosine compared
with tyrosine peptide library columns. Differentially stained proteins identified
by LC-MS/MS are indicated. d, Immunoblotting of proteins from HeLa cell
lysates that bound to the phosphotyrosine versus tyrosine peptide library
columns. Eluates from the columns were immunoblotted with antibodies for
pyruvate kinase, p85 as a positive control, and GAPDH as a negative control.
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library affinity matrix with sodium phenylphosphate.

ARTICLES NATURE | Vol 452 | 13 March 2008

182
Nature   Publishing Group©2008

Proteomics identified that a glycolytic protein is 
phosphorylated in response to growth stimuli. 

This protein turned out to be the M2 isoform of 
pyruvate kinase
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Growth factors stimulate cells to take up excess nutrients and to use them for anabolic processes. The biochemical
mechanism by which this is accomplished is not fully understood but it is initiated by phosphorylation of signalling proteins
on tyrosine residues. Using a novel proteomic screen for phosphotyrosine-binding proteins, we have made the observation
that an enzyme involved in glycolysis, the human M2 (fetal) isoform of pyruvate kinase (PKM2), binds directly and
selectively to tyrosine-phosphorylated peptides. We show that binding of phosphotyrosine peptides to PKM2 results in
release of the allosteric activator fructose-1,6-bisphosphate, leading to inhibition of PKM2 enzymatic activity. We also
provide evidence that this regulation of PKM2 by phosphotyrosine signalling diverts glucose metabolites from energy
production to anabolic processes when cells are stimulated by certain growth factors. Collectively, our results indicate that
expression of this phosphotyrosine-binding form of pyruvate kinase is critical for rapid growth in cancer cells.

Metabolic regulation in rapidly growing tissues such as fetal tissues
and tumours is different from that in most adult tissues. Rapidly
growing cells must take up nutrients at a high rate and maintain a
balance between utilization of nutrients for energy production (for
example, ATP synthesis) and for anabolic processes (for example,
protein, lipid and nucleic acid synthesis). In contrast, most adult
tissues require less nutrient uptake and use a greater fraction of
available nutrients for energy production rather than macromolecule
synthesis. This difference between metabolism of cancer cells and
normal adult tissues was first pointed out by Warburg in 19291,
who observed that cancer cells take up glucose at higher rates than
normal tissue but use a smaller fraction of this glucose for oxidative
phosphorylation, even when oxygen is not limiting. This effect, called
aerobic glycolysis or the Warburg effect, is thought to be due to the
reprogramming of metabolic genes to allow cancer cells to function
more like fetal cells and to enable a greater fraction of glucose meta-
bolites to be incorporated into macromolecule synthesis rather than
burned to CO2.

More recent studies have shown that growth factor signalling path-
ways have a major role in programming metabolic pathways in cells
by mediating long-term2,3 as well as acute4 changes in cell meta-
bolism. Paradoxically, there are reports that activation of protein-
tyrosine kinases results in a decrease in the specific activity of
pyruvate kinase, the enzyme that catalyses the penultimate step in
glycolysis; that is, conversion of phosphoenolpyruvate to pyruvate5,6.
The mechanism by which protein-tyrosine kinases affect the activity
of pyruvate kinase has been controversial. Pyruvate kinase as well as
several other enzymes involved in glycolysis (including enolase and
lactate dehydrogenase) are phosphorylated on tyrosine residues in
cancer cells7,8, and it has been argued that the inhibition of pyruvate
kinase observed in cells with activated protein-tyrosine kinases could
be explained by direct tyrosine phosphorylation9,10. However, others
have argued that the stoichiometry of tyrosine phosphorylation of
pyruvate kinase (and of other glycolytic enzymes) is too low to affect
catalytic activity. Here we present a novel mechanism to explain how
protein-tyrosine kinases acutely regulate the activity of pyruvate
kinase.

Screen identifies PKM2 as a pTyr binding protein

We used a proteomic screening approach to identify novel phospho-
tyrosine (pTyr)-binding proteins from cell lysates (Fig. 1a). Using
SILAC, stable isotope labelling of amino acids in cell culture11, we
prepared lysates from HeLa cells grown in either heavy isotopic 13C-
arginine and 13C-lysine or normal isotopic 12C-arginine and 12C-
lysine. ‘Heavy’ lysates were flowed over a phosphotyrosine peptide
library affinity matrix, and ‘light’ lysates were flowed over a corres-
ponding unphosphorylated peptide library affinity matrix. Bound
proteins were eluted with sodium phenylphosphate, digested with
trypsin, and the peptides were analysed by microcapillary liquid chro-
matography tandem mass spectrometry (LC-MS/MS). As shown in
Fig. 1b, most of the proteins identified had peptides that yielded ,1:1
SILAC heavy to light ratios, thus indicating equal binding to the
phosphotyrosine and tyrosine peptide matrices. As a validation of
the approach, several proteins that contain well-characterized
phosphotyrosine-binding domains were identified as showing .3:1
SILAC ratios, consistent with preferential binding to the phospho-
tyrosine peptide library affinity matrix. Surprisingly, despite the
absence of a known phosphotyrosine-binding domain, pyruvate
kinase exhibited a $15:1 SILAC heavy:light ratio, identifying it as a
candidate novel phosphotyrosine-binding protein.

As validation of the phosphotyrosine-binding property of pyruvate
kinase, lysates from HeLa cells were passed over the phosphotyrosine
and tyrosine peptide library affinity matrices, and eluates were
analysed by SDS–polyacrylamide gel electrophoresis (PAGE). LC-
MS/MS analysis of those proteins visible by silver stain that selectively
bound to the phosphotyrosine peptide library matrix also identified
known phosphotyrosine-binding proteins as well as pyruvate kinase
(Fig. 1c). To confirm the preferential binding of pyruvate kinase to
the phosphotyrosine peptide affinity matrix, eluates from the phos-
photyrosine and tyrosine peptide library columns were analysed by
western blot using a pyruvate kinase antibody (Fig. 1d). p85, the SH2-
domain-containing regulatory subunit of phosphatidylinositol-3
kinase, is used as a positive control, and GAPDH is used as a negative
control. As shown in Fig. 1d, immunoblotting for both p85 and
pyruvate kinase shows selective binding to the phosphotyrosine
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peptide library matrix. Notably, whereas pyruvate kinase exhibited
selective binding to the immobilized phosphotyrosine peptide library,
it did not show selective binding to immobilized phosphoserine or
phosphothreonine peptide libraries (Supplementary Fig. 1).

pTyr binding is specific to pyruvate kinase isoform M2

Four pyruvate kinase isoforms exist in mammals: L, liver; R, red
blood cell; M1, adult; and M2, embryonic/tumour12 (Fig. 2a). The
M1, M2 and L isoforms were transiently expressed as Flag-tagged
proteins in 293 cells, and lysates were flowed over the phosphotyr-
osine and tyrosine peptide affinity columns to assess binding. Eluates
from the columns were analysed by western blot using a Flag anti-
body (Fig. 2b). The M2 isoform is the only pyruvate kinase isoform
that binds phosphotyrosine peptides. Given that PKM1, the splice
variant of PKM2, does not bind to phosphotyrosine peptides, we
looked to the crystal structures of these isoforms for a potential
phosphotyrosine-binding site on PKM2. PKM1 and PKM2 are iden-
tical proteins with the exception of a 56-amino-acid stretch encoded
by the alternatively spliced region. Previous studies have shown that
this stretch of amino acids comprises the only structural difference
between the M1 and M2 isoforms and forms an allosteric pocket
unique to PKM2 that allows for binding of its activator, FBP13.

To determine whether the FBP-binding pocket on PKM2 coordi-
nates phosphotyrosine peptide binding, we assessed whether FBP
could compete for binding of PKM2 to a phosphotyrosine peptide
library column. Recombinant PKM2 was incubated with increasing
amounts of FBP and then flowed over the phosphotyrosine peptide
affinity matrix. A concentration of 20 mM FBP was able to compete
for binding of recombinant PKM2 to phosphotyrosine peptides
(Fig. 2c). To examine further how this region of PKM2 interacts with
phosphotyrosine, point mutants of various residues in and around
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Figure 1 | Proteomic screen identifies pyruvate kinase as a novel
phosphotyrosine-binding protein. a, A schematic diagram of the proteomic
screen for phosphotyrosine binding proteins using SILAC and peptide library
affinity matrices. The peptide libraries were designed as follows:
phosphorylated peptide library (pY), biotin-Z-Z-Gly-Gly-Gly-X-X-X-X-X-
pTyr-X-X-X-X-X-Gly-Gly; unphosphorylated peptide library (Y), biotin-Z-Z-
Gly-Gly-Gly-X-X-X-X-X-Tyr-X-X-X-X-X-Gly-Gly, where Z indicates
aminohexanoic acid and X denotes any amino acid except cysteine. Peptide
libraries were incubated with streptavidin beads and packed onto columns to
form the phosphotyrosine and tyrosine peptide library affinity matrices. Heavy
lysates were flowed over the phosphotyrosine column, and light lysates were
flowed over the tyrosine column. Bound proteins were eluted with 20 mM
sodium phenylphosphate, digested with trypsin, and then analysed by
microcapillary reversed-phase tandem mass spectrometry (LC-MS/MS).
b, Screen results using commercially available software showing the SILAC
ratios (heavy:light) for the proteins identified by LC-MS/MS. Background
proteins yielded ,1:1 SILAC ratios. Known phosphotyrosine-binding proteins
(blue) yielded .3:1 SILAC ratios. Pyruvate kinase (red) yielded a $15:1 SILAC
ratio, identifying it as a candidate novel phosphotyrosine binder. c, A silver stain
of proteins from HeLa cell lysates that bound to the phosphotyrosine compared
with tyrosine peptide library columns. Differentially stained proteins identified
by LC-MS/MS are indicated. d, Immunoblotting of proteins from HeLa cell
lysates that bound to the phosphotyrosine versus tyrosine peptide library
columns. Eluates from the columns were immunoblotted with antibodies for
pyruvate kinase, p85 as a positive control, and GAPDH as a negative control.
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Pyruvate kinase M2 is a phosphotyrosine-
binding protein
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Growth factors stimulate cells to take up excess nutrients and to use them for anabolic processes. The biochemical
mechanism by which this is accomplished is not fully understood but it is initiated by phosphorylation of signalling proteins
on tyrosine residues. Using a novel proteomic screen for phosphotyrosine-binding proteins, we have made the observation
that an enzyme involved in glycolysis, the human M2 (fetal) isoform of pyruvate kinase (PKM2), binds directly and
selectively to tyrosine-phosphorylated peptides. We show that binding of phosphotyrosine peptides to PKM2 results in
release of the allosteric activator fructose-1,6-bisphosphate, leading to inhibition of PKM2 enzymatic activity. We also
provide evidence that this regulation of PKM2 by phosphotyrosine signalling diverts glucose metabolites from energy
production to anabolic processes when cells are stimulated by certain growth factors. Collectively, our results indicate that
expression of this phosphotyrosine-binding form of pyruvate kinase is critical for rapid growth in cancer cells.

Metabolic regulation in rapidly growing tissues such as fetal tissues
and tumours is different from that in most adult tissues. Rapidly
growing cells must take up nutrients at a high rate and maintain a
balance between utilization of nutrients for energy production (for
example, ATP synthesis) and for anabolic processes (for example,
protein, lipid and nucleic acid synthesis). In contrast, most adult
tissues require less nutrient uptake and use a greater fraction of
available nutrients for energy production rather than macromolecule
synthesis. This difference between metabolism of cancer cells and
normal adult tissues was first pointed out by Warburg in 19291,
who observed that cancer cells take up glucose at higher rates than
normal tissue but use a smaller fraction of this glucose for oxidative
phosphorylation, even when oxygen is not limiting. This effect, called
aerobic glycolysis or the Warburg effect, is thought to be due to the
reprogramming of metabolic genes to allow cancer cells to function
more like fetal cells and to enable a greater fraction of glucose meta-
bolites to be incorporated into macromolecule synthesis rather than
burned to CO2.

More recent studies have shown that growth factor signalling path-
ways have a major role in programming metabolic pathways in cells
by mediating long-term2,3 as well as acute4 changes in cell meta-
bolism. Paradoxically, there are reports that activation of protein-
tyrosine kinases results in a decrease in the specific activity of
pyruvate kinase, the enzyme that catalyses the penultimate step in
glycolysis; that is, conversion of phosphoenolpyruvate to pyruvate5,6.
The mechanism by which protein-tyrosine kinases affect the activity
of pyruvate kinase has been controversial. Pyruvate kinase as well as
several other enzymes involved in glycolysis (including enolase and
lactate dehydrogenase) are phosphorylated on tyrosine residues in
cancer cells7,8, and it has been argued that the inhibition of pyruvate
kinase observed in cells with activated protein-tyrosine kinases could
be explained by direct tyrosine phosphorylation9,10. However, others
have argued that the stoichiometry of tyrosine phosphorylation of
pyruvate kinase (and of other glycolytic enzymes) is too low to affect
catalytic activity. Here we present a novel mechanism to explain how
protein-tyrosine kinases acutely regulate the activity of pyruvate
kinase.

Screen identifies PKM2 as a pTyr binding protein

We used a proteomic screening approach to identify novel phospho-
tyrosine (pTyr)-binding proteins from cell lysates (Fig. 1a). Using
SILAC, stable isotope labelling of amino acids in cell culture11, we
prepared lysates from HeLa cells grown in either heavy isotopic 13C-
arginine and 13C-lysine or normal isotopic 12C-arginine and 12C-
lysine. ‘Heavy’ lysates were flowed over a phosphotyrosine peptide
library affinity matrix, and ‘light’ lysates were flowed over a corres-
ponding unphosphorylated peptide library affinity matrix. Bound
proteins were eluted with sodium phenylphosphate, digested with
trypsin, and the peptides were analysed by microcapillary liquid chro-
matography tandem mass spectrometry (LC-MS/MS). As shown in
Fig. 1b, most of the proteins identified had peptides that yielded ,1:1
SILAC heavy to light ratios, thus indicating equal binding to the
phosphotyrosine and tyrosine peptide matrices. As a validation of
the approach, several proteins that contain well-characterized
phosphotyrosine-binding domains were identified as showing .3:1
SILAC ratios, consistent with preferential binding to the phospho-
tyrosine peptide library affinity matrix. Surprisingly, despite the
absence of a known phosphotyrosine-binding domain, pyruvate
kinase exhibited a $15:1 SILAC heavy:light ratio, identifying it as a
candidate novel phosphotyrosine-binding protein.

As validation of the phosphotyrosine-binding property of pyruvate
kinase, lysates from HeLa cells were passed over the phosphotyrosine
and tyrosine peptide library affinity matrices, and eluates were
analysed by SDS–polyacrylamide gel electrophoresis (PAGE). LC-
MS/MS analysis of those proteins visible by silver stain that selectively
bound to the phosphotyrosine peptide library matrix also identified
known phosphotyrosine-binding proteins as well as pyruvate kinase
(Fig. 1c). To confirm the preferential binding of pyruvate kinase to
the phosphotyrosine peptide affinity matrix, eluates from the phos-
photyrosine and tyrosine peptide library columns were analysed by
western blot using a pyruvate kinase antibody (Fig. 1d). p85, the SH2-
domain-containing regulatory subunit of phosphatidylinositol-3
kinase, is used as a positive control, and GAPDH is used as a negative
control. As shown in Fig. 1d, immunoblotting for both p85 and
pyruvate kinase shows selective binding to the phosphotyrosine
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peptide library matrix. Notably, whereas pyruvate kinase exhibited
selective binding to the immobilized phosphotyrosine peptide library,
it did not show selective binding to immobilized phosphoserine or
phosphothreonine peptide libraries (Supplementary Fig. 1).

pTyr binding is specific to pyruvate kinase isoform M2

Four pyruvate kinase isoforms exist in mammals: L, liver; R, red
blood cell; M1, adult; and M2, embryonic/tumour12 (Fig. 2a). The
M1, M2 and L isoforms were transiently expressed as Flag-tagged
proteins in 293 cells, and lysates were flowed over the phosphotyr-
osine and tyrosine peptide affinity columns to assess binding. Eluates
from the columns were analysed by western blot using a Flag anti-
body (Fig. 2b). The M2 isoform is the only pyruvate kinase isoform
that binds phosphotyrosine peptides. Given that PKM1, the splice
variant of PKM2, does not bind to phosphotyrosine peptides, we
looked to the crystal structures of these isoforms for a potential
phosphotyrosine-binding site on PKM2. PKM1 and PKM2 are iden-
tical proteins with the exception of a 56-amino-acid stretch encoded
by the alternatively spliced region. Previous studies have shown that
this stretch of amino acids comprises the only structural difference
between the M1 and M2 isoforms and forms an allosteric pocket
unique to PKM2 that allows for binding of its activator, FBP13.

To determine whether the FBP-binding pocket on PKM2 coordi-
nates phosphotyrosine peptide binding, we assessed whether FBP
could compete for binding of PKM2 to a phosphotyrosine peptide
library column. Recombinant PKM2 was incubated with increasing
amounts of FBP and then flowed over the phosphotyrosine peptide
affinity matrix. A concentration of 20 mM FBP was able to compete
for binding of recombinant PKM2 to phosphotyrosine peptides
(Fig. 2c). To examine further how this region of PKM2 interacts with
phosphotyrosine, point mutants of various residues in and around
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Figure 1 | Proteomic screen identifies pyruvate kinase as a novel
phosphotyrosine-binding protein. a, A schematic diagram of the proteomic
screen for phosphotyrosine binding proteins using SILAC and peptide library
affinity matrices. The peptide libraries were designed as follows:
phosphorylated peptide library (pY), biotin-Z-Z-Gly-Gly-Gly-X-X-X-X-X-
pTyr-X-X-X-X-X-Gly-Gly; unphosphorylated peptide library (Y), biotin-Z-Z-
Gly-Gly-Gly-X-X-X-X-X-Tyr-X-X-X-X-X-Gly-Gly, where Z indicates
aminohexanoic acid and X denotes any amino acid except cysteine. Peptide
libraries were incubated with streptavidin beads and packed onto columns to
form the phosphotyrosine and tyrosine peptide library affinity matrices. Heavy
lysates were flowed over the phosphotyrosine column, and light lysates were
flowed over the tyrosine column. Bound proteins were eluted with 20 mM
sodium phenylphosphate, digested with trypsin, and then analysed by
microcapillary reversed-phase tandem mass spectrometry (LC-MS/MS).
b, Screen results using commercially available software showing the SILAC
ratios (heavy:light) for the proteins identified by LC-MS/MS. Background
proteins yielded ,1:1 SILAC ratios. Known phosphotyrosine-binding proteins
(blue) yielded .3:1 SILAC ratios. Pyruvate kinase (red) yielded a $15:1 SILAC
ratio, identifying it as a candidate novel phosphotyrosine binder. c, A silver stain
of proteins from HeLa cell lysates that bound to the phosphotyrosine compared
with tyrosine peptide library columns. Differentially stained proteins identified
by LC-MS/MS are indicated. d, Immunoblotting of proteins from HeLa cell
lysates that bound to the phosphotyrosine versus tyrosine peptide library
columns. Eluates from the columns were immunoblotted with antibodies for
pyruvate kinase, p85 as a positive control, and GAPDH as a negative control.
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Figure 2 | Phosphopeptide binding is specific to the M2 isoform of
pyruvate kinase and involves lysine 433 near the FBP binding pocket. a, A
schematic diagram of the four mammalian pyruvate kinase isoforms.
b, Immunoblotting showing the pyruvate kinase isoform specificity of
phosphotyrosine binding. The M1, M2, M2KE and L Flag-tagged pyruvate
kinase isoforms were transiently expressed in 293 cells, and lysates were
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The flow-throughs and eluates from the columns were immunoblotted with
Flag antibody. Note that M2KE stands for the K433E point mutant of PKM2.
c, A Coomassie stain of PKM2 bound to the phosphotyrosine peptide library
column after incubation with increasing amounts of FBP. Recombinant
PKM2 was incubated with increasing concentrations of FBP as indicated,
before being flowed over and eluted from the phosphotyrosine peptide
library affinity matrix with sodium phenylphosphate.
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Growth factors stimulate cells to take up excess nutrients and to use them for anabolic processes. The biochemical
mechanism by which this is accomplished is not fully understood but it is initiated by phosphorylation of signalling proteins
on tyrosine residues. Using a novel proteomic screen for phosphotyrosine-binding proteins, we have made the observation
that an enzyme involved in glycolysis, the human M2 (fetal) isoform of pyruvate kinase (PKM2), binds directly and
selectively to tyrosine-phosphorylated peptides. We show that binding of phosphotyrosine peptides to PKM2 results in
release of the allosteric activator fructose-1,6-bisphosphate, leading to inhibition of PKM2 enzymatic activity. We also
provide evidence that this regulation of PKM2 by phosphotyrosine signalling diverts glucose metabolites from energy
production to anabolic processes when cells are stimulated by certain growth factors. Collectively, our results indicate that
expression of this phosphotyrosine-binding form of pyruvate kinase is critical for rapid growth in cancer cells.

Metabolic regulation in rapidly growing tissues such as fetal tissues
and tumours is different from that in most adult tissues. Rapidly
growing cells must take up nutrients at a high rate and maintain a
balance between utilization of nutrients for energy production (for
example, ATP synthesis) and for anabolic processes (for example,
protein, lipid and nucleic acid synthesis). In contrast, most adult
tissues require less nutrient uptake and use a greater fraction of
available nutrients for energy production rather than macromolecule
synthesis. This difference between metabolism of cancer cells and
normal adult tissues was first pointed out by Warburg in 19291,
who observed that cancer cells take up glucose at higher rates than
normal tissue but use a smaller fraction of this glucose for oxidative
phosphorylation, even when oxygen is not limiting. This effect, called
aerobic glycolysis or the Warburg effect, is thought to be due to the
reprogramming of metabolic genes to allow cancer cells to function
more like fetal cells and to enable a greater fraction of glucose meta-
bolites to be incorporated into macromolecule synthesis rather than
burned to CO2.

More recent studies have shown that growth factor signalling path-
ways have a major role in programming metabolic pathways in cells
by mediating long-term2,3 as well as acute4 changes in cell meta-
bolism. Paradoxically, there are reports that activation of protein-
tyrosine kinases results in a decrease in the specific activity of
pyruvate kinase, the enzyme that catalyses the penultimate step in
glycolysis; that is, conversion of phosphoenolpyruvate to pyruvate5,6.
The mechanism by which protein-tyrosine kinases affect the activity
of pyruvate kinase has been controversial. Pyruvate kinase as well as
several other enzymes involved in glycolysis (including enolase and
lactate dehydrogenase) are phosphorylated on tyrosine residues in
cancer cells7,8, and it has been argued that the inhibition of pyruvate
kinase observed in cells with activated protein-tyrosine kinases could
be explained by direct tyrosine phosphorylation9,10. However, others
have argued that the stoichiometry of tyrosine phosphorylation of
pyruvate kinase (and of other glycolytic enzymes) is too low to affect
catalytic activity. Here we present a novel mechanism to explain how
protein-tyrosine kinases acutely regulate the activity of pyruvate
kinase.

Screen identifies PKM2 as a pTyr binding protein

We used a proteomic screening approach to identify novel phospho-
tyrosine (pTyr)-binding proteins from cell lysates (Fig. 1a). Using
SILAC, stable isotope labelling of amino acids in cell culture11, we
prepared lysates from HeLa cells grown in either heavy isotopic 13C-
arginine and 13C-lysine or normal isotopic 12C-arginine and 12C-
lysine. ‘Heavy’ lysates were flowed over a phosphotyrosine peptide
library affinity matrix, and ‘light’ lysates were flowed over a corres-
ponding unphosphorylated peptide library affinity matrix. Bound
proteins were eluted with sodium phenylphosphate, digested with
trypsin, and the peptides were analysed by microcapillary liquid chro-
matography tandem mass spectrometry (LC-MS/MS). As shown in
Fig. 1b, most of the proteins identified had peptides that yielded ,1:1
SILAC heavy to light ratios, thus indicating equal binding to the
phosphotyrosine and tyrosine peptide matrices. As a validation of
the approach, several proteins that contain well-characterized
phosphotyrosine-binding domains were identified as showing .3:1
SILAC ratios, consistent with preferential binding to the phospho-
tyrosine peptide library affinity matrix. Surprisingly, despite the
absence of a known phosphotyrosine-binding domain, pyruvate
kinase exhibited a $15:1 SILAC heavy:light ratio, identifying it as a
candidate novel phosphotyrosine-binding protein.

As validation of the phosphotyrosine-binding property of pyruvate
kinase, lysates from HeLa cells were passed over the phosphotyrosine
and tyrosine peptide library affinity matrices, and eluates were
analysed by SDS–polyacrylamide gel electrophoresis (PAGE). LC-
MS/MS analysis of those proteins visible by silver stain that selectively
bound to the phosphotyrosine peptide library matrix also identified
known phosphotyrosine-binding proteins as well as pyruvate kinase
(Fig. 1c). To confirm the preferential binding of pyruvate kinase to
the phosphotyrosine peptide affinity matrix, eluates from the phos-
photyrosine and tyrosine peptide library columns were analysed by
western blot using a pyruvate kinase antibody (Fig. 1d). p85, the SH2-
domain-containing regulatory subunit of phosphatidylinositol-3
kinase, is used as a positive control, and GAPDH is used as a negative
control. As shown in Fig. 1d, immunoblotting for both p85 and
pyruvate kinase shows selective binding to the phosphotyrosine
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(Supplementary Table 2). Several of these phosphotyrosine peptides,
as well as multiple phosphotyrosine peptides designed after known
tyrosine kinase motifs, were also shown to inhibit PKM2 activity
(Fig. 4b). Notably, the Src kinase motif, along with the in vivo Src
kinase sites on enolase and lactate dehydrogenase, were able to inhibit
PKM2 activity in vitro. Consistent with a catalytic FBP-release mech-
anism of P-M2tide enzyme inhibition, longer exposures of P-M2tide
to recombinant PKM2 consistently result in greater decreases in
PKM2 activity (data not shown). In addition, as little as 1 mM phos-
photyrosine peptide can inhibit PKM2 activity, suggesting that a
meaningful interaction between PKM2 and tyrosine-phosphorylated
proteins can occur at the concentrations present in cells (Fig. 4a).

To address further whether PKM2 activity can be regulated by
tyrosine phosphorylation levels in cells, we elevated phosphotyrosine
levels in various cell lines by pervanadate stimulation, and measured
pyruvate kinase activity. As shown in Fig. 4c, pervanadate stimu-
lation in three different cancer cell lines resulted in a 20–30%
decrease in total pyruvate kinase activity. To assess whether tyrosine
kinase intracellular signalling could regulate PKM2 activity in cells,
we tested the effects of overexpressing a tyrosine kinase and stimu-
lating an RTK signalling pathway. Transient overexpression of con-
stitutively active Src kinase in 293 cells resulted in inhibition of PKM2
activity (Fig. 4d). Additionally, acute stimulation of tyrosine kinase
signalling by insulin-like growth factor (IGF) stimulation in A549
cells resulted in inhibition of PKM2 activity (Fig. 4e). Consistent with
earlier studies from Eigenbrodt and co-workers5, our data show that
conditions that activate protein-tyrosine kinases in cells in culture
result in an acute ,15% to 30% reduction in the activity of pyruvate
kinase.

Cancer cell lines exclusively express the M2 isoform of pyruvate
kinase5. However, to confirm that the decrease in pyruvate kinase
activity on increasing phosphotyrosine levels was specific to the M2
isoform of pyruvate kinase and that it depended on the ability of
PKM2 to bind to phosphotyrosine peptides, we constructed cell lines
that express the M1, M2, L, or M2KE (phosphotyrosine-binding
mutant) forms of pyruvate kinase (Fig. 4f). We made stable H1299
cells that express Flag-tagged mouse M1, M2, M2KE, or L, and then
stably knocked down the endogenous (human) PKM2 using short
hairpin (sh)RNA expression. As shown in Fig. 4f, we obtained effi-
cient knockdown of the endogenous PKM2, and the Flag-tagged
rescue proteins were expressed to similar, near endogenous, levels.
Increased phosphotyrosine levels observed on pervanadate stimu-
lation of the M1-, M2-, M2KE- and L-expressing knockdown cells
resulted in specific inhibition of pyruvate kinase activity only in the
wild-type M2-expressing cells (Supplementary Fig. 4 and Fig. 4g).
Together, these data suggest that the regulation of pyruvate kinase
activity by phosphotyrosine levels in cells is specific to the M2 iso-
form and requires the phosphotyrosine peptide binding capability.
Similar results were also obtained in A549 cells (data not shown).

Cell growth requires the pTyr-binding function of PKM2

To determine whether regulation of PKM2 activity by phosphotyr-
osine peptide binding has a biological role in the cell, we assessed the
ability of the phosphotyrosine-binding mutant, M2KE, to rescue M2
knockdown in cancer cell lines. Knockdown of PKM2 expression in
H1299 lung cancer cells results in reduced glycolysis and decreased
cell proliferation (Fig. 5a, b). Both the wild-type mouse M2 and
mouse M2KE rescue pyruvate kinase activity (data not shown) and
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Figure 4 | Phosphopeptide binding results in inhibition of PKM2 activity.
a, Comparison of pyruvate kinase activity in the presence of FBP, P-M2tide
(P) and NP-M2tide (NP). Recombinant PKM2 was soaked in FBP, unbound
FBP was removed by dialysis, and then 1mM P-M2tide, 10 mM P-M2tide, or
100mM NP-M2tide was added to the enzyme. After a 30-min incubation at
room temperature, unbound FBP and peptide were removed by dialysis, and
pyruvate kinase activity was assessed. b, Comparison of pyruvate kinase
activity in the presence of various phosphotyrosine peptides. FBP-soaked
recombinant PKM2 was incubated with 10 mM peptide for 10 min at room
temperature and pyruvate kinase activity was assessed. Eight of the
phosphopeptides tested comprised previously mapped phosphotyrosine
sites on the metabolic proteins indicated. Four of the phosphopeptides
tested were designed after known tyrosine kinase motifs. Because all of the
peptides were dissolved in DMSO, DMSO was used as a negative control.
c, Comparison of pyruvate kinase activity in lysates from 293, A549 and
H1299 cells with and without (2) pervanadate stimulation. d, Comparison
of pyruvate kinase activity in lysates from 293 cells that were mock-
transfected (mock) or transiently transfected with constitutively active Src

kinase (CA-Src). e, Comparison of pyruvate kinase activity in lysates from
A549 cells serum-starved overnight without (starve) or with 15 min of 20 nM
IGF stimulation (IGF). f, Immunoblotting of lysates from H1299 cells stably
expressing shRNA constructs and rescue constructs. Cells were infected with
retrovirus containing the empty vector (pLHCX), or pLHCX with Flag-
tagged mouse PKM1 (M1), mouse PKM2 (M2), mouse PKM2 KE point
mutant (KE), or PKL (L). After 2 weeks selection in hygromycin, the cells
were infected with lentivirus containing the pLKO vector with control
shRNA (cl) or shRNA that knocks down PKM2 expression (kd). The cells
were then selected in puromycin for 1 week. Total cell extracts were
immunoblotted with antibodies for pyruvate kinase (recognizes both M1
and M2), Flag and GAPDH. Note that PKL is not recognized by the pyruvate
kinase antibody. g, Comparison of pyruvate kinase activity in lysates from
H1299 cells expressing knockdown shRNA and Flag–PKM1, PKM2, PKM2
KE and PKL with and without pervanadate stimulation. All scale bars denote
s.e.m. (n 5 3). In all cases, the changes in pyruvate kinase activity were
significant as assessed by Student’s t-test (P , 0.01).
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peptide library matrix. Notably, whereas pyruvate kinase exhibited
selective binding to the immobilized phosphotyrosine peptide library,
it did not show selective binding to immobilized phosphoserine or
phosphothreonine peptide libraries (Supplementary Fig. 1).

pTyr binding is specific to pyruvate kinase isoform M2

Four pyruvate kinase isoforms exist in mammals: L, liver; R, red
blood cell; M1, adult; and M2, embryonic/tumour12 (Fig. 2a). The
M1, M2 and L isoforms were transiently expressed as Flag-tagged
proteins in 293 cells, and lysates were flowed over the phosphotyr-
osine and tyrosine peptide affinity columns to assess binding. Eluates
from the columns were analysed by western blot using a Flag anti-
body (Fig. 2b). The M2 isoform is the only pyruvate kinase isoform
that binds phosphotyrosine peptides. Given that PKM1, the splice
variant of PKM2, does not bind to phosphotyrosine peptides, we
looked to the crystal structures of these isoforms for a potential
phosphotyrosine-binding site on PKM2. PKM1 and PKM2 are iden-
tical proteins with the exception of a 56-amino-acid stretch encoded
by the alternatively spliced region. Previous studies have shown that
this stretch of amino acids comprises the only structural difference
between the M1 and M2 isoforms and forms an allosteric pocket
unique to PKM2 that allows for binding of its activator, FBP13.

To determine whether the FBP-binding pocket on PKM2 coordi-
nates phosphotyrosine peptide binding, we assessed whether FBP
could compete for binding of PKM2 to a phosphotyrosine peptide
library column. Recombinant PKM2 was incubated with increasing
amounts of FBP and then flowed over the phosphotyrosine peptide
affinity matrix. A concentration of 20 mM FBP was able to compete
for binding of recombinant PKM2 to phosphotyrosine peptides
(Fig. 2c). To examine further how this region of PKM2 interacts with
phosphotyrosine, point mutants of various residues in and around
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Figure 1 | Proteomic screen identifies pyruvate kinase as a novel
phosphotyrosine-binding protein. a, A schematic diagram of the proteomic
screen for phosphotyrosine binding proteins using SILAC and peptide library
affinity matrices. The peptide libraries were designed as follows:
phosphorylated peptide library (pY), biotin-Z-Z-Gly-Gly-Gly-X-X-X-X-X-
pTyr-X-X-X-X-X-Gly-Gly; unphosphorylated peptide library (Y), biotin-Z-Z-
Gly-Gly-Gly-X-X-X-X-X-Tyr-X-X-X-X-X-Gly-Gly, where Z indicates
aminohexanoic acid and X denotes any amino acid except cysteine. Peptide
libraries were incubated with streptavidin beads and packed onto columns to
form the phosphotyrosine and tyrosine peptide library affinity matrices. Heavy
lysates were flowed over the phosphotyrosine column, and light lysates were
flowed over the tyrosine column. Bound proteins were eluted with 20 mM
sodium phenylphosphate, digested with trypsin, and then analysed by
microcapillary reversed-phase tandem mass spectrometry (LC-MS/MS).
b, Screen results using commercially available software showing the SILAC
ratios (heavy:light) for the proteins identified by LC-MS/MS. Background
proteins yielded ,1:1 SILAC ratios. Known phosphotyrosine-binding proteins
(blue) yielded .3:1 SILAC ratios. Pyruvate kinase (red) yielded a $15:1 SILAC
ratio, identifying it as a candidate novel phosphotyrosine binder. c, A silver stain
of proteins from HeLa cell lysates that bound to the phosphotyrosine compared
with tyrosine peptide library columns. Differentially stained proteins identified
by LC-MS/MS are indicated. d, Immunoblotting of proteins from HeLa cell
lysates that bound to the phosphotyrosine versus tyrosine peptide library
columns. Eluates from the columns were immunoblotted with antibodies for
pyruvate kinase, p85 as a positive control, and GAPDH as a negative control.
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Figure 2 | Phosphopeptide binding is specific to the M2 isoform of
pyruvate kinase and involves lysine 433 near the FBP binding pocket. a, A
schematic diagram of the four mammalian pyruvate kinase isoforms.
b, Immunoblotting showing the pyruvate kinase isoform specificity of
phosphotyrosine binding. The M1, M2, M2KE and L Flag-tagged pyruvate
kinase isoforms were transiently expressed in 293 cells, and lysates were
flowed over the phosphotyrosine (pY) and tyrosine peptide library columns.
The flow-throughs and eluates from the columns were immunoblotted with
Flag antibody. Note that M2KE stands for the K433E point mutant of PKM2.
c, A Coomassie stain of PKM2 bound to the phosphotyrosine peptide library
column after incubation with increasing amounts of FBP. Recombinant
PKM2 was incubated with increasing concentrations of FBP as indicated,
before being flowed over and eluted from the phosphotyrosine peptide
library affinity matrix with sodium phenylphosphate.
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Proteomics identified that a glycolytic protein is 
phosphorylated in response to growth stimuli. 

This protein turned out to be the M2 isoform of 
pyruvate kinase



ARTICLES

Pyruvate kinase M2 is a phosphotyrosine-
binding protein
Heather R. Christofk1, Matthew G. Vander Heiden1,3, Ning Wu1, John M. Asara2,4 & Lewis C. Cantley1,4

Growth factors stimulate cells to take up excess nutrients and to use them for anabolic processes. The biochemical
mechanism by which this is accomplished is not fully understood but it is initiated by phosphorylation of signalling proteins
on tyrosine residues. Using a novel proteomic screen for phosphotyrosine-binding proteins, we have made the observation
that an enzyme involved in glycolysis, the human M2 (fetal) isoform of pyruvate kinase (PKM2), binds directly and
selectively to tyrosine-phosphorylated peptides. We show that binding of phosphotyrosine peptides to PKM2 results in
release of the allosteric activator fructose-1,6-bisphosphate, leading to inhibition of PKM2 enzymatic activity. We also
provide evidence that this regulation of PKM2 by phosphotyrosine signalling diverts glucose metabolites from energy
production to anabolic processes when cells are stimulated by certain growth factors. Collectively, our results indicate that
expression of this phosphotyrosine-binding form of pyruvate kinase is critical for rapid growth in cancer cells.

Metabolic regulation in rapidly growing tissues such as fetal tissues
and tumours is different from that in most adult tissues. Rapidly
growing cells must take up nutrients at a high rate and maintain a
balance between utilization of nutrients for energy production (for
example, ATP synthesis) and for anabolic processes (for example,
protein, lipid and nucleic acid synthesis). In contrast, most adult
tissues require less nutrient uptake and use a greater fraction of
available nutrients for energy production rather than macromolecule
synthesis. This difference between metabolism of cancer cells and
normal adult tissues was first pointed out by Warburg in 19291,
who observed that cancer cells take up glucose at higher rates than
normal tissue but use a smaller fraction of this glucose for oxidative
phosphorylation, even when oxygen is not limiting. This effect, called
aerobic glycolysis or the Warburg effect, is thought to be due to the
reprogramming of metabolic genes to allow cancer cells to function
more like fetal cells and to enable a greater fraction of glucose meta-
bolites to be incorporated into macromolecule synthesis rather than
burned to CO2.

More recent studies have shown that growth factor signalling path-
ways have a major role in programming metabolic pathways in cells
by mediating long-term2,3 as well as acute4 changes in cell meta-
bolism. Paradoxically, there are reports that activation of protein-
tyrosine kinases results in a decrease in the specific activity of
pyruvate kinase, the enzyme that catalyses the penultimate step in
glycolysis; that is, conversion of phosphoenolpyruvate to pyruvate5,6.
The mechanism by which protein-tyrosine kinases affect the activity
of pyruvate kinase has been controversial. Pyruvate kinase as well as
several other enzymes involved in glycolysis (including enolase and
lactate dehydrogenase) are phosphorylated on tyrosine residues in
cancer cells7,8, and it has been argued that the inhibition of pyruvate
kinase observed in cells with activated protein-tyrosine kinases could
be explained by direct tyrosine phosphorylation9,10. However, others
have argued that the stoichiometry of tyrosine phosphorylation of
pyruvate kinase (and of other glycolytic enzymes) is too low to affect
catalytic activity. Here we present a novel mechanism to explain how
protein-tyrosine kinases acutely regulate the activity of pyruvate
kinase.

Screen identifies PKM2 as a pTyr binding protein

We used a proteomic screening approach to identify novel phospho-
tyrosine (pTyr)-binding proteins from cell lysates (Fig. 1a). Using
SILAC, stable isotope labelling of amino acids in cell culture11, we
prepared lysates from HeLa cells grown in either heavy isotopic 13C-
arginine and 13C-lysine or normal isotopic 12C-arginine and 12C-
lysine. ‘Heavy’ lysates were flowed over a phosphotyrosine peptide
library affinity matrix, and ‘light’ lysates were flowed over a corres-
ponding unphosphorylated peptide library affinity matrix. Bound
proteins were eluted with sodium phenylphosphate, digested with
trypsin, and the peptides were analysed by microcapillary liquid chro-
matography tandem mass spectrometry (LC-MS/MS). As shown in
Fig. 1b, most of the proteins identified had peptides that yielded ,1:1
SILAC heavy to light ratios, thus indicating equal binding to the
phosphotyrosine and tyrosine peptide matrices. As a validation of
the approach, several proteins that contain well-characterized
phosphotyrosine-binding domains were identified as showing .3:1
SILAC ratios, consistent with preferential binding to the phospho-
tyrosine peptide library affinity matrix. Surprisingly, despite the
absence of a known phosphotyrosine-binding domain, pyruvate
kinase exhibited a $15:1 SILAC heavy:light ratio, identifying it as a
candidate novel phosphotyrosine-binding protein.

As validation of the phosphotyrosine-binding property of pyruvate
kinase, lysates from HeLa cells were passed over the phosphotyrosine
and tyrosine peptide library affinity matrices, and eluates were
analysed by SDS–polyacrylamide gel electrophoresis (PAGE). LC-
MS/MS analysis of those proteins visible by silver stain that selectively
bound to the phosphotyrosine peptide library matrix also identified
known phosphotyrosine-binding proteins as well as pyruvate kinase
(Fig. 1c). To confirm the preferential binding of pyruvate kinase to
the phosphotyrosine peptide affinity matrix, eluates from the phos-
photyrosine and tyrosine peptide library columns were analysed by
western blot using a pyruvate kinase antibody (Fig. 1d). p85, the SH2-
domain-containing regulatory subunit of phosphatidylinositol-3
kinase, is used as a positive control, and GAPDH is used as a negative
control. As shown in Fig. 1d, immunoblotting for both p85 and
pyruvate kinase shows selective binding to the phosphotyrosine

1Department of Systems Biology, 2Department of Pathology, Harvard Medical School, Boston, Massachusetts 02115, USA. 3Dana Farber Cancer Institute, Boston, Massachusetts
02115, USA. 4Division of Signal Transduction, Beth Israel Deaconess Medical Center, Boston, Massachusetts 02115, USA.
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(Supplementary Table 2). Several of these phosphotyrosine peptides,
as well as multiple phosphotyrosine peptides designed after known
tyrosine kinase motifs, were also shown to inhibit PKM2 activity
(Fig. 4b). Notably, the Src kinase motif, along with the in vivo Src
kinase sites on enolase and lactate dehydrogenase, were able to inhibit
PKM2 activity in vitro. Consistent with a catalytic FBP-release mech-
anism of P-M2tide enzyme inhibition, longer exposures of P-M2tide
to recombinant PKM2 consistently result in greater decreases in
PKM2 activity (data not shown). In addition, as little as 1 mM phos-
photyrosine peptide can inhibit PKM2 activity, suggesting that a
meaningful interaction between PKM2 and tyrosine-phosphorylated
proteins can occur at the concentrations present in cells (Fig. 4a).

To address further whether PKM2 activity can be regulated by
tyrosine phosphorylation levels in cells, we elevated phosphotyrosine
levels in various cell lines by pervanadate stimulation, and measured
pyruvate kinase activity. As shown in Fig. 4c, pervanadate stimu-
lation in three different cancer cell lines resulted in a 20–30%
decrease in total pyruvate kinase activity. To assess whether tyrosine
kinase intracellular signalling could regulate PKM2 activity in cells,
we tested the effects of overexpressing a tyrosine kinase and stimu-
lating an RTK signalling pathway. Transient overexpression of con-
stitutively active Src kinase in 293 cells resulted in inhibition of PKM2
activity (Fig. 4d). Additionally, acute stimulation of tyrosine kinase
signalling by insulin-like growth factor (IGF) stimulation in A549
cells resulted in inhibition of PKM2 activity (Fig. 4e). Consistent with
earlier studies from Eigenbrodt and co-workers5, our data show that
conditions that activate protein-tyrosine kinases in cells in culture
result in an acute ,15% to 30% reduction in the activity of pyruvate
kinase.

Cancer cell lines exclusively express the M2 isoform of pyruvate
kinase5. However, to confirm that the decrease in pyruvate kinase
activity on increasing phosphotyrosine levels was specific to the M2
isoform of pyruvate kinase and that it depended on the ability of
PKM2 to bind to phosphotyrosine peptides, we constructed cell lines
that express the M1, M2, L, or M2KE (phosphotyrosine-binding
mutant) forms of pyruvate kinase (Fig. 4f). We made stable H1299
cells that express Flag-tagged mouse M1, M2, M2KE, or L, and then
stably knocked down the endogenous (human) PKM2 using short
hairpin (sh)RNA expression. As shown in Fig. 4f, we obtained effi-
cient knockdown of the endogenous PKM2, and the Flag-tagged
rescue proteins were expressed to similar, near endogenous, levels.
Increased phosphotyrosine levels observed on pervanadate stimu-
lation of the M1-, M2-, M2KE- and L-expressing knockdown cells
resulted in specific inhibition of pyruvate kinase activity only in the
wild-type M2-expressing cells (Supplementary Fig. 4 and Fig. 4g).
Together, these data suggest that the regulation of pyruvate kinase
activity by phosphotyrosine levels in cells is specific to the M2 iso-
form and requires the phosphotyrosine peptide binding capability.
Similar results were also obtained in A549 cells (data not shown).

Cell growth requires the pTyr-binding function of PKM2

To determine whether regulation of PKM2 activity by phosphotyr-
osine peptide binding has a biological role in the cell, we assessed the
ability of the phosphotyrosine-binding mutant, M2KE, to rescue M2
knockdown in cancer cell lines. Knockdown of PKM2 expression in
H1299 lung cancer cells results in reduced glycolysis and decreased
cell proliferation (Fig. 5a, b). Both the wild-type mouse M2 and
mouse M2KE rescue pyruvate kinase activity (data not shown) and

a

c d e g

b f

Mock CA-SrcR
el

at
iv

e 
py

ru
va

te
 k

in
as

e
ac

tiv
ity

110

100

90

80

70

60

50
Starve IGFR

el
at

iv
e 

py
ru

va
te

 k
in

as
e

ac
tiv

ity

110

100

90

80

70

60

50

Mapped pTyr sites Kinase motifs

Anti-pyruvate 
kinase

cl

pLKO-
shRNA:

pLHCX-
rescue: – M1 M2 KE L

kd cl kd cl kd cl kd cl kd

Anti-Flag

Anti-GAPDH

110
–
Pervanadate

293 A549 H1299R
el

at
iv

e 
py

ru
va

te
 k

in
as

e
ac

tiv
ity

100

90

80

70

60

50

R
el

at
iv

e 
py

ru
va

te
 k

in
as

e
ac

tiv
ity

110

100

90

80

70

60

50

–
Pervanadate

110

No F
BP

FB
P

FB
P +

 1 
µM

 P

FB
P +

 10
 µM

 P

FB
P +

 10
0 µ

M
 N

PR
el

at
iv

e 
py

ru
va

te
 k

in
as

e 
ac

tiv
ity

100

90

80

70

60

50

110

R
el

at
iv

e 
py

ru
va

te
 k

in
as

e
ac

tiv
ity

100

90

80

70

60

50

M1 LM2 M2KE

Figure 4 | Phosphopeptide binding results in inhibition of PKM2 activity.
a, Comparison of pyruvate kinase activity in the presence of FBP, P-M2tide
(P) and NP-M2tide (NP). Recombinant PKM2 was soaked in FBP, unbound
FBP was removed by dialysis, and then 1mM P-M2tide, 10 mM P-M2tide, or
100mM NP-M2tide was added to the enzyme. After a 30-min incubation at
room temperature, unbound FBP and peptide were removed by dialysis, and
pyruvate kinase activity was assessed. b, Comparison of pyruvate kinase
activity in the presence of various phosphotyrosine peptides. FBP-soaked
recombinant PKM2 was incubated with 10 mM peptide for 10 min at room
temperature and pyruvate kinase activity was assessed. Eight of the
phosphopeptides tested comprised previously mapped phosphotyrosine
sites on the metabolic proteins indicated. Four of the phosphopeptides
tested were designed after known tyrosine kinase motifs. Because all of the
peptides were dissolved in DMSO, DMSO was used as a negative control.
c, Comparison of pyruvate kinase activity in lysates from 293, A549 and
H1299 cells with and without (2) pervanadate stimulation. d, Comparison
of pyruvate kinase activity in lysates from 293 cells that were mock-
transfected (mock) or transiently transfected with constitutively active Src

kinase (CA-Src). e, Comparison of pyruvate kinase activity in lysates from
A549 cells serum-starved overnight without (starve) or with 15 min of 20 nM
IGF stimulation (IGF). f, Immunoblotting of lysates from H1299 cells stably
expressing shRNA constructs and rescue constructs. Cells were infected with
retrovirus containing the empty vector (pLHCX), or pLHCX with Flag-
tagged mouse PKM1 (M1), mouse PKM2 (M2), mouse PKM2 KE point
mutant (KE), or PKL (L). After 2 weeks selection in hygromycin, the cells
were infected with lentivirus containing the pLKO vector with control
shRNA (cl) or shRNA that knocks down PKM2 expression (kd). The cells
were then selected in puromycin for 1 week. Total cell extracts were
immunoblotted with antibodies for pyruvate kinase (recognizes both M1
and M2), Flag and GAPDH. Note that PKL is not recognized by the pyruvate
kinase antibody. g, Comparison of pyruvate kinase activity in lysates from
H1299 cells expressing knockdown shRNA and Flag–PKM1, PKM2, PKM2
KE and PKL with and without pervanadate stimulation. All scale bars denote
s.e.m. (n 5 3). In all cases, the changes in pyruvate kinase activity were
significant as assessed by Student’s t-test (P , 0.01).
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peptide library matrix. Notably, whereas pyruvate kinase exhibited
selective binding to the immobilized phosphotyrosine peptide library,
it did not show selective binding to immobilized phosphoserine or
phosphothreonine peptide libraries (Supplementary Fig. 1).

pTyr binding is specific to pyruvate kinase isoform M2

Four pyruvate kinase isoforms exist in mammals: L, liver; R, red
blood cell; M1, adult; and M2, embryonic/tumour12 (Fig. 2a). The
M1, M2 and L isoforms were transiently expressed as Flag-tagged
proteins in 293 cells, and lysates were flowed over the phosphotyr-
osine and tyrosine peptide affinity columns to assess binding. Eluates
from the columns were analysed by western blot using a Flag anti-
body (Fig. 2b). The M2 isoform is the only pyruvate kinase isoform
that binds phosphotyrosine peptides. Given that PKM1, the splice
variant of PKM2, does not bind to phosphotyrosine peptides, we
looked to the crystal structures of these isoforms for a potential
phosphotyrosine-binding site on PKM2. PKM1 and PKM2 are iden-
tical proteins with the exception of a 56-amino-acid stretch encoded
by the alternatively spliced region. Previous studies have shown that
this stretch of amino acids comprises the only structural difference
between the M1 and M2 isoforms and forms an allosteric pocket
unique to PKM2 that allows for binding of its activator, FBP13.

To determine whether the FBP-binding pocket on PKM2 coordi-
nates phosphotyrosine peptide binding, we assessed whether FBP
could compete for binding of PKM2 to a phosphotyrosine peptide
library column. Recombinant PKM2 was incubated with increasing
amounts of FBP and then flowed over the phosphotyrosine peptide
affinity matrix. A concentration of 20 mM FBP was able to compete
for binding of recombinant PKM2 to phosphotyrosine peptides
(Fig. 2c). To examine further how this region of PKM2 interacts with
phosphotyrosine, point mutants of various residues in and around
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Figure 1 | Proteomic screen identifies pyruvate kinase as a novel
phosphotyrosine-binding protein. a, A schematic diagram of the proteomic
screen for phosphotyrosine binding proteins using SILAC and peptide library
affinity matrices. The peptide libraries were designed as follows:
phosphorylated peptide library (pY), biotin-Z-Z-Gly-Gly-Gly-X-X-X-X-X-
pTyr-X-X-X-X-X-Gly-Gly; unphosphorylated peptide library (Y), biotin-Z-Z-
Gly-Gly-Gly-X-X-X-X-X-Tyr-X-X-X-X-X-Gly-Gly, where Z indicates
aminohexanoic acid and X denotes any amino acid except cysteine. Peptide
libraries were incubated with streptavidin beads and packed onto columns to
form the phosphotyrosine and tyrosine peptide library affinity matrices. Heavy
lysates were flowed over the phosphotyrosine column, and light lysates were
flowed over the tyrosine column. Bound proteins were eluted with 20 mM
sodium phenylphosphate, digested with trypsin, and then analysed by
microcapillary reversed-phase tandem mass spectrometry (LC-MS/MS).
b, Screen results using commercially available software showing the SILAC
ratios (heavy:light) for the proteins identified by LC-MS/MS. Background
proteins yielded ,1:1 SILAC ratios. Known phosphotyrosine-binding proteins
(blue) yielded .3:1 SILAC ratios. Pyruvate kinase (red) yielded a $15:1 SILAC
ratio, identifying it as a candidate novel phosphotyrosine binder. c, A silver stain
of proteins from HeLa cell lysates that bound to the phosphotyrosine compared
with tyrosine peptide library columns. Differentially stained proteins identified
by LC-MS/MS are indicated. d, Immunoblotting of proteins from HeLa cell
lysates that bound to the phosphotyrosine versus tyrosine peptide library
columns. Eluates from the columns were immunoblotted with antibodies for
pyruvate kinase, p85 as a positive control, and GAPDH as a negative control.
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Figure 2 | Phosphopeptide binding is specific to the M2 isoform of
pyruvate kinase and involves lysine 433 near the FBP binding pocket. a, A
schematic diagram of the four mammalian pyruvate kinase isoforms.
b, Immunoblotting showing the pyruvate kinase isoform specificity of
phosphotyrosine binding. The M1, M2, M2KE and L Flag-tagged pyruvate
kinase isoforms were transiently expressed in 293 cells, and lysates were
flowed over the phosphotyrosine (pY) and tyrosine peptide library columns.
The flow-throughs and eluates from the columns were immunoblotted with
Flag antibody. Note that M2KE stands for the K433E point mutant of PKM2.
c, A Coomassie stain of PKM2 bound to the phosphotyrosine peptide library
column after incubation with increasing amounts of FBP. Recombinant
PKM2 was incubated with increasing concentrations of FBP as indicated,
before being flowed over and eluted from the phosphotyrosine peptide
library affinity matrix with sodium phenylphosphate.
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glycolysis in PKM2 knockdown cells (Fig. 5a). Flow cytometry analysis
indicates similar cell death, cell size and cell cycle profiles in the M2-
and M2KE-expressing knockdown cells (data not shown). However,
unlike the wild-type mouse M2, the mouse M2KE mutant is unable to
rescue the decreased cell proliferation observed in the knockdown
cells. These data suggest that the phosphotyrosine-binding ability of
PKM2, although dispensable for the role of PKM2 in glycolysis under
cell culture conditions, is important for its role in cell proliferation.
Similar results were also obtained in A549 cells (data not shown).

Inhibition of PKM2 by pTyr affects cellular metabolism

Our recent studies have shown that PKM2 is necessary for aerobic
glycolysis in tumour cells16. Replacement of PKM2 with its more
active splice variant, PKM1, was shown to result in reversal of
the Warburg effect as judged by reduced lactate production and
increased oxygen consumption. Because disruption of phosphotyr-
osine binding observed in the M2KE mutant is predicted to result in a
more active PKM2 enzyme, we assessed whether the phosphotyrosine-
binding ability of PKM2 is important for its role in aerobic glycolysis
by measuring lactate production and oxygen consumption in cells
expressing the M2KE point mutant. Notably, similarly to the changes
that were observed when PKM2 was replaced by PKM1 (ref. 16), we
observed a 36 6 3% reduction in lactate production and 24 6 4%
increase in oxygen consumption in the M2KE-expressing cells when
compared with the M2-expressing cells. These results suggest that
tyrosine kinase regulation of PKM2 activity is involved in mediating
the Warburg effect in tumour cells.

No changes in adenine nucleotide levels or the ATP/ADP ratios
were observed in M2- versus M2KE-expressing cells, suggesting that
this cannot account for the defect in cell proliferation observed in the
M2KE-expressing cells. However, acute inhibition of PKM2 activity
in proliferating cells by tyrosine kinase signalling may result in a
temporary build-up of upstream glycolytic intermediates that can
be used by the cell as precursors for fatty acid and nucleic acid syn-
thesis, which could provide an advantage to PKM2-expressing cells
for proliferation. Consistent with this model, we observed a 25%
increase in the incorporation of metabolites from 14C-glucose into
lipids on pervanadate treatment of PKM2-expressing cells. Notably,
no significant increase in 14C incorporation into lipids is seen in
pervanadate-treated cells expressing the KE point mutant of PKM2
deficient in phosphotyrosine binding (Fig. 5c). A similar increase in
the incorporation of 14C-glucose metabolites into lipids was observed
on pervanadate stimulation of 293 cells (data not shown). In addi-
tion, acute pervanadate stimulation resulted in a 36 6 1% decrease in
oxygen consumption in PKM2-expressing cells with only a 15 6 4%
decrease in oxygen consumption in M2KE-expressing cells. These
results demonstrate that phosphotyrosine-based regulation of
PKM2 activity has consequences for metabolism in tumour cells
and support the idea that regulation of PKM2 activity by tyrosine
kinase signalling may enable glucose metabolites to be used for ana-
bolic processes.

Conclusions

We have shown that the activity of the glycolytic protein PKM2 can
be regulated by tyrosine kinase signalling pathways via a novel phos-
photyrosine-binding ability. Binding of phosphotyrosine peptides to
PKM2 catalyses the release of FBP and subsequent inhibition of
enzymatic activity. We propose that phosphotyrosine protein bind-
ing is a transient event that results in a conformational change in
PKM2 structure that releases an otherwise tightly bound FBP mole-
cule. Once released the ambient concentration of FBP at the time of
the collision determines whether PKM2 goes into a low activity state
or rebinds FBP and is reactivated. In this model, PKM2 only has the
ability to undergo dynamic regulation by FBP (as occurs with bac-
terial, yeast and liver forms of pyruvate kinase) if a tyrosine kinase
pathway is activated. We suspect that this mechanism evolved to
ensure that fetal tissues only use glucose for growth when they are
activated by appropriate growth factor receptor protein-tyrosine
kinases. Cancer cells, by re-expressing PKM2, acquire the ability to
use glucose for anabolic processes.

Because proliferating cells require de novo fatty acid synthesis as
well as DNA replication, one possible model is that regulation of
PKM2 activity allows for a balance between ATP production and
fatty acid/nucleic acid production. Alternatively, phosphotyrosine-
based regulation of PKM2 enzymatic activity may provide a direct
link between cell growth signals using tyrosine kinases and control
of glycolytic metabolism. Regardless, these data demonstrate a novel
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Figure 5 | The phosphopeptide binding ability of PKM2 is important for cell
proliferation. cl pLHCX, cells with empty rescue vector and control shRNA;
kd pLHCX, cells with empty rescue vector and knockdown shRNA; kd mM2,
cells with Flag-tagged mouse PKM2 rescue and knockdown shRNA; kd mKE,
cells with Flag-tagged mouse PKM2 KE point mutant rescue and knockdown
shRNA. a, Glucose metabolism rates of the knockdown and rescue H1299
cells. b, Proliferation curves of the knockdown and rescue H1299 cells. Error
bars in a and b denote s.e.m. (n 5 3). At 96 h, the decreased proliferation of
the mKE cells as compared with the mM2 cells was statistically significant, as
assessed by Student’s t-test (P , 0.01). c, 14C incorporation into lipid in 14C-
glucose-pulsed cells treated or untreated (2) with pervanadate. M2 indicates
cells expressing Flag-tagged mouse PKM2 and knockdown shRNA, and
M2KE indicates cells expressing Flag-tagged mouse PKM2 KE point mutant
and knockdown shRNA. Cells were pulsed with 2mCi ml21 of 14C-glucose for
5 min before treatment with pervanadate for 10 min and then lipid
extraction. 14C counts in the lipid fractions were measured by scintillation
counting. Error bars denote s.e.m. (n 5 6). The increased incorporation of
14C into lipid observed in the M2 cells after pervanadate stimulation was
statistically significant as assessed by Student’s t-test (P , 0.05).
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Abstract

Selective estrogen receptor (ER) modulators are highly successful breast cancer therapies, but they are not effective in patients with ER
negative and selective estrogen receptor modulator (SERM)-resistant tumors. Understanding the mechanisms of estrogen-stimulated
proliferation may provide a route to design estrogen-independent therapies that would be effective in these patients. In this study,
metabolic flux analysis was used to determine the intracellular fluxes that are significantly affected by estradiol stimulation in MCF-7
breast cancer cells. Intracellular fluxes were calculated from nuclear magnetic resonance (NMR)-generated isotope enrichment data and
extracellular metabolite fluxes, using a specific flux analysis algorithm. The metabolic pathway model used by the algorithm includes
glycolysis, the tricarboxylic acid cycle (TCA cycle), the pentose phosphate pathway, glutamine catabolism, pyruvate carboxylase, and
malic enzyme. The pathway model also incorporates mitochondrial compartmentalization and reversible trans-mitochondrial membrane
reactions to more accurately describe the role of mitochondria in cancer cell proliferation. Flux results indicate that estradiol significantly
increases carbon flow through the pentose phosphate pathway and increases glutamine consumption. In addition, intra-mitochondrial
malic enzyme was found to be inactive and the malate-aspartate shuttle (MAS) was only minimally active. The inactivity of these
enzymes indicates that glutamine is not oxidized within mitochondria, but is consumed primarily to provide biosynthetic precursors. The
excretion of glutamine carbons from the mitochondria has the secondary effect of limiting nicotinamide adenine dinucleotide (NADH)
recycle, resulting in NADH buildup in the cytosol and the excretion of lactate. The observed dependence of breast cancer cells on pentose
phosphate pathway activity and glutamine consumption for estradiol-stimulated biosynthesis suggests that these pathways may be
targets for estrogen-independent breast cancer therapies.
r 2006 Elsevier Inc. All rights reserved.

Keywords: Breast cancer; Estradiol; Metabolic flux analysis; Isotopomer; Pentose phosphate pathway; Glutaminolysis; Mitochondria; Path tracing;
Association factor; Nuclear magnetic resonance

1. Introduction

Selective estrogen receptor modulators (SERMs), of
which tamoxifen is the most common, are successful breast

cancer treatments (Katzenellenbogen and Frasor, 2004)
that also decrease the incidence of breast cancer when
administered preventatively (Fisher et al., 1998). However,
SERMs are ineffective in patients with estrogen receptor
(ER) negative (ER-negative) and SERM-resistant tumors
(Hanstein et al., 2004; Howell et al., 1998; Lewis et al.,
2004). Because tumors develop resistance to SERMs,
adjuvant administration does not provide therapeutic
benefit for longer than 5 years (Fisher et al., 2001; Lewis
et al., 2004).
SERMs act primarily by suppressing endogenous estro-

gen stimulation of breast cancer cell proliferation (Katze-
nellenbogen and Frasor, 2004). Currently, the mechanisms
by which estrogens stimulate proliferation are not com-
pletely known. However, much has been learned about the
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than glutamate-4. The only sources of unlabeled carbon
into the TCA cycle are the degradation of unlabeled
proteins, fatty acids and glutamine (Portais et al., 1996;
Sharfstein et al., 1994).

4. Discussion

4.1. Estradiol stimulation

Estradiol has a number of effects on the physiology of
MCF-7 breast cancer cells. Here we have shown that it
increases the consumption of glucose and glutamine,
increases the production of lactate, and increases the flux
through the pentose phosphate pathway. These metabolic
effects result in a higher growth rate. Glucose is consumed
to provide both biosynthetic precursors and the energy
required for biosynthesis. Our results show that glutamine
is consumed primarily to provide biosynthetic precursors
and is not a major source of energy. A secondary effect of
glutamine consumption is the excretion of lactate in the
presence of oxygen, an effect that is often seen in
transformed and proliferating cells. Both of these effects
are discussed in more detail below.

The six-fold increase in flux through the pentose
phosphate pathway following estradiol treatment produces
nicotinamide adenine dinucleotide phosphate, reduced
form (NADPH), the source of reducing equivalents
primarily used in biosynthetic pathways. However, treat-

ment with cerulenin, which inhibited FAS (in addition to
other non-specific interactions), did not reduce the pentose
phosphate pathway flux, indicating that fatty acid synthesis
is not the primary use of NADPH.

4.2. Malate-aspartate shuttle

The limited reversibility of the MAS (f9 and a1 in Figs. 2
and 5B) indicates that the shuttle transports only a small
amount of malate (Fig. 7e) and nicotinamide adenine
dinucleotide (NADH) into the mitochondrion. Therefore,
only a limited amount of NADH produced in the cytosol,
as a result of increased glucose consumption, is transferred
into the mitochondrion for oxidation. An increase in the
cytosolic NADH/NAD+ ratio would shift the lactate de-
hydrogenase equilibrium reaction towards lactate, increas-
ing the rate of lactate production and aerobic glycolysis.
As represented in the pathway model (Fig. 2), the MAS

is the combination of malate, aspartate and citrate
transport (Fig. 7b–d), which are isotopically indistinguish-
able. Flux through these pathways cannot be individually
determined because they do not differentially scramble
carbon atoms. Because the combined MAS flux is mostly
irreversible, malate, aspartate and citrate are only trans-
ported out of the mitochondrion (Fig. 7b–d). Similarly, the
glutamate transport flux is the combination of glutamate,
glutamine and a-ketoglutarate transport (Fig. 7f–h).
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Fig. 5. Intracellular flux results: (A) estradiol significantly increased the uptake of glucose (*Po0.05) and glutamine (yPo0.005), the flux through the
pentose phosphate pathway (yPo0.005), and the production of lactate (yPo0.005). (B) The normalized association factor indicates the degree of
reversibility of the trans-membrane fluxes in the pathway model. Averaged across all treatments, the MAS was found to be irreversible, indicating that
aspartate is excreted and malate is not taken up by the mitochondria. Glutamate transport across the mitochondrial membrane was moderately reversible
for all treatments.

Table 7
Transmembrane exchange fluxesa

Control Estradiol Cerulenin Oxamate Cer+E2 Ox+E2

Mal-Asp shuttle (a1) 0.0070.00 0.0270.01 0.0070.00 0.1870.03 0.1170.02 0.0470.03
Glut transport (a2) 0.4170.01 0.3470.00 0.3870.01 0.5870.01 0.3270.01 0.4070.01

aThe extent of reversibility is reported as normalized association factors, which scale from irreversible, 0, to rapidly reversible, 1.
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Glucose and glutamine serve as the two primary carbon sources in proliferating cells, and uptake of both nutrients
is directed by growth factor signaling. Although either glucose or glutamine can potentially support mitochondrial
tricarboxylic acid (TCA) cycle integrity and ATP production, we found that glucose deprivation led to a marked
reduction in glutamine uptake and progressive cellular atrophy in multiple mammalian cell types. Despite the
continuous presence of growth factor and an abundant supply of extracellular glutamine, interleukin-3 (IL-3)-
dependent cells were unable to maintain TCA cycle metabolite pools or receptor-dependent signal transduction
when deprived of glucose. This was due at least in part to down-regulation of IL-3 receptor a (IL-3Ra) surface
expression in the absence of glucose. Treatment of glucose-starved cells with N-acetylglucosamine (GlcNAc) to
maintain hexosamine biosynthesis restored mitochondrial metabolism and cell growth by promoting IL-3-
dependent glutamine uptake and metabolism. Thus, glucose metabolism through the hexosamine biosynthetic
pathway is required to sustain sufficient growth factor signaling and glutamine uptake to support cell growth and
survival.

[Keywords: Metabolism; glucose; glutamine; hexosamine; growth factor signaling; glycosylation]
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Mammalian cells rely on growth factor signals to direct
nutrient uptake from the extracellular environment to
support survival, growth, and proliferation. Growth fac-
tor-dependent nutrient uptake is essential for both ATP
production and cellular biosynthesis of the proteins,
RNA, DNA, and lipid membranes required for production
of a daughter cell. In contrast, cell-autonomous nutrient
uptake and metabolism is one of the most consistent
features displayed by cancer cells. In cancer cells, glucose
and glutamine serve as primary sources of carbon for ATP
production and biosynthesis. Glutamine also serves as an
essential nitrogen donor for production of nucleotides,
certain amino acids, and nicotinamide, in addition to its
direct role in protein synthesis (DeBerardinis et al. 2008;
Vander Heiden et al. 2009).

In recent years, much insight into the signaling mech-
anisms that control nutrient uptake has been gained. The

phosphoinositide 3-kinase (PI3K)–Akt pathway is a critical
mediator of glucose uptake through regulation of glucose
transporters and glycolytic metabolism (DeBerardinis et al.
2008). Signaling control of amino acid metabolism is less
well understood, although the mammalian target of rapa-
mycin (mTOR) pathway can promote surface expression of
the 4F2hc amino acid transporter (Slc3a2), and oncogenic
Myc can stimulate enhanced consumption of glutamine
(Edinger and Thompson 2002; Wise et al. 2008; Gao et al.
2009). Proper coordination of the metabolism of glucose
and glutamine is likely to be important for the cell to
maintain optimal bioenergetics while engaging in growth;
yet it remains poorly understood how cells sense the
availability of these two key nutrients and coordinate
their uptake and metabolism.

Multiple mechanisms exist for the cell to detect its
nutrient and bioenergetic resources. The LKB1–AMP-
activated protein kinase (AMPK) pathway is activated
in response to low cellular ATP levels and acts to inhibit
both cell cycle progression and growth-promoting sig-
naling pathways such as mTOR, as well as to stimulate

6Corresponding author.
E-MAIL craig@mail.med.upenn.edu; FAX (215) 746-5511.
Article published online ahead of print. Article and publication date are
online at http://www.genesdev.org/cgi/doi/10.1101/gad.1985910.
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sustain some TCA cycle activity in the absence of glucose
by using alternate carbon sources, alternate substrates do
not fully compensate (Fig. 2A; Supplemental Tables S1,
S2). Thus, glucose is required to sustain metabolite pools
in multiple pathways, including the TCA cycle, despite
extracellular availability of glutamine. In the presence of
IL-3, readdition of glucose to cells rapidly restores me-
tabolite pools (Fig. 2A), enabling cells to resume growing
within hours (Fig. 2B).

IL-3Ra surface expression is dependent
on glucose availability

The above results demonstrate that, despite availability
of growth factor, cellular uptake of glutamine or other
energy sources declines in the absence of glucose. Since
glutamine consumption is growth factor-dependent (Fig.
1B), we investigated whether growth factor signaling was
impaired in the absence of glucose. While signal trans-
duction in most cell types is a composite of the activity of
multiple growth factors present in serum, IL-3-dependent
hematopoietic cells depend primarily on IL-3 for initia-
tion of signaling through the Jak–Stat, PI3K–Akt–mTOR,
and RAS–MEK–ERK pathways (Steelman et al. 2004;
Baker et al. 2007). IL-3-dependent phosphorylation of
Stat5 and levels of its transcriptional product, Pim1, were
severely reduced in glucose-deprived cells (Fig. 3A). In
addition, c-myc levels and Akt Ser 473 phosphorylation
were reduced, and ribosomal protein S6 (S6rp) phosphor-
ylation was essentially absent (Fig. 3A). ERK phosphory-
lation levels were low in the presence or absence of
glucose at the time point shown (Fig. 3A). Since multiple
IL-3-dependent signaling pathways were suppressed in
the absence of glucose, we investigated whether the
receptor itself might be impacted. The IL-3R consists of
a subunits, which are specific to IL-3, and b subunits,
which are common to IL-3, IL-5, and GM-CSF, and on

which signaling components dock in order to initiate
signaling (Baker et al. 2007). A dodecameric complex
consisting of equal parts IL-3Ra, IL-3Rbc, and IL-3 is
thought to form upon IL-3 binding (Dey et al. 2009). In
replete medium containing IL-3, a wide range of IL-3Ra
surface levels is observed among cells (Fig. 3B). In the
absence of IL-3, IL-3Ra surface expression is markedly up-
regulated (Fig. 3B; Lum et al. 2005). Strikingly, however,
IL-3Ra is nearly absent from the cell surface when cells
are cultured in IL-3-replete medium lacking glucose
(Fig. 3B). Glucose dose-dependent regulation of IL-3Ra
is observed, with increasing levels of surface expression
at 0, 1, and 4 mM glucose (Fig. 3C). No further increase
in surface receptor levels was observed above 4 mM
(Fig. 3C). Surface expression of IL-3Rbc, in contrast, was
minimally affected by either growth factor or glucose
availability (Fig. 3B).

The hexosamine biosynthetic branch of glucose
metabolism regulates IL-3Ra surface expression

Since IL-3Ra is a glycoprotein, we asked whether its sur-
face expression might be sensitive to glucose availability
for glycosylation. N-linked glycosylation of membrane
proteins requires production of UDP-GlcNAc by the hex-
osamine pathway for both initiation of N-glycosylation
in the endoplasmic reticulum (ER) and N-glycan branch-
ing in the Golgi apparatus (Fig. 4A; Kornfeld and Kornfeld
1985; Dennis et al. 2009). To assess whether glucose flux
through the hexosamine pathway is involved in regula-
tion of IL-3Ra surface expression, we substituted GlcNAc
for glucose in the culture medium. GlcNAc comes into
the cell through bulk endocytosis and is phosphorylated
by the salvage pathway enzyme N-acetylglucosamine
kinase (NAGK) in order to enter the hexosamine pathway
at GlcNAc-6-P (Fig. 4A; Lau and Dennis 2008). Since
GlcNAc can enter the hexosamine pathway without

Figure 1. Glutamine consumption is re-
duced in the absence of glucose. (A) IL-
3-dependent bax!/!bak!/! cells and K562
cells were cultured in the presence or ab-
sence of glucose for 2 or 3 d and cell size
was measured in femtoliters (fL) each day
(mean 6 SD of triplicates). Primary bone
marrow cells were cultured in the presence
or absence of glucose for 4 d and size was
measured in femtoliters (mean 6 SD of
triplicates). (B) Transport of 14C-glutamine
over 5 min was measured (mean 6 SD of
triplicates) after the following treatments: IL-
3-dependent cells were cultured in the pres-
ence or absence of glucose or IL-3 for 2 d,
K562 cells were cultured in the presence or
absence of glucose for 2 d, and primary bone
marrow cells were cultured in the presence
or absence of glucose for 4 d. For all indicated
panels, P < 0.05 (*), P < 0.005 (**), and P <
0.0005 (***).
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Glucose and glutamine serve as the two primary carbon sources in proliferating cells, and uptake of both nutrients
is directed by growth factor signaling. Although either glucose or glutamine can potentially support mitochondrial
tricarboxylic acid (TCA) cycle integrity and ATP production, we found that glucose deprivation led to a marked
reduction in glutamine uptake and progressive cellular atrophy in multiple mammalian cell types. Despite the
continuous presence of growth factor and an abundant supply of extracellular glutamine, interleukin-3 (IL-3)-
dependent cells were unable to maintain TCA cycle metabolite pools or receptor-dependent signal transduction
when deprived of glucose. This was due at least in part to down-regulation of IL-3 receptor a (IL-3Ra) surface
expression in the absence of glucose. Treatment of glucose-starved cells with N-acetylglucosamine (GlcNAc) to
maintain hexosamine biosynthesis restored mitochondrial metabolism and cell growth by promoting IL-3-
dependent glutamine uptake and metabolism. Thus, glucose metabolism through the hexosamine biosynthetic
pathway is required to sustain sufficient growth factor signaling and glutamine uptake to support cell growth and
survival.
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Mammalian cells rely on growth factor signals to direct
nutrient uptake from the extracellular environment to
support survival, growth, and proliferation. Growth fac-
tor-dependent nutrient uptake is essential for both ATP
production and cellular biosynthesis of the proteins,
RNA, DNA, and lipid membranes required for production
of a daughter cell. In contrast, cell-autonomous nutrient
uptake and metabolism is one of the most consistent
features displayed by cancer cells. In cancer cells, glucose
and glutamine serve as primary sources of carbon for ATP
production and biosynthesis. Glutamine also serves as an
essential nitrogen donor for production of nucleotides,
certain amino acids, and nicotinamide, in addition to its
direct role in protein synthesis (DeBerardinis et al. 2008;
Vander Heiden et al. 2009).

In recent years, much insight into the signaling mech-
anisms that control nutrient uptake has been gained. The

phosphoinositide 3-kinase (PI3K)–Akt pathway is a critical
mediator of glucose uptake through regulation of glucose
transporters and glycolytic metabolism (DeBerardinis et al.
2008). Signaling control of amino acid metabolism is less
well understood, although the mammalian target of rapa-
mycin (mTOR) pathway can promote surface expression of
the 4F2hc amino acid transporter (Slc3a2), and oncogenic
Myc can stimulate enhanced consumption of glutamine
(Edinger and Thompson 2002; Wise et al. 2008; Gao et al.
2009). Proper coordination of the metabolism of glucose
and glutamine is likely to be important for the cell to
maintain optimal bioenergetics while engaging in growth;
yet it remains poorly understood how cells sense the
availability of these two key nutrients and coordinate
their uptake and metabolism.

Multiple mechanisms exist for the cell to detect its
nutrient and bioenergetic resources. The LKB1–AMP-
activated protein kinase (AMPK) pathway is activated
in response to low cellular ATP levels and acts to inhibit
both cell cycle progression and growth-promoting sig-
naling pathways such as mTOR, as well as to stimulate
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sustain some TCA cycle activity in the absence of glucose
by using alternate carbon sources, alternate substrates do
not fully compensate (Fig. 2A; Supplemental Tables S1,
S2). Thus, glucose is required to sustain metabolite pools
in multiple pathways, including the TCA cycle, despite
extracellular availability of glutamine. In the presence of
IL-3, readdition of glucose to cells rapidly restores me-
tabolite pools (Fig. 2A), enabling cells to resume growing
within hours (Fig. 2B).

IL-3Ra surface expression is dependent
on glucose availability

The above results demonstrate that, despite availability
of growth factor, cellular uptake of glutamine or other
energy sources declines in the absence of glucose. Since
glutamine consumption is growth factor-dependent (Fig.
1B), we investigated whether growth factor signaling was
impaired in the absence of glucose. While signal trans-
duction in most cell types is a composite of the activity of
multiple growth factors present in serum, IL-3-dependent
hematopoietic cells depend primarily on IL-3 for initia-
tion of signaling through the Jak–Stat, PI3K–Akt–mTOR,
and RAS–MEK–ERK pathways (Steelman et al. 2004;
Baker et al. 2007). IL-3-dependent phosphorylation of
Stat5 and levels of its transcriptional product, Pim1, were
severely reduced in glucose-deprived cells (Fig. 3A). In
addition, c-myc levels and Akt Ser 473 phosphorylation
were reduced, and ribosomal protein S6 (S6rp) phosphor-
ylation was essentially absent (Fig. 3A). ERK phosphory-
lation levels were low in the presence or absence of
glucose at the time point shown (Fig. 3A). Since multiple
IL-3-dependent signaling pathways were suppressed in
the absence of glucose, we investigated whether the
receptor itself might be impacted. The IL-3R consists of
a subunits, which are specific to IL-3, and b subunits,
which are common to IL-3, IL-5, and GM-CSF, and on

which signaling components dock in order to initiate
signaling (Baker et al. 2007). A dodecameric complex
consisting of equal parts IL-3Ra, IL-3Rbc, and IL-3 is
thought to form upon IL-3 binding (Dey et al. 2009). In
replete medium containing IL-3, a wide range of IL-3Ra
surface levels is observed among cells (Fig. 3B). In the
absence of IL-3, IL-3Ra surface expression is markedly up-
regulated (Fig. 3B; Lum et al. 2005). Strikingly, however,
IL-3Ra is nearly absent from the cell surface when cells
are cultured in IL-3-replete medium lacking glucose
(Fig. 3B). Glucose dose-dependent regulation of IL-3Ra
is observed, with increasing levels of surface expression
at 0, 1, and 4 mM glucose (Fig. 3C). No further increase
in surface receptor levels was observed above 4 mM
(Fig. 3C). Surface expression of IL-3Rbc, in contrast, was
minimally affected by either growth factor or glucose
availability (Fig. 3B).

The hexosamine biosynthetic branch of glucose
metabolism regulates IL-3Ra surface expression

Since IL-3Ra is a glycoprotein, we asked whether its sur-
face expression might be sensitive to glucose availability
for glycosylation. N-linked glycosylation of membrane
proteins requires production of UDP-GlcNAc by the hex-
osamine pathway for both initiation of N-glycosylation
in the endoplasmic reticulum (ER) and N-glycan branch-
ing in the Golgi apparatus (Fig. 4A; Kornfeld and Kornfeld
1985; Dennis et al. 2009). To assess whether glucose flux
through the hexosamine pathway is involved in regula-
tion of IL-3Ra surface expression, we substituted GlcNAc
for glucose in the culture medium. GlcNAc comes into
the cell through bulk endocytosis and is phosphorylated
by the salvage pathway enzyme N-acetylglucosamine
kinase (NAGK) in order to enter the hexosamine pathway
at GlcNAc-6-P (Fig. 4A; Lau and Dennis 2008). Since
GlcNAc can enter the hexosamine pathway without

Figure 1. Glutamine consumption is re-
duced in the absence of glucose. (A) IL-
3-dependent bax!/!bak!/! cells and K562
cells were cultured in the presence or ab-
sence of glucose for 2 or 3 d and cell size
was measured in femtoliters (fL) each day
(mean 6 SD of triplicates). Primary bone
marrow cells were cultured in the presence
or absence of glucose for 4 d and size was
measured in femtoliters (mean 6 SD of
triplicates). (B) Transport of 14C-glutamine
over 5 min was measured (mean 6 SD of
triplicates) after the following treatments: IL-
3-dependent cells were cultured in the pres-
ence or absence of glucose or IL-3 for 2 d,
K562 cells were cultured in the presence or
absence of glucose for 2 d, and primary bone
marrow cells were cultured in the presence
or absence of glucose for 4 d. For all indicated
panels, P < 0.05 (*), P < 0.005 (**), and P <
0.0005 (***).
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Figure 4. Metabolite flux through the hexosamine pathway restores IL-3Ra surface expression and signaling in the absence of glucose.
(A) The hexosamine biosynthetic pathway is gated by the rate-limiting enzyme GFAT (glutamine fructose-6-phosphate amidotransfer-
ase), which transfers an amide group from glutamine to fructose-6-phosphate to produce glucosamine-6-phosphate. Glucosamine-6-P is
acetylated by Gnpnat (glucosamine phosphate N-acetyltransferase) to generate GlcNAc-6-P. The final product of the pathway is UDP-
GlcNAc, which is used for both N-linked glycosylation in the ER and Golgi and for O-GlcNAc protein modification in the nucleus and
cytoplasm. The metabolite GlcNAc can enter the hexosamine pathway after phosphorylation by the salvage pathway enzyme NAGK.
(B) IL-3-dependent cells were cultured in IL-3-containing medium in the presence or absence of glucose or in glucose-free medium
supplemented with 15 mM GlcNAc for 48 h. IL-3 was present in all conditions. FACS analysis of surface expression of IL-3Ra or surface
binding of L-PHA was performed. Results are representative of at least three independent experiments. (C) Cells were treated for 2 d in
the presence or absence of glucose, GlcNAc, and IL-3, as indicated. Cell surface proteins were biotinylated, isolated over NeutrAvidin
column, and analyzed by Western blot and Coomassie stain. (D) Cells were withdrawn from glucose for 24 h and then treated with
GlcNAc in the presence or absence of Jak inhibitor for an additional 24 h. IL-3 was present in all conditions. Cells were harvested and
signaling was analyzed by Western blot. (E) IL-3-dependent cells were starved of glucose for 24 h (in the presence of IL-3), and then 15
mM 13C6-glucose, 15 mM 13C6-GlcNAc, or equal volume water control was added to cells. Cells were harvested at 1, 24, and 72 h after
nutrient addition. LC-MS/MS analysis of labeled metabolites was performed. The experiment was done with duplicates for each
condition. Representative labeled pools of metabolites from the hexosamine pathway (GlcNAc-P and UDP-GlcNAc), glycolysis
(Hexose-P), pentose phosphate pathway (Ribose-P), and the TCA cycle (citrate) are shown at each time point. For additional metabolites
in each pathway, see Supplemental Table S2.
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Glucose and glutamine serve as the two primary carbon sources in proliferating cells, and uptake of both nutrients
is directed by growth factor signaling. Although either glucose or glutamine can potentially support mitochondrial
tricarboxylic acid (TCA) cycle integrity and ATP production, we found that glucose deprivation led to a marked
reduction in glutamine uptake and progressive cellular atrophy in multiple mammalian cell types. Despite the
continuous presence of growth factor and an abundant supply of extracellular glutamine, interleukin-3 (IL-3)-
dependent cells were unable to maintain TCA cycle metabolite pools or receptor-dependent signal transduction
when deprived of glucose. This was due at least in part to down-regulation of IL-3 receptor a (IL-3Ra) surface
expression in the absence of glucose. Treatment of glucose-starved cells with N-acetylglucosamine (GlcNAc) to
maintain hexosamine biosynthesis restored mitochondrial metabolism and cell growth by promoting IL-3-
dependent glutamine uptake and metabolism. Thus, glucose metabolism through the hexosamine biosynthetic
pathway is required to sustain sufficient growth factor signaling and glutamine uptake to support cell growth and
survival.
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Mammalian cells rely on growth factor signals to direct
nutrient uptake from the extracellular environment to
support survival, growth, and proliferation. Growth fac-
tor-dependent nutrient uptake is essential for both ATP
production and cellular biosynthesis of the proteins,
RNA, DNA, and lipid membranes required for production
of a daughter cell. In contrast, cell-autonomous nutrient
uptake and metabolism is one of the most consistent
features displayed by cancer cells. In cancer cells, glucose
and glutamine serve as primary sources of carbon for ATP
production and biosynthesis. Glutamine also serves as an
essential nitrogen donor for production of nucleotides,
certain amino acids, and nicotinamide, in addition to its
direct role in protein synthesis (DeBerardinis et al. 2008;
Vander Heiden et al. 2009).

In recent years, much insight into the signaling mech-
anisms that control nutrient uptake has been gained. The

phosphoinositide 3-kinase (PI3K)–Akt pathway is a critical
mediator of glucose uptake through regulation of glucose
transporters and glycolytic metabolism (DeBerardinis et al.
2008). Signaling control of amino acid metabolism is less
well understood, although the mammalian target of rapa-
mycin (mTOR) pathway can promote surface expression of
the 4F2hc amino acid transporter (Slc3a2), and oncogenic
Myc can stimulate enhanced consumption of glutamine
(Edinger and Thompson 2002; Wise et al. 2008; Gao et al.
2009). Proper coordination of the metabolism of glucose
and glutamine is likely to be important for the cell to
maintain optimal bioenergetics while engaging in growth;
yet it remains poorly understood how cells sense the
availability of these two key nutrients and coordinate
their uptake and metabolism.

Multiple mechanisms exist for the cell to detect its
nutrient and bioenergetic resources. The LKB1–AMP-
activated protein kinase (AMPK) pathway is activated
in response to low cellular ATP levels and acts to inhibit
both cell cycle progression and growth-promoting sig-
naling pathways such as mTOR, as well as to stimulate
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sustain some TCA cycle activity in the absence of glucose
by using alternate carbon sources, alternate substrates do
not fully compensate (Fig. 2A; Supplemental Tables S1,
S2). Thus, glucose is required to sustain metabolite pools
in multiple pathways, including the TCA cycle, despite
extracellular availability of glutamine. In the presence of
IL-3, readdition of glucose to cells rapidly restores me-
tabolite pools (Fig. 2A), enabling cells to resume growing
within hours (Fig. 2B).

IL-3Ra surface expression is dependent
on glucose availability

The above results demonstrate that, despite availability
of growth factor, cellular uptake of glutamine or other
energy sources declines in the absence of glucose. Since
glutamine consumption is growth factor-dependent (Fig.
1B), we investigated whether growth factor signaling was
impaired in the absence of glucose. While signal trans-
duction in most cell types is a composite of the activity of
multiple growth factors present in serum, IL-3-dependent
hematopoietic cells depend primarily on IL-3 for initia-
tion of signaling through the Jak–Stat, PI3K–Akt–mTOR,
and RAS–MEK–ERK pathways (Steelman et al. 2004;
Baker et al. 2007). IL-3-dependent phosphorylation of
Stat5 and levels of its transcriptional product, Pim1, were
severely reduced in glucose-deprived cells (Fig. 3A). In
addition, c-myc levels and Akt Ser 473 phosphorylation
were reduced, and ribosomal protein S6 (S6rp) phosphor-
ylation was essentially absent (Fig. 3A). ERK phosphory-
lation levels were low in the presence or absence of
glucose at the time point shown (Fig. 3A). Since multiple
IL-3-dependent signaling pathways were suppressed in
the absence of glucose, we investigated whether the
receptor itself might be impacted. The IL-3R consists of
a subunits, which are specific to IL-3, and b subunits,
which are common to IL-3, IL-5, and GM-CSF, and on

which signaling components dock in order to initiate
signaling (Baker et al. 2007). A dodecameric complex
consisting of equal parts IL-3Ra, IL-3Rbc, and IL-3 is
thought to form upon IL-3 binding (Dey et al. 2009). In
replete medium containing IL-3, a wide range of IL-3Ra
surface levels is observed among cells (Fig. 3B). In the
absence of IL-3, IL-3Ra surface expression is markedly up-
regulated (Fig. 3B; Lum et al. 2005). Strikingly, however,
IL-3Ra is nearly absent from the cell surface when cells
are cultured in IL-3-replete medium lacking glucose
(Fig. 3B). Glucose dose-dependent regulation of IL-3Ra
is observed, with increasing levels of surface expression
at 0, 1, and 4 mM glucose (Fig. 3C). No further increase
in surface receptor levels was observed above 4 mM
(Fig. 3C). Surface expression of IL-3Rbc, in contrast, was
minimally affected by either growth factor or glucose
availability (Fig. 3B).

The hexosamine biosynthetic branch of glucose
metabolism regulates IL-3Ra surface expression

Since IL-3Ra is a glycoprotein, we asked whether its sur-
face expression might be sensitive to glucose availability
for glycosylation. N-linked glycosylation of membrane
proteins requires production of UDP-GlcNAc by the hex-
osamine pathway for both initiation of N-glycosylation
in the endoplasmic reticulum (ER) and N-glycan branch-
ing in the Golgi apparatus (Fig. 4A; Kornfeld and Kornfeld
1985; Dennis et al. 2009). To assess whether glucose flux
through the hexosamine pathway is involved in regula-
tion of IL-3Ra surface expression, we substituted GlcNAc
for glucose in the culture medium. GlcNAc comes into
the cell through bulk endocytosis and is phosphorylated
by the salvage pathway enzyme N-acetylglucosamine
kinase (NAGK) in order to enter the hexosamine pathway
at GlcNAc-6-P (Fig. 4A; Lau and Dennis 2008). Since
GlcNAc can enter the hexosamine pathway without

Figure 1. Glutamine consumption is re-
duced in the absence of glucose. (A) IL-
3-dependent bax!/!bak!/! cells and K562
cells were cultured in the presence or ab-
sence of glucose for 2 or 3 d and cell size
was measured in femtoliters (fL) each day
(mean 6 SD of triplicates). Primary bone
marrow cells were cultured in the presence
or absence of glucose for 4 d and size was
measured in femtoliters (mean 6 SD of
triplicates). (B) Transport of 14C-glutamine
over 5 min was measured (mean 6 SD of
triplicates) after the following treatments: IL-
3-dependent cells were cultured in the pres-
ence or absence of glucose or IL-3 for 2 d,
K562 cells were cultured in the presence or
absence of glucose for 2 d, and primary bone
marrow cells were cultured in the presence
or absence of glucose for 4 d. For all indicated
panels, P < 0.05 (*), P < 0.005 (**), and P <
0.0005 (***).
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Figure 4. Metabolite flux through the hexosamine pathway restores IL-3Ra surface expression and signaling in the absence of glucose.
(A) The hexosamine biosynthetic pathway is gated by the rate-limiting enzyme GFAT (glutamine fructose-6-phosphate amidotransfer-
ase), which transfers an amide group from glutamine to fructose-6-phosphate to produce glucosamine-6-phosphate. Glucosamine-6-P is
acetylated by Gnpnat (glucosamine phosphate N-acetyltransferase) to generate GlcNAc-6-P. The final product of the pathway is UDP-
GlcNAc, which is used for both N-linked glycosylation in the ER and Golgi and for O-GlcNAc protein modification in the nucleus and
cytoplasm. The metabolite GlcNAc can enter the hexosamine pathway after phosphorylation by the salvage pathway enzyme NAGK.
(B) IL-3-dependent cells were cultured in IL-3-containing medium in the presence or absence of glucose or in glucose-free medium
supplemented with 15 mM GlcNAc for 48 h. IL-3 was present in all conditions. FACS analysis of surface expression of IL-3Ra or surface
binding of L-PHA was performed. Results are representative of at least three independent experiments. (C) Cells were treated for 2 d in
the presence or absence of glucose, GlcNAc, and IL-3, as indicated. Cell surface proteins were biotinylated, isolated over NeutrAvidin
column, and analyzed by Western blot and Coomassie stain. (D) Cells were withdrawn from glucose for 24 h and then treated with
GlcNAc in the presence or absence of Jak inhibitor for an additional 24 h. IL-3 was present in all conditions. Cells were harvested and
signaling was analyzed by Western blot. (E) IL-3-dependent cells were starved of glucose for 24 h (in the presence of IL-3), and then 15
mM 13C6-glucose, 15 mM 13C6-GlcNAc, or equal volume water control was added to cells. Cells were harvested at 1, 24, and 72 h after
nutrient addition. LC-MS/MS analysis of labeled metabolites was performed. The experiment was done with duplicates for each
condition. Representative labeled pools of metabolites from the hexosamine pathway (GlcNAc-P and UDP-GlcNAc), glycolysis
(Hexose-P), pentose phosphate pathway (Ribose-P), and the TCA cycle (citrate) are shown at each time point. For additional metabolites
in each pathway, see Supplemental Table S2.
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Glucose and glutamine serve as the two primary carbon sources in proliferating cells, and uptake of both nutrients
is directed by growth factor signaling. Although either glucose or glutamine can potentially support mitochondrial
tricarboxylic acid (TCA) cycle integrity and ATP production, we found that glucose deprivation led to a marked
reduction in glutamine uptake and progressive cellular atrophy in multiple mammalian cell types. Despite the
continuous presence of growth factor and an abundant supply of extracellular glutamine, interleukin-3 (IL-3)-
dependent cells were unable to maintain TCA cycle metabolite pools or receptor-dependent signal transduction
when deprived of glucose. This was due at least in part to down-regulation of IL-3 receptor a (IL-3Ra) surface
expression in the absence of glucose. Treatment of glucose-starved cells with N-acetylglucosamine (GlcNAc) to
maintain hexosamine biosynthesis restored mitochondrial metabolism and cell growth by promoting IL-3-
dependent glutamine uptake and metabolism. Thus, glucose metabolism through the hexosamine biosynthetic
pathway is required to sustain sufficient growth factor signaling and glutamine uptake to support cell growth and
survival.
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Mammalian cells rely on growth factor signals to direct
nutrient uptake from the extracellular environment to
support survival, growth, and proliferation. Growth fac-
tor-dependent nutrient uptake is essential for both ATP
production and cellular biosynthesis of the proteins,
RNA, DNA, and lipid membranes required for production
of a daughter cell. In contrast, cell-autonomous nutrient
uptake and metabolism is one of the most consistent
features displayed by cancer cells. In cancer cells, glucose
and glutamine serve as primary sources of carbon for ATP
production and biosynthesis. Glutamine also serves as an
essential nitrogen donor for production of nucleotides,
certain amino acids, and nicotinamide, in addition to its
direct role in protein synthesis (DeBerardinis et al. 2008;
Vander Heiden et al. 2009).

In recent years, much insight into the signaling mech-
anisms that control nutrient uptake has been gained. The

phosphoinositide 3-kinase (PI3K)–Akt pathway is a critical
mediator of glucose uptake through regulation of glucose
transporters and glycolytic metabolism (DeBerardinis et al.
2008). Signaling control of amino acid metabolism is less
well understood, although the mammalian target of rapa-
mycin (mTOR) pathway can promote surface expression of
the 4F2hc amino acid transporter (Slc3a2), and oncogenic
Myc can stimulate enhanced consumption of glutamine
(Edinger and Thompson 2002; Wise et al. 2008; Gao et al.
2009). Proper coordination of the metabolism of glucose
and glutamine is likely to be important for the cell to
maintain optimal bioenergetics while engaging in growth;
yet it remains poorly understood how cells sense the
availability of these two key nutrients and coordinate
their uptake and metabolism.

Multiple mechanisms exist for the cell to detect its
nutrient and bioenergetic resources. The LKB1–AMP-
activated protein kinase (AMPK) pathway is activated
in response to low cellular ATP levels and acts to inhibit
both cell cycle progression and growth-promoting sig-
naling pathways such as mTOR, as well as to stimulate
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sustain some TCA cycle activity in the absence of glucose
by using alternate carbon sources, alternate substrates do
not fully compensate (Fig. 2A; Supplemental Tables S1,
S2). Thus, glucose is required to sustain metabolite pools
in multiple pathways, including the TCA cycle, despite
extracellular availability of glutamine. In the presence of
IL-3, readdition of glucose to cells rapidly restores me-
tabolite pools (Fig. 2A), enabling cells to resume growing
within hours (Fig. 2B).

IL-3Ra surface expression is dependent
on glucose availability

The above results demonstrate that, despite availability
of growth factor, cellular uptake of glutamine or other
energy sources declines in the absence of glucose. Since
glutamine consumption is growth factor-dependent (Fig.
1B), we investigated whether growth factor signaling was
impaired in the absence of glucose. While signal trans-
duction in most cell types is a composite of the activity of
multiple growth factors present in serum, IL-3-dependent
hematopoietic cells depend primarily on IL-3 for initia-
tion of signaling through the Jak–Stat, PI3K–Akt–mTOR,
and RAS–MEK–ERK pathways (Steelman et al. 2004;
Baker et al. 2007). IL-3-dependent phosphorylation of
Stat5 and levels of its transcriptional product, Pim1, were
severely reduced in glucose-deprived cells (Fig. 3A). In
addition, c-myc levels and Akt Ser 473 phosphorylation
were reduced, and ribosomal protein S6 (S6rp) phosphor-
ylation was essentially absent (Fig. 3A). ERK phosphory-
lation levels were low in the presence or absence of
glucose at the time point shown (Fig. 3A). Since multiple
IL-3-dependent signaling pathways were suppressed in
the absence of glucose, we investigated whether the
receptor itself might be impacted. The IL-3R consists of
a subunits, which are specific to IL-3, and b subunits,
which are common to IL-3, IL-5, and GM-CSF, and on

which signaling components dock in order to initiate
signaling (Baker et al. 2007). A dodecameric complex
consisting of equal parts IL-3Ra, IL-3Rbc, and IL-3 is
thought to form upon IL-3 binding (Dey et al. 2009). In
replete medium containing IL-3, a wide range of IL-3Ra
surface levels is observed among cells (Fig. 3B). In the
absence of IL-3, IL-3Ra surface expression is markedly up-
regulated (Fig. 3B; Lum et al. 2005). Strikingly, however,
IL-3Ra is nearly absent from the cell surface when cells
are cultured in IL-3-replete medium lacking glucose
(Fig. 3B). Glucose dose-dependent regulation of IL-3Ra
is observed, with increasing levels of surface expression
at 0, 1, and 4 mM glucose (Fig. 3C). No further increase
in surface receptor levels was observed above 4 mM
(Fig. 3C). Surface expression of IL-3Rbc, in contrast, was
minimally affected by either growth factor or glucose
availability (Fig. 3B).

The hexosamine biosynthetic branch of glucose
metabolism regulates IL-3Ra surface expression

Since IL-3Ra is a glycoprotein, we asked whether its sur-
face expression might be sensitive to glucose availability
for glycosylation. N-linked glycosylation of membrane
proteins requires production of UDP-GlcNAc by the hex-
osamine pathway for both initiation of N-glycosylation
in the endoplasmic reticulum (ER) and N-glycan branch-
ing in the Golgi apparatus (Fig. 4A; Kornfeld and Kornfeld
1985; Dennis et al. 2009). To assess whether glucose flux
through the hexosamine pathway is involved in regula-
tion of IL-3Ra surface expression, we substituted GlcNAc
for glucose in the culture medium. GlcNAc comes into
the cell through bulk endocytosis and is phosphorylated
by the salvage pathway enzyme N-acetylglucosamine
kinase (NAGK) in order to enter the hexosamine pathway
at GlcNAc-6-P (Fig. 4A; Lau and Dennis 2008). Since
GlcNAc can enter the hexosamine pathway without

Figure 1. Glutamine consumption is re-
duced in the absence of glucose. (A) IL-
3-dependent bax!/!bak!/! cells and K562
cells were cultured in the presence or ab-
sence of glucose for 2 or 3 d and cell size
was measured in femtoliters (fL) each day
(mean 6 SD of triplicates). Primary bone
marrow cells were cultured in the presence
or absence of glucose for 4 d and size was
measured in femtoliters (mean 6 SD of
triplicates). (B) Transport of 14C-glutamine
over 5 min was measured (mean 6 SD of
triplicates) after the following treatments: IL-
3-dependent cells were cultured in the pres-
ence or absence of glucose or IL-3 for 2 d,
K562 cells were cultured in the presence or
absence of glucose for 2 d, and primary bone
marrow cells were cultured in the presence
or absence of glucose for 4 d. For all indicated
panels, P < 0.05 (*), P < 0.005 (**), and P <
0.0005 (***).
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Figure 4. Metabolite flux through the hexosamine pathway restores IL-3Ra surface expression and signaling in the absence of glucose.
(A) The hexosamine biosynthetic pathway is gated by the rate-limiting enzyme GFAT (glutamine fructose-6-phosphate amidotransfer-
ase), which transfers an amide group from glutamine to fructose-6-phosphate to produce glucosamine-6-phosphate. Glucosamine-6-P is
acetylated by Gnpnat (glucosamine phosphate N-acetyltransferase) to generate GlcNAc-6-P. The final product of the pathway is UDP-
GlcNAc, which is used for both N-linked glycosylation in the ER and Golgi and for O-GlcNAc protein modification in the nucleus and
cytoplasm. The metabolite GlcNAc can enter the hexosamine pathway after phosphorylation by the salvage pathway enzyme NAGK.
(B) IL-3-dependent cells were cultured in IL-3-containing medium in the presence or absence of glucose or in glucose-free medium
supplemented with 15 mM GlcNAc for 48 h. IL-3 was present in all conditions. FACS analysis of surface expression of IL-3Ra or surface
binding of L-PHA was performed. Results are representative of at least three independent experiments. (C) Cells were treated for 2 d in
the presence or absence of glucose, GlcNAc, and IL-3, as indicated. Cell surface proteins were biotinylated, isolated over NeutrAvidin
column, and analyzed by Western blot and Coomassie stain. (D) Cells were withdrawn from glucose for 24 h and then treated with
GlcNAc in the presence or absence of Jak inhibitor for an additional 24 h. IL-3 was present in all conditions. Cells were harvested and
signaling was analyzed by Western blot. (E) IL-3-dependent cells were starved of glucose for 24 h (in the presence of IL-3), and then 15
mM 13C6-glucose, 15 mM 13C6-GlcNAc, or equal volume water control was added to cells. Cells were harvested at 1, 24, and 72 h after
nutrient addition. LC-MS/MS analysis of labeled metabolites was performed. The experiment was done with duplicates for each
condition. Representative labeled pools of metabolites from the hexosamine pathway (GlcNAc-P and UDP-GlcNAc), glycolysis
(Hexose-P), pentose phosphate pathway (Ribose-P), and the TCA cycle (citrate) are shown at each time point. For additional metabolites
in each pathway, see Supplemental Table S2.
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Glucose deprivation impairs 
glycosylation of IL-3R

but modestly, increased cell size in the presence of
glucose (Fig. 5A). GlcNAc treatment not only enabled
cells to maintain their size in the absence of glucose, but
could actually promote growth. In cells that had been
withdrawn from glucose for up to 6 d, addition of GlcNAc
stimulated cells to grow back to near their original size
over several days (Fig. 5B). Similar effects on growth were
observed in other IL-3-dependent hematopoietic cells
that we tested, including primary murine bone marrow
cells and M-NFS-60 murine myeloblastic cells (Supple-
mental Fig. S2). GlcNAc regulation of cell size occurred
in a growth factor-dependent manner; in the absence of
IL-3, GlcNAc treatment had no effect (Fig. 5C). Inhibition
of Jak signaling also blocked GlcNAc-stimulated growth,

whereas inhibitors of other pathways had either moderate
(PI3K or Akt inhibition) or minimal (mTORC1 or MAPK
inhibition) effects, reflecting the involvement of multiple
pathways in IL-3-dependent growth (Fig. 5D). Resistance
to rapamycin was likely due to increased expression of
Pim kinases (Fig. 4D), which regulate growth indepen-
dently of mTOR in hematopoietic cells (Fox et al. 2005;
Hammerman et al. 2005). We next confirmed that hexos-
amine-dependent changes in cell size were in fact re-
flective of increased biomass; indeed, protein content was
increased in the presence of GlcNAc, and cycloheximide
treatment blocked the ability of GlcNAc to promote cell
growth (Fig. 5E,F). Despite the ability of GlcNAc to rescue
cell growth, GlcNAc-treated cells failed to proliferate in

Figure 5. Activation of the hexosamine
pathway with GlcNAc is sufficient to pro-
mote growth in the absence of glucose. (A)
IL-3-dependent cells were cultured in the
presence or absence of glucose plus 0, 7.5,
or 15 mM GlcNAc, as indicated. IL-3 was
present in all conditions. Cell size after 4
d was measured in femtoliters (fL) (mean 6
SD of triplicates). (B) Cells were starved of
glucose for 11 d, with 15 mM GlcNAc
added at day 0, day 3, or day 6, indicated
by the arrows. Media were changed (in-
cluding fresh IL-3) every 3 d. Cell size was
measured on indicated days (mean 6 SD of
triplicates). (C) Cells were starved of glu-
cose or IL-3 615 mM GlcNAc for 4 d, and
cell size was measured by Coulter Counter
(mean 6 SD of triplicates). (D) Cells were
withdrawn from glucose for 24 h, and then
GlcNAc was added to cells for an addi-
tional 48 h in the presence of 0.5 mM Jaki
(JAK inhibitor I), 10 mM Ly (LY294002, PI-
3K inhibitor), 10 mM Akti (Akt inhibitor
VIII), 100 nM Rapa (Rapamycin, mTOR
inhibitor), and 30 mM PD (PD 98059;
MAPKK inhibitor). (UT) Untreated. IL-3
was present in all conditions. Cell size was
measured in femtoliters (fL) (mean 6 SD
of triplicate wells). (E) Cells were starved
of glucose in the presence or absence of
15 mM GlcNAc and 1 mg/mL cyclohexi-
mide for 5 d. (UT) Untreated. IL-3 was
present in all conditions. Protein content
was measured by BCA protein assay and
normalized to total cell number (mean 6
SD of triplicate wells). Result is representa-
tive of two independent experiments. (F)
Cell size in glucose-starved cells was mea-
sured (mean 6 SD of triplicates) after 3 d of
treatment in the presence or absence of
GlcNAc and 2 mg/mL cycloheximide. (UT)
Untreated. IL-3 was present in all condi-
tions. Results are representative of three
independent experiments. (G) Cells were
cultured 6glucose (11 mM) and 6GlcNAc

(15 mM) for 5 d. IL-3 was present in all conditions. Cell number was assessed by Coulter counter (mean 6 SD of triplicates). (H) Cells were
starved of glucose for 24 h, after which either 15 mM glucose or 15 mM GlcNAc was added to cells in the presence of 10 mM BrdU. BrdU
incorporation was measured by FACS every 6 h for 24 h. Result is representative of two independent experiments. For all indicated panels,
P < 0.05 (*), P < 0.005 (**), and P < 0.0005 (***).
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HexP intermediates rescue cell 
growth in glucose-deprived conditions
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Glucose uptake: the case of INSULIN
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Vitamin B5 supports MYC oncogenic 
metabolism and tumor progression in  
breast cancer

Tumors are intrinsically heterogeneous and it is well established that 
this directs their evolution, hinders their classification and frustrates 
therapy1–3. Consequently, spatially resolved omics-level analyses are gaining 
traction4–9. Despite considerable therapeutic interest, tumor metabolism 
has been lagging behind this development and there is a paucity of data 
regarding its spatial organization. To address this shortcoming, we set out 
to study the local metabolic effects of the oncogene c-MYC, a pleiotropic 
transcription factor that accumulates with tumor progression and influences 
metabolism10,11. Through correlative mass spectrometry imaging, we show 
that pantothenic acid (vitamin B5) associates with MYC-high areas within both 
human and murine mammary tumors, where its conversion to coenzyme A 
fuels Krebs cycle activity. Mechanistically, we show that this is accomplished 
by MYC-mediated upregulation of its multivitamin transporter SLC5A6. 
Notably, we show that SLC5A6 over-expression alone can induce increased 
cell growth and a shift toward biosynthesis, whereas conversely, dietary 
restriction of pantothenic acid leads to a reversal of many MYC-mediated 
metabolic changes and results in hampered tumor growth. Our work thus 
establishes the availability of vitamins and cofactors as a potential bottleneck 
in tumor progression, which can be exploited therapeutically. Overall, 
we show that a spatial understanding of local metabolism facilitates the 
identification of clinically relevant, tractable metabolic targets.

All tumors, including breast cancers, show profound clonal heteroge-
neity12. These clones in turn have to adapt to the ever-changing tumor 
microenvironment, frequently characterized by fluctuating oxygen 
and nutrient supply13. This requires tumor cells to constantly rewire 
their metabolic pathways and consequently many tumors show a high 
degree of metabolic flexibility14,15. Intrinsic oncogene-driven metabolic 
programs are thus integrated with environmental cues to shape the net 
local metabolism of tumor cells.

MYC is a proto-oncogene and a pleiotropic transcription factor, 
and clones with high MYC expression levels arise as subclones during 
malignant progression in a range of cancers, and generally correlate 
with higher grade and poor survival3,10. While MYC is recognized as a 

master regulator of metabolism, inducing glycolytic flux and increas-
ing glutaminolysis among others11,16,17, the true metabolic signature 
of these malignant subclones in the pathophysiologically relevant 
context of multiclonality remains unknown. Conversely, unveiling the 
metabolic traits of MYC-high clones in situ would enable us to devise 
new therapeutic strategies targeted at the metabolism underlying 
malignant tumor progression.

In situ segmentation of multiclonal mammary 
tumors
To address this problem, we initially resorted to an inducible and 
traceable model of MYC heterogeneity in breast cancer, which we had 
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Fig. 1 | In situ segmentation of multiclonal mammary tumors. a, Polar and 
apolar fractions of WMhigh, WMlow and WMmix tumors were analyzed with LC–MS 
(10 mg dry tissue from each sample was taken for the extraction) and plotted on a 
radial plot using the R package volcano3D. The radial angle ρ represents relative 
affiliation of metabolites to the individual samples and the distance from center 
the relative amounts. Colors indicate statistically significant affiliation to one 
or two samples. Significance was calculated with an unpaired two-tailed t-test 
(WMhigh, n = 4; WMlow, n = 4; WMmix, n = 8 tumors from independent animals). 
b, Metabolic pathways analysis of the data in a showing several significantly 
changed pathways and numbers of identified members against the pathway size. 
c, Schematic of tissue processing and DEFFI imaging. d,e, Levels and distribution 
of two selected ions as measured by DEFFI (d) or LC–MS (e) show concordance 
between the methodologies. Significance was calculated with an unpaired two-
tailed t-test (WMhigh, n = 4; WMlow, n = 4; WMmix, n = 8 tumors from independent 
animals (WMhigh versus WMlow, P = 0.00234; WMhigh versus WMmix, P = 0.0089 
(left); WMhigh versus WMlow, P = 0.0047; WMhigh versus WMmix, P = 0.0154 (right)). 

f, Post-DEFFI fluorescent microscopy of WMhigh, WMlow and WMmix tumors show 
clonal distribution (top). Ion colocalization analysis of DEFFI acquired images 
of WMhigh, WMlow and WMmix tumors reveal a WMhigh module (green) and a WMlow 
module (red) (bottom). g, Circos plot representing all metabolites found in the 
WMhigh module. Nodes represent the metabolites in the module. Node size is 
proportional to module membership, which represents a given metabolite’s 
strength of the colocalization index and is calculated as Pearson’s correlation 
between the spatial intensities of the corresponding metabolite and the module’s 
eigenmetabolites. Arc lines connect node pairs corresponding to colocalized 
metabolites with Pearson’s correlation >0.7. The nodes are color-grouped 
according to metabolite class based on Human Metabolome Database putative 
annotations (|m/z error| < 10 ppm). All box-and-whisker plots represent the 
following: line, median; box, interquartile range (IQR); whiskers, 1.5 × IQR limited 
by largest/smallest non-extreme value (NEV). In all DEFFI-MSI experiments n = 3 
tumors from independent animals for each WM tumor type. P values indicated by 
*<0.05, ** 0.001, ***<0.0001, ****<0.00001.

MYChigh (GFP+) and MYClow (TdTomato+) clones were mixed 
together and injected in mice to form polyclonal tumors. 

To dissect metabolites and metabolic pathways most closely 
associated with the individual WM clones in situ. To this end they 
combined desorption electro-flow focusing ionization (DEFFI)- 
mass spectrometric imaging (MSI) with fluorescence microscopy 
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compared to their WMlow counterparts, as seen by higher levels of 
glutamate M+5 isotopologue in WMhigh tumors following [13C5]glu-
tamine infusion (Fig. 3a and Extended Data Fig. 4d). These results were 
largely in accordance with bulk primary tumor tissue analysis by gas 
chromatography (GC)–MS (Extended Data Fig. 3). Of note, the spatial 
component of MSI allowed us to reveal clear metabolic zonation within 
tumor tissues, where WMhigh clones in the WMmix tumors largely over-
lapped with areas of increased presence of [13C5]glutamine-derived 
glutamine and glutamate isotopologues as well as either [13C6]glucose- 
or [13C5]glutamine-derived Krebs cycle intermediates (Fig. 3a,b). These 
13C-labeled isotopologues had a distribution pattern that was largely 
opposite to the localization of 13C-labeled lactate. While lactate can act 
as a systemic carbon carrier32, the individual cell producing it usually 
excretes it as a waste product. Increased lactate production can be trig-
gered by hypoxia or a so-called Warburg-like metabolism and shunts 
carbon units away from the Krebs cycle and oxidative phosphorylation. 
We thus utilized isotopically labeled lactate as a proxy for diminished 
Krebs cycle activity and lactagenic metabolism and isotopically labeled 
malate as a proxy for increased Krebs cycle activity in [13C6]glucose- or 
[13C5]glutamine-infused tumors. By binarizing the ion images for the 
predominant proxy compound after maximal intensity normalization, 
a clear association of increased Krebs cycle activity with the WMhigh 
clone was observed (Fig. 3c,d and Extended Data Fig. 4e,f). Pixel-wise 

correlations between different metabolites confirmed a close spatial 
association of Krebs cycle intermediates with PA, whereas lactate was 
poorly correlated with any of the compounds (Fig. 3e,f and Extended 
Data Fig. 4g,h). WMhigh clones thus have higher levels of PA, which in 
turn correlates with a more active Krebs cycle.

To test whether this correlation was observed more widely, we 
administered [13C5]glutamine boluses to mice growing the aforemen-
tioned panel of breast cancer PDXs. While fewer labeled metabolites 
were detected overall, as this was a short-term bolus injection, we did 
see a positive correlation between glutamate M+5 and PA, which in 
turn correlates with MYC, but found no correlation of PA with labeled 
lactate (Figs. 2d and 3g–i and Extended Data Fig. 2f). Taken together, 
our results suggest that a MYC-driven increase in PA uptake supports 
an increased Krebs cycle activity.

As above, we sought to investigate whether increased glucose 
and glutamine uptake in WMhigh areas was a cell-autonomous behav-
ior by the WMhigh clones. We thus adapted our ultra-high-resolution 
NanoSIMS-based correlative MSI protocol, by infusing WMmix tumors 
with a mixture of [13C6]glucose and [amide-15N]glutamine (Extended 
Data Fig. 4b,c). Furthermore, we injected 5-bromodeoxyuridine 
(BrdU) 3 h before tumor collection, thus marking cells in S phase. This 
approach allowed us to image the two WM clones via fluorescence 
microscopy, while revealing cycling cells and tracing [13C6]glucose- and 
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Fig. 2 | Pantothenic acid correlates with MYC expression in mammary 
tumors. a, Post-DEFFI fluorescent microscopy of WMhigh, WMlow and WMmix 
tumors shows clonal distribution (note, this is the same image as Fig. 1f, repeated 
for illustrative purposes) (top). Single-ion DEFFI image of PA (n = 3 for each tumor 
type) (bottom). b, LC–MS analysis of WM tumors (10 mg dry tissue from each 
sample was taken for the extraction) shows significant increase of PA in WMhigh 
tumors (WMhigh versus WMlow, P = 0.00038; WMhigh versus WMmix, P = 0.0019). 
c, LC–MS analysis of free CoA-SH in WM tumors shows an increase in WMhigh 
tumors (WMhigh, n = 4; WMlow, n = 4; WMmix, n = 8 tumors from independent 
animals; WMhigh versus WMlow, P = 0.0313; WMhigh versus WMmix, P = 7.68 × 10−5) 
(b,c). d, Correlative DEFFI and IHC staining showing the distribution of PA in 
relation to MYC staining in human PDXs (n = 2 biological replicates for each 
PDX). e, Correlative DEFFI and IHC staining showing the distribution of PA 

in relation to MYC staining in representative human core biopsy, showing 
association of MYC with PA (n = 12 core biopsies). f, Workflow for correlative 
fluorescence microscopy, EM and NanoSIMS analysis. g, Correlative fluorescence 
microscopy, EM and NanoSIMS analysis shows 15N derived from 15N-PA infusions 
predominantly localizing in MYC-high cells, with subcellular localization in 
mitochondria and nucleoli. h, Cell-wise quantification of 15N/14N ratios in the 
WMhigh, WMlow areas shows increased amounts of PA-derived labeled 15N in WMhigh 
cells. For NanoSIMS 34 WMhigh and 32 WMlow individual cells were analyzed from 
one NanoSIMS run (P = 2.91 × 10−9). All box-and-whisker plots represent the 
following: line, median; box, IQR; whiskers, 1.5 × IQR limited by largest/smallest 
NEV. Significance was calculated with an unpaired two-tailed t-test. P values are 
represented by *<0.05, ** 0.001, ***<0.0001, ****<0.00001.
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compared to their WMlow counterparts, as seen by higher levels of 
glutamate M+5 isotopologue in WMhigh tumors following [13C5]glu-
tamine infusion (Fig. 3a and Extended Data Fig. 4d). These results were 
largely in accordance with bulk primary tumor tissue analysis by gas 
chromatography (GC)–MS (Extended Data Fig. 3). Of note, the spatial 
component of MSI allowed us to reveal clear metabolic zonation within 
tumor tissues, where WMhigh clones in the WMmix tumors largely over-
lapped with areas of increased presence of [13C5]glutamine-derived 
glutamine and glutamate isotopologues as well as either [13C6]glucose- 
or [13C5]glutamine-derived Krebs cycle intermediates (Fig. 3a,b). These 
13C-labeled isotopologues had a distribution pattern that was largely 
opposite to the localization of 13C-labeled lactate. While lactate can act 
as a systemic carbon carrier32, the individual cell producing it usually 
excretes it as a waste product. Increased lactate production can be trig-
gered by hypoxia or a so-called Warburg-like metabolism and shunts 
carbon units away from the Krebs cycle and oxidative phosphorylation. 
We thus utilized isotopically labeled lactate as a proxy for diminished 
Krebs cycle activity and lactagenic metabolism and isotopically labeled 
malate as a proxy for increased Krebs cycle activity in [13C6]glucose- or 
[13C5]glutamine-infused tumors. By binarizing the ion images for the 
predominant proxy compound after maximal intensity normalization, 
a clear association of increased Krebs cycle activity with the WMhigh 
clone was observed (Fig. 3c,d and Extended Data Fig. 4e,f). Pixel-wise 

correlations between different metabolites confirmed a close spatial 
association of Krebs cycle intermediates with PA, whereas lactate was 
poorly correlated with any of the compounds (Fig. 3e,f and Extended 
Data Fig. 4g,h). WMhigh clones thus have higher levels of PA, which in 
turn correlates with a more active Krebs cycle.

To test whether this correlation was observed more widely, we 
administered [13C5]glutamine boluses to mice growing the aforemen-
tioned panel of breast cancer PDXs. While fewer labeled metabolites 
were detected overall, as this was a short-term bolus injection, we did 
see a positive correlation between glutamate M+5 and PA, which in 
turn correlates with MYC, but found no correlation of PA with labeled 
lactate (Figs. 2d and 3g–i and Extended Data Fig. 2f). Taken together, 
our results suggest that a MYC-driven increase in PA uptake supports 
an increased Krebs cycle activity.

As above, we sought to investigate whether increased glucose 
and glutamine uptake in WMhigh areas was a cell-autonomous behav-
ior by the WMhigh clones. We thus adapted our ultra-high-resolution 
NanoSIMS-based correlative MSI protocol, by infusing WMmix tumors 
with a mixture of [13C6]glucose and [amide-15N]glutamine (Extended 
Data Fig. 4b,c). Furthermore, we injected 5-bromodeoxyuridine 
(BrdU) 3 h before tumor collection, thus marking cells in S phase. This 
approach allowed us to image the two WM clones via fluorescence 
microscopy, while revealing cycling cells and tracing [13C6]glucose- and 
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Fig. 2 | Pantothenic acid correlates with MYC expression in mammary 
tumors. a, Post-DEFFI fluorescent microscopy of WMhigh, WMlow and WMmix 
tumors shows clonal distribution (note, this is the same image as Fig. 1f, repeated 
for illustrative purposes) (top). Single-ion DEFFI image of PA (n = 3 for each tumor 
type) (bottom). b, LC–MS analysis of WM tumors (10 mg dry tissue from each 
sample was taken for the extraction) shows significant increase of PA in WMhigh 
tumors (WMhigh versus WMlow, P = 0.00038; WMhigh versus WMmix, P = 0.0019). 
c, LC–MS analysis of free CoA-SH in WM tumors shows an increase in WMhigh 
tumors (WMhigh, n = 4; WMlow, n = 4; WMmix, n = 8 tumors from independent 
animals; WMhigh versus WMlow, P = 0.0313; WMhigh versus WMmix, P = 7.68 × 10−5) 
(b,c). d, Correlative DEFFI and IHC staining showing the distribution of PA in 
relation to MYC staining in human PDXs (n = 2 biological replicates for each 
PDX). e, Correlative DEFFI and IHC staining showing the distribution of PA 

in relation to MYC staining in representative human core biopsy, showing 
association of MYC with PA (n = 12 core biopsies). f, Workflow for correlative 
fluorescence microscopy, EM and NanoSIMS analysis. g, Correlative fluorescence 
microscopy, EM and NanoSIMS analysis shows 15N derived from 15N-PA infusions 
predominantly localizing in MYC-high cells, with subcellular localization in 
mitochondria and nucleoli. h, Cell-wise quantification of 15N/14N ratios in the 
WMhigh, WMlow areas shows increased amounts of PA-derived labeled 15N in WMhigh 
cells. For NanoSIMS 34 WMhigh and 32 WMlow individual cells were analyzed from 
one NanoSIMS run (P = 2.91 × 10−9). All box-and-whisker plots represent the 
following: line, median; box, IQR; whiskers, 1.5 × IQR limited by largest/smallest 
NEV. Significance was calculated with an unpaired two-tailed t-test. P values are 
represented by *<0.05, ** 0.001, ***<0.0001, ****<0.00001.
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compared to their WMlow counterparts, as seen by higher levels of 
glutamate M+5 isotopologue in WMhigh tumors following [13C5]glu-
tamine infusion (Fig. 3a and Extended Data Fig. 4d). These results were 
largely in accordance with bulk primary tumor tissue analysis by gas 
chromatography (GC)–MS (Extended Data Fig. 3). Of note, the spatial 
component of MSI allowed us to reveal clear metabolic zonation within 
tumor tissues, where WMhigh clones in the WMmix tumors largely over-
lapped with areas of increased presence of [13C5]glutamine-derived 
glutamine and glutamate isotopologues as well as either [13C6]glucose- 
or [13C5]glutamine-derived Krebs cycle intermediates (Fig. 3a,b). These 
13C-labeled isotopologues had a distribution pattern that was largely 
opposite to the localization of 13C-labeled lactate. While lactate can act 
as a systemic carbon carrier32, the individual cell producing it usually 
excretes it as a waste product. Increased lactate production can be trig-
gered by hypoxia or a so-called Warburg-like metabolism and shunts 
carbon units away from the Krebs cycle and oxidative phosphorylation. 
We thus utilized isotopically labeled lactate as a proxy for diminished 
Krebs cycle activity and lactagenic metabolism and isotopically labeled 
malate as a proxy for increased Krebs cycle activity in [13C6]glucose- or 
[13C5]glutamine-infused tumors. By binarizing the ion images for the 
predominant proxy compound after maximal intensity normalization, 
a clear association of increased Krebs cycle activity with the WMhigh 
clone was observed (Fig. 3c,d and Extended Data Fig. 4e,f). Pixel-wise 

correlations between different metabolites confirmed a close spatial 
association of Krebs cycle intermediates with PA, whereas lactate was 
poorly correlated with any of the compounds (Fig. 3e,f and Extended 
Data Fig. 4g,h). WMhigh clones thus have higher levels of PA, which in 
turn correlates with a more active Krebs cycle.

To test whether this correlation was observed more widely, we 
administered [13C5]glutamine boluses to mice growing the aforemen-
tioned panel of breast cancer PDXs. While fewer labeled metabolites 
were detected overall, as this was a short-term bolus injection, we did 
see a positive correlation between glutamate M+5 and PA, which in 
turn correlates with MYC, but found no correlation of PA with labeled 
lactate (Figs. 2d and 3g–i and Extended Data Fig. 2f). Taken together, 
our results suggest that a MYC-driven increase in PA uptake supports 
an increased Krebs cycle activity.

As above, we sought to investigate whether increased glucose 
and glutamine uptake in WMhigh areas was a cell-autonomous behav-
ior by the WMhigh clones. We thus adapted our ultra-high-resolution 
NanoSIMS-based correlative MSI protocol, by infusing WMmix tumors 
with a mixture of [13C6]glucose and [amide-15N]glutamine (Extended 
Data Fig. 4b,c). Furthermore, we injected 5-bromodeoxyuridine 
(BrdU) 3 h before tumor collection, thus marking cells in S phase. This 
approach allowed us to image the two WM clones via fluorescence 
microscopy, while revealing cycling cells and tracing [13C6]glucose- and 
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Fig. 2 | Pantothenic acid correlates with MYC expression in mammary 
tumors. a, Post-DEFFI fluorescent microscopy of WMhigh, WMlow and WMmix 
tumors shows clonal distribution (note, this is the same image as Fig. 1f, repeated 
for illustrative purposes) (top). Single-ion DEFFI image of PA (n = 3 for each tumor 
type) (bottom). b, LC–MS analysis of WM tumors (10 mg dry tissue from each 
sample was taken for the extraction) shows significant increase of PA in WMhigh 
tumors (WMhigh versus WMlow, P = 0.00038; WMhigh versus WMmix, P = 0.0019). 
c, LC–MS analysis of free CoA-SH in WM tumors shows an increase in WMhigh 
tumors (WMhigh, n = 4; WMlow, n = 4; WMmix, n = 8 tumors from independent 
animals; WMhigh versus WMlow, P = 0.0313; WMhigh versus WMmix, P = 7.68 × 10−5) 
(b,c). d, Correlative DEFFI and IHC staining showing the distribution of PA in 
relation to MYC staining in human PDXs (n = 2 biological replicates for each 
PDX). e, Correlative DEFFI and IHC staining showing the distribution of PA 

in relation to MYC staining in representative human core biopsy, showing 
association of MYC with PA (n = 12 core biopsies). f, Workflow for correlative 
fluorescence microscopy, EM and NanoSIMS analysis. g, Correlative fluorescence 
microscopy, EM and NanoSIMS analysis shows 15N derived from 15N-PA infusions 
predominantly localizing in MYC-high cells, with subcellular localization in 
mitochondria and nucleoli. h, Cell-wise quantification of 15N/14N ratios in the 
WMhigh, WMlow areas shows increased amounts of PA-derived labeled 15N in WMhigh 
cells. For NanoSIMS 34 WMhigh and 32 WMlow individual cells were analyzed from 
one NanoSIMS run (P = 2.91 × 10−9). All box-and-whisker plots represent the 
following: line, median; box, IQR; whiskers, 1.5 × IQR limited by largest/smallest 
NEV. Significance was calculated with an unpaired two-tailed t-test. P values are 
represented by *<0.05, ** 0.001, ***<0.0001, ****<0.00001.
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compared to their WMlow counterparts, as seen by higher levels of 
glutamate M+5 isotopologue in WMhigh tumors following [13C5]glu-
tamine infusion (Fig. 3a and Extended Data Fig. 4d). These results were 
largely in accordance with bulk primary tumor tissue analysis by gas 
chromatography (GC)–MS (Extended Data Fig. 3). Of note, the spatial 
component of MSI allowed us to reveal clear metabolic zonation within 
tumor tissues, where WMhigh clones in the WMmix tumors largely over-
lapped with areas of increased presence of [13C5]glutamine-derived 
glutamine and glutamate isotopologues as well as either [13C6]glucose- 
or [13C5]glutamine-derived Krebs cycle intermediates (Fig. 3a,b). These 
13C-labeled isotopologues had a distribution pattern that was largely 
opposite to the localization of 13C-labeled lactate. While lactate can act 
as a systemic carbon carrier32, the individual cell producing it usually 
excretes it as a waste product. Increased lactate production can be trig-
gered by hypoxia or a so-called Warburg-like metabolism and shunts 
carbon units away from the Krebs cycle and oxidative phosphorylation. 
We thus utilized isotopically labeled lactate as a proxy for diminished 
Krebs cycle activity and lactagenic metabolism and isotopically labeled 
malate as a proxy for increased Krebs cycle activity in [13C6]glucose- or 
[13C5]glutamine-infused tumors. By binarizing the ion images for the 
predominant proxy compound after maximal intensity normalization, 
a clear association of increased Krebs cycle activity with the WMhigh 
clone was observed (Fig. 3c,d and Extended Data Fig. 4e,f). Pixel-wise 

correlations between different metabolites confirmed a close spatial 
association of Krebs cycle intermediates with PA, whereas lactate was 
poorly correlated with any of the compounds (Fig. 3e,f and Extended 
Data Fig. 4g,h). WMhigh clones thus have higher levels of PA, which in 
turn correlates with a more active Krebs cycle.

To test whether this correlation was observed more widely, we 
administered [13C5]glutamine boluses to mice growing the aforemen-
tioned panel of breast cancer PDXs. While fewer labeled metabolites 
were detected overall, as this was a short-term bolus injection, we did 
see a positive correlation between glutamate M+5 and PA, which in 
turn correlates with MYC, but found no correlation of PA with labeled 
lactate (Figs. 2d and 3g–i and Extended Data Fig. 2f). Taken together, 
our results suggest that a MYC-driven increase in PA uptake supports 
an increased Krebs cycle activity.

As above, we sought to investigate whether increased glucose 
and glutamine uptake in WMhigh areas was a cell-autonomous behav-
ior by the WMhigh clones. We thus adapted our ultra-high-resolution 
NanoSIMS-based correlative MSI protocol, by infusing WMmix tumors 
with a mixture of [13C6]glucose and [amide-15N]glutamine (Extended 
Data Fig. 4b,c). Furthermore, we injected 5-bromodeoxyuridine 
(BrdU) 3 h before tumor collection, thus marking cells in S phase. This 
approach allowed us to image the two WM clones via fluorescence 
microscopy, while revealing cycling cells and tracing [13C6]glucose- and 
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Fig. 2 | Pantothenic acid correlates with MYC expression in mammary 
tumors. a, Post-DEFFI fluorescent microscopy of WMhigh, WMlow and WMmix 
tumors shows clonal distribution (note, this is the same image as Fig. 1f, repeated 
for illustrative purposes) (top). Single-ion DEFFI image of PA (n = 3 for each tumor 
type) (bottom). b, LC–MS analysis of WM tumors (10 mg dry tissue from each 
sample was taken for the extraction) shows significant increase of PA in WMhigh 
tumors (WMhigh versus WMlow, P = 0.00038; WMhigh versus WMmix, P = 0.0019). 
c, LC–MS analysis of free CoA-SH in WM tumors shows an increase in WMhigh 
tumors (WMhigh, n = 4; WMlow, n = 4; WMmix, n = 8 tumors from independent 
animals; WMhigh versus WMlow, P = 0.0313; WMhigh versus WMmix, P = 7.68 × 10−5) 
(b,c). d, Correlative DEFFI and IHC staining showing the distribution of PA in 
relation to MYC staining in human PDXs (n = 2 biological replicates for each 
PDX). e, Correlative DEFFI and IHC staining showing the distribution of PA 

in relation to MYC staining in representative human core biopsy, showing 
association of MYC with PA (n = 12 core biopsies). f, Workflow for correlative 
fluorescence microscopy, EM and NanoSIMS analysis. g, Correlative fluorescence 
microscopy, EM and NanoSIMS analysis shows 15N derived from 15N-PA infusions 
predominantly localizing in MYC-high cells, with subcellular localization in 
mitochondria and nucleoli. h, Cell-wise quantification of 15N/14N ratios in the 
WMhigh, WMlow areas shows increased amounts of PA-derived labeled 15N in WMhigh 
cells. For NanoSIMS 34 WMhigh and 32 WMlow individual cells were analyzed from 
one NanoSIMS run (P = 2.91 × 10−9). All box-and-whisker plots represent the 
following: line, median; box, IQR; whiskers, 1.5 × IQR limited by largest/smallest 
NEV. Significance was calculated with an unpaired two-tailed t-test. P values are 
represented by *<0.05, ** 0.001, ***<0.0001, ****<0.00001.

MYChigh (GFP+) and MYClow (TdTomato+) clones were mixed together and injected in mice 
to form polyclonal tumors. 

Isotopically-labelled pantothenate was injected in tumor bearing mice and consecutive 
tissue slides were images with different methods (fluorescence, electron microscopy, 
mass-spectrometry)
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11960044) with 2 mM glutamine and 10% FBS (Gibco, A5256701, lot 
2575507). To generate WMhigh cells, Cre-expressing attenuated adeno-
virus (Ad5CMV-Cre, University of Iowa, VVC-U of Iowa-5) and Polybrene 
(8 µg ml−1), was added overnight. WMlow cells were not infected, but 
otherwise treated the same. Cells were washed extensively and eGFP- 
or tdTomato-positive cells were sorted with an Avalon sorter (BioRad).  

A total of 150,000 cells were then surgically implanted into the number 
four fat pad of 6–8-week-old NOD/Scid mice either as pure clonal popu-
lations or 1:1 mixtures. MYC-ERT2 was activated 3 d before collection by 
twice-daily i.p. injections of tamoxifen (100 µl, 10 mg ml−1 tamoxifen). 
On the day of collection, 3 h were left between the injection and further 
procedures, to have a fully active MYC-ERT2 construct. Tumors were 
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MYChigh (GFP+) and MYClow (TdTomato+) clones were mixed together and injected in mice 
to form polyclonal tumors. 

Tumor bearing mice were provided wither regular chow (food) or a diet deficient of PA.

Kreuzaler et al, Nature Metab, 2023
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to RTKs, the PIK3CA gene, encoding the catalytic sub-
unit of PI3K, is one of the most frequently mutated 
genes in cancer, particularly in breast, colon and liver 
cancers21,22. Loss-of-function mutations in the PTEN 
gene — a negative regulator of PI3K signalling — are 
also highly prevalent in prostate and endometrial can-
cers23. These genetic events are selected, at least in part, 
to allow tumour cells to constantly acquire glucose and 
other nutrients from the environment, independently of 
growth factor stimulation.

Deregulated glucose uptake has emerged as a hall-
mark of cancer metabolism24. In fact, positron-emission- 
tomography-based imaging of 18F-fluorodeoxyglucose 
uptake (FDG–PET) is widely used in the clinic for 
tumour monitoring25. When studied in tissue culture, 
cancer cells utilize glucose to generate glycolytic and 
TCA cycle intermediates in order to support biomolecu-
lar synthesis. Despite this, most cultured cancer cell lines 
secrete the majority of the glucose they take up as lac-
tate, which accumulates in the tissue culture medium26. 

Quantitative metabolic flux analyses at the organismal 
level have led to new insights into glucose metabolism 
in tumours in vivo27,28. It has been shown that lactate 
produced by tumour cells via aerobic glycolysis can be 
consumed by nonproliferating tumour cells and the 
surrounding stromal cells in the tumour microenviron-
ment, which direct lactate to the TCA cycle, using it as 
a primary source of carbon. Similar observations have 
also been made in normal tissues, and it has been sug-
gested that, in some tissues, the input of glucose into the 
TCA cycle is mostly indirect — via circulating lactate 
produced by other cells28.

Acquisition of amino acids
In addition to the uptake of glucose as a carbon source, 
proliferating cells also need a substantial amount of 
amino acids in order to increase protein content, which 
makes up more than half of a cell’s dry mass29. Through 
a network of nutrient-responsive pathways, cells main-
tain a battery of amino acids to charge tRNAs for protein 
translation, to support the biosynthesis of macromol-
ecules including nucleotides and to fuel bioenergetics 
such as through the catabolism of certain amino acids 
to produce acetyl-CoA. In proliferating cells, metabolic 
programmes are often rewired to actively acquire amino 
acids from the extracellular space to sustain biomass 
accumulation. In addition, opportunistic pathways can 
be utilized to scavenge protein when free amino acids are 
limiting in the extracellular environment.

Sensing and importing amino acids. Similar to glu-
cose, growth factor signalling can also directly promote 
amino acid uptake and utilization (FIG. 2). The mecha-
nistic target of rapamycin complex 1 (mTORC1) is a 
central coordinator of amino acid availability and allo-
cation30. Increased AKT activity downstream of growth 
factor signalling results in phosphorylation of tuberous 
sclerosis complex, subunit 2 (TSC2), and subsequently 
dislocation of the TSC complex from the lysosome31–33. 
Dissociation of TSC from its lysosome-resident target, 
RAS homologue enriched in brain (RHEB), leads to the 
derepression of RHEB activity and results in the acti-
vation of mTORC1 kinase activity34 (FIG. 2). A primary 
functional output of mTORC1 activation is the increase 
in protein synthesis, which is achieved largely through 
direct phosphorylation of p70S6 kinase 1 (S6K1) and 
eIF4E binding protein 1 (4EBP1) by mTORC1 (REF.30). To 
complement the demand for increased protein transla-
tion, concerted AKT and mTORC1 activation induces 
and sustains cell surface expression of amino acid trans-
porters35. In addition, through S6K1 kinase activity, 
mTORC1 can induce ribosome biogenesis in order to 
sustain the expanded protein translation capacity36.

Besides growth-factor-signalling inputs, mTORC1 
activity is tightly controlled by the availability of amino 
acids. When sufficient amounts of amino acids are 
present in the cells, the heterodimeric RAG GTPases 
promote the localization of mTORC1 to the lysosome, 
where it is in proximity to RHEB37. Regulation of the 
RAG GTPases and hence mTORC1 activity by amino 
acid levels is achieved through specific amino acid sen-
sor proteins. For example, Sestrin-2 (encoded by SESN2) 

Positron-emission- 
tomography-based imaging
An imaging technique used 
clinically to observe metabolic 
processes for disease diagnosis 
or monitoring.

p70S6 kinase 1
(S6K1). A kinase downstream 
of the mTOR complex 1 
signalling pathway, the 
activation of which can lead to 
increased protein synthesis.

eIF4E binding protein 1
(4EBP1). A protein translation 
repressor. Its activity is 
inhibited by phosphorylation 
mediated by mTOR complex 1 
to increase protein synthesis.
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Fig. 1 | Glucose uptake and utilization. In order to support cell growth and 
proliferation, glucose uptake is promoted by the growth-factor-signalling pathways 
in normal cells or by oncogenic mutations in cancer cells, which may render growth 
signalling pathways constantly active. Glucose is an important carbon source in 
energy-generating pathways of oxidative metabolism, fuelling the tricarboxylic acid 
(TCA) cycle and subsequent oxidative phosphorylation in mitochondria (not shown). 
In proliferating cells, intermediates of glucose metabolism are often diverted from 
glycolysis and the TCA cycle (dashed arrows) and used for biosynthetic purposes such as 
the production of nucleotides, amino acids and fatty acids. The TCA cycle is kept active 
by anaplerotic reactions involving glutamine, which — beyond supporting anabolic 
reactions — replenishes TCA cycle intermediates that are diverted from the cycle to 
support anabolism. As a result of aerobic glycolysis, a large portion of glucose carbon is 
also converted into lactate and secreted. Cancer-associated adaptations are highlighted 
in red. GLUT1, glucose transporter 1; MCT, monocarboxylate transporter.
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increase in glucose metabolism following growth factor 
signalling leads to accumulation of biomass5–8. Glucose 
uptake is often increased in growth-factor-stimulated 
cells. This is largely achieved through a series of kinase- 
mediated signalling events, including the activation of 
receptor tyrosine kinases (RTKs) and the downstream 
PI3K and AKT (also known as protein kinase B (PKB)) 
signalling cascade (BOX 1).

Studies of T cell activation have provided good exam-
ples of how PI3K and AKT signalling informs a cell to 
take up and utilize glucose in support of cell growth. In 
the context of T cells, activation of T cell receptor (TCR) 
upon antigen stimulation leads to the tyrosine phosphory-
lation of the cytoplasmic tail region of co-stimulatory  
receptor CD28, which — analogous to RTKs — is able 
to initiate a number of signalling cascades including the 
PI3K–AKT axis9,10. The activation of AKT promotes 
expression and plasma membrane localization of the 
glucose transporter 1 (GLUT1)11–13. In addition, AKT 
increases the cellular activity of the glycolytic enzyme 
hexokinase such that the imported glucose is captured by 
glycolysis as well as by other pathways to support amino 

acid, nucleotide and fatty acid biosynthesis12 (BOX 1; 
Supplementary Box 1). Upon withdrawal of growth 
factor, T cells rapidly undergo apoptosis as a result of 
reduction in mitochondrial membrane potential and 
cellular ATP level. However, cell survival can be rescued 
by ectopic expression of GLUT1 and hexo kinase14. These 
studies demonstrate that glucose uptake and utilization 
are direct results of extracellular stimuli and that main-
taining glucose influx and metabolism is essential to 
sustain cell survival and growth.

Utilizing glucose for cell growth. Stimulation of rest-
ing T cells by TCR and CD28 induces a drastic increase 
in glucose uptake, and this uptake supports the clonal 
expansion of antigen-stimulated T cells15. Augmented 
glucose influx leads to a high glycolytic rate. However, 
only a small fraction of glucose is fully oxidized in the 
TCA cycle (Supplementary Box 1) and serves as a source 
for ATP production via oxidative phosphorylation. In 
fact, the majority of carbon in glucose is converted into 
lactate and secreted. This has long been considered para-
doxical. For the past 100 years, cellular nutrient uptake 
has been considered a demand-driven system based 
on biochemical studies performed primarily in bacte-
ria grown in minimal medium. Under such conditions, 
glycolysis is regulated by a declining level of ATP, and 
oxidative phosphorylation is stimulated primarily by a 
rise in ADP. However, the glucose uptake in metazoans 
is a supply-driven system in which the cellular glucose 
uptake is primarily stimulated by growth factor signal-
ling. When growth factor-stimulated cells take up more 
glucose than they require, excess glycolytic intermedi-
ates are diverted into pathways that support the produc-
tion of the NEAAs, nucleotides and lipids required for 
cell growth. Any excess glycolytic end products are dealt 
with by converting pyruvate into lactate and secreting 
lactate back into the extracellular environment (FIG. 1).

The metabolic phenomenon by which rapidly pro-
liferating cells in a nutrient-rich environment continue 
to take up and metabolize glucose in excess of their ana-
bolic requirements is known as aerobic glycolysis (also 
known as the Warburg effect). In fact, this phenom-
enon has been known for almost a century, with initial 
observations suggesting that tumour cells display a much 
higher rate of glucose consumption than their normal 
counterparts and that, in tumour cells, glucose is mainly 
utilized via glycolysis even in the presence of adequate 
oxygen16,17. Unlike normal cells that are instructed to 
proliferate by extracellular signals, most cancer cells have 
acquired the ability to take up glucose cell-autonomously 
through the activation of oncogenes (FIG. 1) and hence 
acquire much more glucose than they require for their 
oxidative metabolism. Cancer genome sequencing has 
revealed that a large portion of human cancers harbour 
genetic alterations in the genes encoding members of 
the RTK family that increase their kinase activities18. 
For example, EGF receptor mutation or amplification 
occurs in 50% of patients with non-small-cell lung can-
cer (NSCLC) in Asia and 15% of patients with NSCLC 
in Western countries19. Human epidermal growth factor 
receptor 2 (HER2; also known as ERBB2) is amplified in 
up to 20% of patients with breast cancer20. In addition 

Minimal medium
Medium that contains the 
minimum nutrients possible for 
the growth of cells.

Box 1 | Growth factor signalling

Growth factors are signalling molecules that promote cell growth, proliferation or 
differentiation. Typical examples of growth factors include insulin, epidermal growth 
factor (EGF), fibroblast growth factor (FGF), erythropoietin (EPO), platelet-derived 
growth factor (PDGF), transforming growth factors (TGFs) and cytokines. Growth factors 
are usually secreted by specific organs and cell types to promote particular physiological 
processes. For example, insulin is produced by the β-pancreatic islet cells when the  
body nutrient levels are high, and it stimulates glucose uptake by liver, fat and skeletal 
muscle cells where glucose can be converted into glycogen or triglycerides for energy 
storage8. Upon tissue injury, EGF, FGF and a number of other growth factors are secreted 
by local immune cells and fibroblasts to promote tissue regeneration that involves the 
proliferation of keratinocytes and endothelial cells6.

Growth-factor-stimulated cells often display increased ability to take up nutrients. 
Receptor tyrosine kinase (RTK) signalling is a typical downstream mediator of growth 
factor stimulation. Most growth factors that regulate metabolism bind to cognate RTKs, 
and this binding results in the autophosphorylation of the receptor to initiate a series  
of kinase-mediated signalling events. Members of the PI3K family are major targets of 
RTKs. Upon interaction with the autophosphorylated form of RTK, PI3K is activated  
and converts the plasma membrane lipid phosphatidylinositol-4,5-bisphosphate  
(PtdIns(4,5)P2) into phosphatidylinositol-3,4,5-trisphosphate (PtdIns(3,4,5)P3).  
Local enrichment of PtdIns(3,4,5)P3 serves as the subsequent signalling cue to bring 
together kinases including phosphoinositide-dependent kinase 1 (PDK1) and AKT155. 
PDK1 can phosphorylate the regulatory loop of AKT and promote AKT activation.  
AKT is a serine/threonine kinase, for which a variety of downstream targets have been 
identified, including glucose uptake through glucose transporter 1 (GLUT1) and 
induction of glycolysis by activation of hexokinase (HK), which converts glucose into 
glucose 6-phosphate (G6P) (see the figure). Together, activation of AKT targets supports 
an anabolic growth phenotype156,157. This process is under tight control, as PtdIns(3,4,5)P3  
can be dephosphorylated and converted back into PtdIns(4,5)P2 through the lipid 
phosphatase activity of PTEN158. This negative regulatory mechanism, among others, 
dampens the PI3K–AKT pathway activity and ensures that normal cells can commit 
themselves to proliferation only when persistent growth factor signalling is present.
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PI3K/AKT signal transduction promotes 
glucose metabolism (glycolysis)

AKT activates Hexokinase that activates GLC, locking sugars for catabolism 



PI3K/AKT signal transduction enhances 
nucleotide synthesis

Hoxhaj & Manning, Nat Rev Cancer, 2020



Macropinocytosis is evolutionarily conserved. Both 
unicellular and multicellular eukaryotes can acquire 
nutrients through macropinocytosis73. Similar to other 
nutrient acquisition strategies, mammalian cells regu-
late macropinocytosis at multiple levels. The initiation 
of macropinocytosis is characterized by membrane ruf-
fling and macropinosome formation and is normally 
stimulated by growth factor signalling and PI3K activa-
tion74,75. Importantly, oncogenic RAS is a major regulator 
of the rate and volume of macropinosome uptake (FIG. 2). 
Macropinosome cargo can sustain the proliferation of 
RAS mutant cancer cells by providing nutrients in poorly 
vascularized tumour regions76–78.

As part of the cellular nutrient acquisition net-
work, macropinocytosis is coordinated with other 
nutrient-sensing and nutrient-responsive pathways 
in a concerted manner. AMP-activated protein kinase 
(AMPK) monitors energy stress by sensing an increase 

in the AMP-to-ATP ratio and, via its kinase activ-
ity, restores metabolic homeostasis by suppressing 
anabolism and enhancing catabolic processes such as 
macro-autophagy (hereafter referred to as autophagy)79. 
Beyond its role in promoting lysosomal degradation of 
self-constituents during autophagy, AMPK can also 
regulate macropinocytic degradation of extracellular 
fluids and necrotic cell debris80. In addition, as a mas-
ter sensor of certain amino acids, mTORC1 acts as a 
negative regulator of macropinocytic trafficking to the 
lysosome (FIG. 2). Suppression of mTORC1 activity lim-
its the utilization of extracellular free amino acids but 
greatly enhances the catabolism of extracellular pro-
teins via macropinocytosis78,81. This paradoxical role of 
mTORC1 may explain the fact that, while genes encod-
ing RTK, PI3K and PTEN are most frequently altered in 
many types of cancer, activating mutations in mTORC1 
are rare. Constitutive mTORC1 activation would lead 
to increased dependencies on the utilization of extra-
cellular free amino acids and hence would limit the 
flexibility of nutrient acquisition strategies in the face 
of  fluctuations in the extracellular environment during 
tumour progression.

Elevation of fatty acid synthesis
Fatty acids are the building blocks for all lipids and 
hence are key constituents of all biological membrane 
structures. As a result, proliferating cells need to acquire 
sufficient fatty acids to support membrane growth  
and integrity.

Synthesizing fatty acids. Most normal cells, even when 
they are in a proliferative state, take up much of their 
required fatty acids from the circulation via the activity 
of lipoprotein lipase (LPL) and fatty acid translocases 
such as CD36 (REFS82–84). However, it has been known 
since the 1950s that tumour cells have elevated fatty 
acid synthesis activity, which is further exacerbated as 
cancer progresses. De novo fatty acid synthesis makes a 
major contribution to the intracellular fatty acid pool of 
tumour cells83–85.

Elevated endogenous fatty acid synthesis is sup-
ported by the increased glycolytic flux observed in most 
cancer cells. As glucose carbon enters the TCA cycle, 
a considerable amount is diverted from the cycle and 
exported back to the cytosol as citrate (FIG. 3; see also 
Supplementary Box 1). The ATP citrate lyase (ACLY) 
functions to cleave citrate into oxaloacetate while 
releasing acetyl-CoA, which is the primary substrate 
for fatty acid chain elongation. Through the activity of 
acetyl-CoA carboxylase (ACC), acetyl-CoA is converted 
into malonyl-CoA and is committed to fatty acid synthe-
sis. Fatty acid synthase (FASN) carries out the stepwise 
condensation of malonyl-CoA, elongating the fatty acid 
chain until palmitate is generated, which serves as the 
precursor for production of various other fatty acid spe-
cies83 (FIG. 3). Enzymes in the fatty acid synthesis pathway, 
FASN in particular, are found to have increased expres-
sion levels across various cancer types, and this increased 
expression correlates with worse clinical outcomes86–88. 
In fact, many cancer cells become dependent on the 
fatty acid synthesis pathway, and targeting key enzymes 
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Fig. 3 | Fatty acid synthesis. Fatty acids can be taken up from the environment (for 
example, from the circulation) through the activity of lipoprotein lipase (LPL) and fatty 
acid translocase. In addition, fatty acid synthesis can occur de novo. Growth factor 
signalling promotes utilization of glucose for fatty acid synthesis via redirecting citrate 
(dashed arrow) away from the tricarboxylic acid (TCA) cycle. AKT activation results in  
the increase in fatty acid synthesis, partly by promoting the activity of ATP citrate lyase 
(ACLY). Acetyl-CoA carboxylase (ACC) and fatty acid synthase (FASN) are both  
involved in the early steps of fatty acid synthesis, leading to the formation of palmitate. 
These enzymes have been shown to be elevated in cancers and hence are potential 
targets in cancer treatment (highlighted in red boxes). The production of saturated fatty 
acids needs to be balanced with that of unsaturated fatty acids to avoid endoplasmic 
reticulum (ER) stress, which occurs in response to accumulation of saturated fatty acids in 
cellular (including ER) membranes and consequent disruption of membrane homeostasis. 
This balance is partly achieved through the regulation of the oxygen-dependent and 
iron-dependent enzyme, stearoyl-CoA desaturase (SCD). Note that acetyl-CoA acts  
as the substrate for acetylation of histones as well as a variety of non-histone proteins. 
This link has been demonstrated to be an important mechanism by which cells 
coordinate metabolic status with gene expression and protein activities. GLUT1, glucose 
transporter 1; RTK , receptor tyrosine kinase.
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AKT / Protein Kinase B (PKB) is a 
Sereine/Threonine Kinase activated 
by many TM receptor through 
phosphatidylinositol-3-kinase (PI3K). 
AKT is hyper activated in about 80% 
of human cancers (also in Proteus 
syndrome, aka “elephant man”). 

AKT actions: 
•Activates glucose uptake and 
glycolysis 
•Activates ACLY 
•Activates mTORC1 (cell anabolism) 
•Promotes cell growth and survival 
•Promotes cancer 
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SUMMARY

Histone acetylation plays important roles in gene
regulation, DNA replication, and the response to
DNA damage, and it is frequently deregulated in
tumors. We postulated that tumor cell histone acety-
lation levels are determined in part by changes in
acetyl coenzyme A (acetyl-CoA) availability mediated
by oncogenic metabolic reprogramming. Here, we
demonstrate that acetyl-CoA isdynamically regulated
by glucose availability in cancer cells and that the
ratio of acetyl-CoA:coenzyme A within the nucleus
modulates global histone acetylation levels. In vivo,
expression of oncogenic Kras or Akt stimulates
histone acetylation changes that precede tumor
development. Furthermore, we show that Akt’s ef-
fects on histone acetylation are mediated through
the metabolic enzyme ATP-citrate lyase and that
pAkt(Ser473) levels correlate significantly with his-
tone acetylation marks in human gliomas and
prostate tumors. Thedata implicateacetyl-CoAmeta-
bolism as a key determinant of histone acetylation
levels in cancer cells.

INTRODUCTION

Rewiring of cellular metabolism in cancer cells is crucial for
increased macromolecular biosynthesis, growth, and prolifera-
tion, and metabolic deregulation is now considered a hallmark
feature of cancer cells (Hanahan and Weinberg, 2011; Ward

and Thompson, 2012). In addition to directly supporting ener-
getics and biosynthesis, a growing body of evidence suggests
that metabolic enzymes may also promote tumorigenesis
through functions that are not overtly metabolic. For example,
the M2 isoform of pyruvate kinase, a glycolytic enzyme, has
been reported to enter the nucleus and serve as transcrip-
tional coregulator (Luo and Semenza, 2012). ATP-citrate lyase
(ACLY), a lipogenic enzyme, is also present in the nucleus and
plays a crucial role in regulating nuclear acetylation events,
including histone acetylation (Wellen et al., 2009).
Metabolic changes in cancer cells are typically mediated

by activation of oncogenes and/or loss of tumor suppressors.
Hence, mutations that drive tumorigenesis also cause metabolic
alterations. In addition to genetic mutations, epigenetic alter-
ations play a key role in enabling malignant transformation and
tumor growth (Azad et al., 2013; Shen and Laird, 2013), although
mechanisms underlying epigenetic alterations in cancer are not
fully clear. Notably, many chromatin-modifying enzymes depend
on metabolic intermediates as cofactors or substrates, and
certain chromatinmodifications have been shown to be sensitive
to the cellular metabolic state (reviewed in Kaelin and McKnight,
2013; Katada et al., 2012; Lu and Thompson, 2012; Yun et al.,
2012). Links between cancer cell metabolism and DNA and his-
tone methylation have been recently identified in tumors with
specific mutations, such as those in isocitrate dehydrogenase
(IDH1 and IDH2). Mutant IDH enzymes exhibit altered enzyme
activity favoring conversion of a-ketoglutarate (aKG) into (R)-
2-hydroxyglutarate, a metabolite that inhibits the activity of
aKG-dependent JmjC-domain histone demethylases and TET
enzymes, resulting in hypermethylation of DNA and histones
(reviewed in Losman and Kaelin, 2013; Ward and Thompson,
2012). Succinate dehydrogenase (SDH) mutations and nicotin-
amide N-methyltransferase (NNMT) overexpression also result
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low glucose, similar to that observed with myrAkt expression
(Figure 5B). A trend toward higher histone acetylation in low
glucose was also noted with expression of WT Acly. These re-
sults suggest that ACLY is a key downstream effector of Akt in
promoting histone acetylation, particularly when nutrients are
limited.

This result raised the question of where cells obtain the carbon
for histone acetylation in cells with constitutive Akt/ACLY activa-
tion but limited glucose. Recent studies have shown that under
certain conditions such as hypoxia, glutamine can be reductively
carboxylated to generate citrate and supply lipogenic acetyl-CoA
and that depletion of citrate or an elevateda-ketoglutarate:citrate
ratio is necessary for this effect (Fendt et al., 2013; Gameiro et al.,
2013). We hypothesized that citrate depletion observed with
myrAkt expressionmight stimulate glutamine reductive carboxyl-
ation. However, analysis of citrate isotopologues following expo-
sure to [13C5

15N2]glutamine revealed that glutamine continues to

Figure 4. Oncogenic Kras Enhances His-
tone Acetylation In Vitro in an Akt- and
Acly-Dependent Manner
(A) Mouse pancreatic primary cells derived from

KPCY mouse PanIN lesions were treated with the

indicated inhibitors for 24 hr. Acetylation of his-

tones and phosphorylation of signaling proteins

were assessed by western blot in acid extracts

and RIPA lysates, respectively. Ponceau staining

is shown as loading control for histones.

(B) Glucose consumption and lactate production

were measured in PanIN-derived primary mouse

cells treated as in (A); mean ± SD of triplicates

(*p < 0.05).

(C) Acetyl-CoA and CoASH levels were measured

in PanIN cells, with or without Akt inhibitor; mean ±

SD of triplicates (***p < 0.001).

(D) PanIN-derived primary cells were transduced

with control (shCtrl) or Acly-targeting (shAcly)

short hairpin RNA. Cells were cultivated under

indicated glucose concentrations, with or without

Akt inhibitor and with or without 5 mM acetate for

24 hr. Histones were acid extracted and analyzed

by western blot. Ponceau staining is shown as

loading control for histones.

be oxidized in myrAkt-expressing cells
and that little to no reductive carboxyla-
tion occurred in either high or low glucose
conditions (Figure S6B). On the other
hand, acetyl-CoA, though significantly
depleted in control orWTAcly-expressing
cells in low glucose, retained a com-
parable percent of enrichment from
glucose (m+2 acetyl-CoA) when cultured
in either 1 mM or 10 mM [U-13C6]glucose
(Figure 5C). Moreover, in Acly-S455D-
expressing cells, both total and m+2
acetyl-CoA resisted depletion in low
glucose (Figure 5C), suggesting that
even when glucose is limited, it re-
mains a major source of acetyl-CoA in
this context.

Hence, the data indicate that Akt promotes acetyl-CoA pro-
duction and histone acetylation through combined effects
on (1) promoting the uptake and metabolism of glucose and (2)
promoting phosphorylation and activation of ACLY to facilitate
continued acetyl-CoA production even when its substrate citrate
is limited.

Akt Activation Acutely Promotes Histone Acetylation
In Vivo
To directly test whether acute activation of Akt regulates histone
acetylation in vivo, we exploited a doxycycline-inducible mouse
model of breast cancer in which myrAkt is activated in mammary
epithelial cells upon administration of doxycycline to mice
through the drinking water (Gunther et al., 2002). pAkt and pAcly
levels increased with myrAkt expression, as expected (Fig-
ure 5D). In control animals, relatively weak staining for AcH4
was detected in ductal epithelial cells. Remarkably, however,
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Cells with constitutively active AKT (myr-AKT) have sustained ACLY phosphorylation 
and more abundant lipid species 

Porstmann et al, Oncogene, 2005(legend on next page)
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Hypoxia-inducible factors (HIFs) are 
transcription factors that control the cell 
response to hypoxia 

In presence of oxygen, prolyl 
hydroxylases (PHDs) target HIF for 
degradation (interestingly aKG, Fe2+ and 
ascorbate are cofactors for this reaction) 

When oxygen becomes limited, HIFs 
are no longer degraded and can act 

HIF actions: 
•Activate glucose uptake and glycolysis 
•Inhibit pyruvate entry into mitochondria 
•Balance intracellular pH (drops in 
hypoxia) 
•Promote erythropoiesis 
•Promote angiogenesis 

Glycolytic genes 
VEGF

Oxidative 
phosphorylation

Hypoxia induces switch to glycolytic metabolism



Kim et al, Cell Metabol, 2006



Kim et al, Cell Metabol, 2006



Kim et al, Cell Metabol, 2006



CONCLUSIONS (1)

Growth and proliferation need nutrients AND signals 
Nutrient uptake and usage are REGULATED by signal transduction 
Most growth signals induce nutrient uptake and anabolic pathways 
Nutrient uptake is DIVERSE 
AKT and MYC promote similar yet distinct metabolic reprogramming
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PI3K drives the de novo synthesis of 
coenzyme A from vitamin B5

      
Christian C. Dibble1,8 ✉, Samuel A. Barritt1,8, Grace E. Perry1, Evan C. Lien1, Renee C. Geck1, 
Sarah E. DuBois-Coyne1, David Bartee2, Thomas T. Zengeya2, Emily B. Cohen1, Min Yuan3, 
Benjamin D. Hopkins4, Jordan L. Meier2, John G. Clohessy5, John M. Asara3, Lewis C. Cantley6 
& Alex Toker1,7 ✉

In response to hormones and growth factors, the class I phosphoinositide-3-kinase 
(PI3K) signalling network functions as a major regulator of metabolism and growth, 
governing cellular nutrient uptake, energy generation, reducing cofactor production 
and macromolecule biosynthesis1. Many of the driver mutations in cancer with the 
highest recurrence, including in receptor tyrosine kinases, Ras, PTEN and PI3K, 
pathologically activate PI3K signalling2,3. However, our understanding of the core 
metabolic program controlled by PI3K is almost certainly incomplete. Here, using 
mass-spectrometry-based metabolomics and isotope tracing, we show that PI3K 
signalling stimulates the de novo synthesis of one of the most pivotal metabolic 
cofactors: coenzyme A (CoA). CoA is the major carrier of activated acyl groups in 
cells4,5 and is synthesized from cysteine, ATP and the essential nutrient vitamin B5 
(also known as pantothenate)6,7. We identify pantothenate kinase 2 (PANK2) and 
PANK4 as substrates of the PI3K effector kinase AKT8. Although PANK2 is known to 
catalyse the rate-determining first step of CoA synthesis, we find that the minimally 
characterized but highly conserved PANK49 is a rate-limiting suppressor of CoA 
synthesis through its metabolite phosphatase activity. Phosphorylation of PANK4 by 
AKT relieves this suppression. Ultimately, the PI3K–PANK4 axis regulates the 
abundance of acetyl-CoA and other acyl-CoAs, CoA-dependent processes such as 
lipid metabolism and proliferation. We propose that these regulatory mechanisms 
coordinate cellular CoA supplies with the demands of hormone/growth-factor-driven 
or oncogene-driven metabolism and growth.

In a search for core components of the class I PI3K-driven metabolic 
program, we performed an unlabelled, targeted liquid chromatogra-
phy–tandem mass spectrometry (LC–MS/MS)-based metabolomics 
screen using the non-transformed human breast epithelial cell line 
MCF10A. PI3K has important roles in mammary gland growth and is a 
major driver of breast cancer10,11. MCF10A cells are similarly dependent 
on growth-factor-stimulated PI3K signalling for growth and prolifera-
tion. Cells were treated with insulin to acutely stimulate PI3K signalling 
in the presence or absence of a PI3K inhibitor (Extended Data Fig. 1a).  
In addition to inducing changes in known PI3K-regulated metabolic path-
ways1, we observed that PI3K inhibition increased the concentration of 
pantothenate, an essential nutrient that is also known as vitamin B5 (VB5). 
VB5 is uniquely used in combination with cysteine and ATP for de novo 
biosynthesis of the cofactor CoA6,7 (Fig. 1a). As the major carrier of acti-
vated acyl groups within cells, CoA has a critical role in a variety of core 
metabolic processes, including nutrient catabolism and lipid synthesis4,5.

 
PI3K and AKT stimulate CoA synthesis
Early studies of CoA synthesis in mammals reported effects of hormones 
on CoA abundance, but the molecular regulatory mechanisms underly-
ing these responses remain undefined6,7. To investigate the connection 
between PI3K, VB5 and CoA, we monitored the incorporation of heavy 
isotope (13C3

15N1)-labelled VB5 into free unacylated CoA, acetyl-CoA and 
other acyl-CoAs using targeted LC–MS/MS12,13 (Extended Data Fig. 1b). 
Under steady-state labelling conditions, VB5, CoA and acetyl-CoA pools 
approached 100% fractional labelling, whether the medium included 
horse serum or a defined serum replacement lacking unlabelled VB5 
(Extended Data Fig. 1c). Consistent with this result and its role as an 
essential nutrient, VB5 was required for cell proliferation (Extended 
Data Fig. 1d). Thus, under the conditions used to culture MCF10A cells, 
nearly all CoA is ultimately derived from VB5 supplied in the medium.  
In cells deprived of serum and growth factors (to minimize PI3K signalling) 
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and incubated with 13C3
15N1-VB5, insulin activated PI3K as indicated by 

AKT phosphorylation8 and substantially increased the abundance of 
newly synthesized (labelled) CoA and acetyl-CoA after 3–5 h (Extended 
Data Fig. 1e; MS/MS methods validated in Extended Data Fig. 1f).  

The fraction of labelled VB5 approached 100% within an hour and insu-
lin had little effect on the initial rate of VB5 uptake, although VB5 slightly 
accumulated with insulin treatment at later time points (Extended Data 
Fig. 1e,g). Pharmacological inhibition of PI3K completely blocked the 
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Fig. 1 | PI3K–AKT signalling stimulates de novo CoA synthesis. a, The CoA 
de novo synthesis pathway. b, Insulin (100 nM) and PI3K inhibitor (GDC-0941 or 
GDC-0032; 2 µM) treatments with concurrent 13C3

15N1-VB5 labelling (3 h), 
preceded by serum/growth factor deprivation (18 h) and inhibitor 
pretreatment (15 min) in MCF10A cells. c, PIK3CA+/+ and PIK3CAp.H1047R/+-knockin 
MCF10A cells with PI3K inhibitor (GDC-0941; 2 µM) treatment. Labelling and 
conditions were otherwise as described in b. d, Acid-extracted CoA and 
short-chain acyl-CoAs with the cells and conditions as described in b, except 
with 4 h treatments and labelling. e, Radioactive 14C-VB5 labelling (3 h) with the 
cells and conditions otherwise as described in b, followed by a chase (1 h) in 
medium without VB5. Disintegrations per minute (DPM) normalized to protein. 
f, AKT inhibitor (GDC-0068, 2 µΜ) and mTORC1 inhibitor (rapamycin, 100 nM) 
treatments with concurrent 13C3

15N1-VB5 labelling (3 h) of MCF10A cells 
expressing doxycycline (Dox)-inducible HA-tagged wild-type (WT) or 

constitutively active (E17K) AKT. Treatments and labelling were preceded by 
doxycycline incubation (48 h), serum and growth factor deprivation (18 h) and 
inhibitor pretreatment (15 min). g, AKT inhibitor (GDC-0068, 2 µΜ) and  
ACLY inhibitor (NDI-091143, 15 µM) treatments with the cells, labelling and 
conditions otherwise as described in f. For b–d, f and g, metabolites were 
measured using LC–MS/MS and normalized to protein; labelled metabolites 
(mass + 4 [M + 4]); fractional abundance is [M + 4]/total. For the percentage 
change graphs, the left-most treatment group mean was set to 0%. For 
 b–g, n = 3 biological replicates (circles). Data are mean ± s.e.m. Statistical 
analysis was performed using one-way analysis of variance (ANOVA) with Tukey 
test; asterisks (*) indicate significant differences compared with the treatment 
groups marked with daggers (†) or between treatments indicated with brackets 
(P < 0.05). Immunoblotting analysis probed for total and phosphorylated (p) 
proteins.

In response to hormones and growth factors, PI3K signaling 
network functions as a major regulator of metabolism and 
growth, governing (…). Many of the driver mutations in cancer 
with the highest recurrence, including (…), pathologically 
activate PI3K signaling. However, our understanding of the 
core metabolic program controlled by PI3K is almost 
certainly incomplete.  

Dibble et al, Nature, 2022
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coordinate cellular CoA supplies with the demands of hormone/growth-factor-driven 
or oncogene-driven metabolism and growth.

In a search for core components of the class I PI3K-driven metabolic 
program, we performed an unlabelled, targeted liquid chromatogra-
phy–tandem mass spectrometry (LC–MS/MS)-based metabolomics 
screen using the non-transformed human breast epithelial cell line 
MCF10A. PI3K has important roles in mammary gland growth and is a 
major driver of breast cancer10,11. MCF10A cells are similarly dependent 
on growth-factor-stimulated PI3K signalling for growth and prolifera-
tion. Cells were treated with insulin to acutely stimulate PI3K signalling 
in the presence or absence of a PI3K inhibitor (Extended Data Fig. 1a).  
In addition to inducing changes in known PI3K-regulated metabolic path-
ways1, we observed that PI3K inhibition increased the concentration of 
pantothenate, an essential nutrient that is also known as vitamin B5 (VB5). 
VB5 is uniquely used in combination with cysteine and ATP for de novo 
biosynthesis of the cofactor CoA6,7 (Fig. 1a). As the major carrier of acti-
vated acyl groups within cells, CoA has a critical role in a variety of core 
metabolic processes, including nutrient catabolism and lipid synthesis4,5.

 
PI3K and AKT stimulate CoA synthesis
Early studies of CoA synthesis in mammals reported effects of hormones 
on CoA abundance, but the molecular regulatory mechanisms underly-
ing these responses remain undefined6,7. To investigate the connection 
between PI3K, VB5 and CoA, we monitored the incorporation of heavy 
isotope (13C3

15N1)-labelled VB5 into free unacylated CoA, acetyl-CoA and 
other acyl-CoAs using targeted LC–MS/MS12,13 (Extended Data Fig. 1b). 
Under steady-state labelling conditions, VB5, CoA and acetyl-CoA pools 
approached 100% fractional labelling, whether the medium included 
horse serum or a defined serum replacement lacking unlabelled VB5 
(Extended Data Fig. 1c). Consistent with this result and its role as an 
essential nutrient, VB5 was required for cell proliferation (Extended 
Data Fig. 1d). Thus, under the conditions used to culture MCF10A cells, 
nearly all CoA is ultimately derived from VB5 supplied in the medium.  
In cells deprived of serum and growth factors (to minimize PI3K signalling) 
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and incubated with 13C3
15N1-VB5, insulin activated PI3K as indicated by 

AKT phosphorylation8 and substantially increased the abundance of 
newly synthesized (labelled) CoA and acetyl-CoA after 3–5 h (Extended 
Data Fig. 1e; MS/MS methods validated in Extended Data Fig. 1f).  

The fraction of labelled VB5 approached 100% within an hour and insu-
lin had little effect on the initial rate of VB5 uptake, although VB5 slightly 
accumulated with insulin treatment at later time points (Extended Data 
Fig. 1e,g). Pharmacological inhibition of PI3K completely blocked the 
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Fig. 1 | PI3K–AKT signalling stimulates de novo CoA synthesis. a, The CoA 
de novo synthesis pathway. b, Insulin (100 nM) and PI3K inhibitor (GDC-0941 or 
GDC-0032; 2 µM) treatments with concurrent 13C3

15N1-VB5 labelling (3 h), 
preceded by serum/growth factor deprivation (18 h) and inhibitor 
pretreatment (15 min) in MCF10A cells. c, PIK3CA+/+ and PIK3CAp.H1047R/+-knockin 
MCF10A cells with PI3K inhibitor (GDC-0941; 2 µM) treatment. Labelling and 
conditions were otherwise as described in b. d, Acid-extracted CoA and 
short-chain acyl-CoAs with the cells and conditions as described in b, except 
with 4 h treatments and labelling. e, Radioactive 14C-VB5 labelling (3 h) with the 
cells and conditions otherwise as described in b, followed by a chase (1 h) in 
medium without VB5. Disintegrations per minute (DPM) normalized to protein. 
f, AKT inhibitor (GDC-0068, 2 µΜ) and mTORC1 inhibitor (rapamycin, 100 nM) 
treatments with concurrent 13C3

15N1-VB5 labelling (3 h) of MCF10A cells 
expressing doxycycline (Dox)-inducible HA-tagged wild-type (WT) or 

constitutively active (E17K) AKT. Treatments and labelling were preceded by 
doxycycline incubation (48 h), serum and growth factor deprivation (18 h) and 
inhibitor pretreatment (15 min). g, AKT inhibitor (GDC-0068, 2 µΜ) and  
ACLY inhibitor (NDI-091143, 15 µM) treatments with the cells, labelling and 
conditions otherwise as described in f. For b–d, f and g, metabolites were 
measured using LC–MS/MS and normalized to protein; labelled metabolites 
(mass + 4 [M + 4]); fractional abundance is [M + 4]/total. For the percentage 
change graphs, the left-most treatment group mean was set to 0%. For 
 b–g, n = 3 biological replicates (circles). Data are mean ± s.e.m. Statistical 
analysis was performed using one-way analysis of variance (ANOVA) with Tukey 
test; asterisks (*) indicate significant differences compared with the treatment 
groups marked with daggers (†) or between treatments indicated with brackets 
(P < 0.05). Immunoblotting analysis probed for total and phosphorylated (p) 
proteins.

In response to hormones and growth factors, PI3K signaling 
network functions as a major regulator of metabolism and 
growth, governing (…). Many of the driver mutations in cancer 
with the highest recurrence, including (…), pathologically 
activate PI3K signaling. However, our understanding of the 
core metabolic program controlled by PI3K is almost 
certainly incomplete.  

Dibble et al, Nature, 2022

Nature | Vol 608 | 4 August 2022 | 193

and incubated with 13C3
15N1-VB5, insulin activated PI3K as indicated by 

AKT phosphorylation8 and substantially increased the abundance of 
newly synthesized (labelled) CoA and acetyl-CoA after 3–5 h (Extended 
Data Fig. 1e; MS/MS methods validated in Extended Data Fig. 1f).  

The fraction of labelled VB5 approached 100% within an hour and insu-
lin had little effect on the initial rate of VB5 uptake, although VB5 slightly 
accumulated with insulin treatment at later time points (Extended Data 
Fig. 1e,g). Pharmacological inhibition of PI3K completely blocked the 
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Fig. 1 | PI3K–AKT signalling stimulates de novo CoA synthesis. a, The CoA 
de novo synthesis pathway. b, Insulin (100 nM) and PI3K inhibitor (GDC-0941 or 
GDC-0032; 2 µM) treatments with concurrent 13C3

15N1-VB5 labelling (3 h), 
preceded by serum/growth factor deprivation (18 h) and inhibitor 
pretreatment (15 min) in MCF10A cells. c, PIK3CA+/+ and PIK3CAp.H1047R/+-knockin 
MCF10A cells with PI3K inhibitor (GDC-0941; 2 µM) treatment. Labelling and 
conditions were otherwise as described in b. d, Acid-extracted CoA and 
short-chain acyl-CoAs with the cells and conditions as described in b, except 
with 4 h treatments and labelling. e, Radioactive 14C-VB5 labelling (3 h) with the 
cells and conditions otherwise as described in b, followed by a chase (1 h) in 
medium without VB5. Disintegrations per minute (DPM) normalized to protein. 
f, AKT inhibitor (GDC-0068, 2 µΜ) and mTORC1 inhibitor (rapamycin, 100 nM) 
treatments with concurrent 13C3

15N1-VB5 labelling (3 h) of MCF10A cells 
expressing doxycycline (Dox)-inducible HA-tagged wild-type (WT) or 

constitutively active (E17K) AKT. Treatments and labelling were preceded by 
doxycycline incubation (48 h), serum and growth factor deprivation (18 h) and 
inhibitor pretreatment (15 min). g, AKT inhibitor (GDC-0068, 2 µΜ) and  
ACLY inhibitor (NDI-091143, 15 µM) treatments with the cells, labelling and 
conditions otherwise as described in f. For b–d, f and g, metabolites were 
measured using LC–MS/MS and normalized to protein; labelled metabolites 
(mass + 4 [M + 4]); fractional abundance is [M + 4]/total. For the percentage 
change graphs, the left-most treatment group mean was set to 0%. For 
 b–g, n = 3 biological replicates (circles). Data are mean ± s.e.m. Statistical 
analysis was performed using one-way analysis of variance (ANOVA) with Tukey 
test; asterisks (*) indicate significant differences compared with the treatment 
groups marked with daggers (†) or between treatments indicated with brackets 
(P < 0.05). Immunoblotting analysis probed for total and phosphorylated (p) 
proteins.
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and incubated with 13C3
15N1-VB5, insulin activated PI3K as indicated by 

AKT phosphorylation8 and substantially increased the abundance of 
newly synthesized (labelled) CoA and acetyl-CoA after 3–5 h (Extended 
Data Fig. 1e; MS/MS methods validated in Extended Data Fig. 1f).  

The fraction of labelled VB5 approached 100% within an hour and insu-
lin had little effect on the initial rate of VB5 uptake, although VB5 slightly 
accumulated with insulin treatment at later time points (Extended Data 
Fig. 1e,g). Pharmacological inhibition of PI3K completely blocked the 
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Fig. 1 | PI3K–AKT signalling stimulates de novo CoA synthesis. a, The CoA 
de novo synthesis pathway. b, Insulin (100 nM) and PI3K inhibitor (GDC-0941 or 
GDC-0032; 2 µM) treatments with concurrent 13C3

15N1-VB5 labelling (3 h), 
preceded by serum/growth factor deprivation (18 h) and inhibitor 
pretreatment (15 min) in MCF10A cells. c, PIK3CA+/+ and PIK3CAp.H1047R/+-knockin 
MCF10A cells with PI3K inhibitor (GDC-0941; 2 µM) treatment. Labelling and 
conditions were otherwise as described in b. d, Acid-extracted CoA and 
short-chain acyl-CoAs with the cells and conditions as described in b, except 
with 4 h treatments and labelling. e, Radioactive 14C-VB5 labelling (3 h) with the 
cells and conditions otherwise as described in b, followed by a chase (1 h) in 
medium without VB5. Disintegrations per minute (DPM) normalized to protein. 
f, AKT inhibitor (GDC-0068, 2 µΜ) and mTORC1 inhibitor (rapamycin, 100 nM) 
treatments with concurrent 13C3

15N1-VB5 labelling (3 h) of MCF10A cells 
expressing doxycycline (Dox)-inducible HA-tagged wild-type (WT) or 

constitutively active (E17K) AKT. Treatments and labelling were preceded by 
doxycycline incubation (48 h), serum and growth factor deprivation (18 h) and 
inhibitor pretreatment (15 min). g, AKT inhibitor (GDC-0068, 2 µΜ) and  
ACLY inhibitor (NDI-091143, 15 µM) treatments with the cells, labelling and 
conditions otherwise as described in f. For b–d, f and g, metabolites were 
measured using LC–MS/MS and normalized to protein; labelled metabolites 
(mass + 4 [M + 4]); fractional abundance is [M + 4]/total. For the percentage 
change graphs, the left-most treatment group mean was set to 0%. For 
 b–g, n = 3 biological replicates (circles). Data are mean ± s.e.m. Statistical 
analysis was performed using one-way analysis of variance (ANOVA) with Tukey 
test; asterisks (*) indicate significant differences compared with the treatment 
groups marked with daggers (†) or between treatments indicated with brackets 
(P < 0.05). Immunoblotting analysis probed for total and phosphorylated (p) 
proteins.
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and incubated with 13C3
15N1-VB5, insulin activated PI3K as indicated by 

AKT phosphorylation8 and substantially increased the abundance of 
newly synthesized (labelled) CoA and acetyl-CoA after 3–5 h (Extended 
Data Fig. 1e; MS/MS methods validated in Extended Data Fig. 1f).  

The fraction of labelled VB5 approached 100% within an hour and insu-
lin had little effect on the initial rate of VB5 uptake, although VB5 slightly 
accumulated with insulin treatment at later time points (Extended Data 
Fig. 1e,g). Pharmacological inhibition of PI3K completely blocked the 
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Fig. 1 | PI3K–AKT signalling stimulates de novo CoA synthesis. a, The CoA 
de novo synthesis pathway. b, Insulin (100 nM) and PI3K inhibitor (GDC-0941 or 
GDC-0032; 2 µM) treatments with concurrent 13C3

15N1-VB5 labelling (3 h), 
preceded by serum/growth factor deprivation (18 h) and inhibitor 
pretreatment (15 min) in MCF10A cells. c, PIK3CA+/+ and PIK3CAp.H1047R/+-knockin 
MCF10A cells with PI3K inhibitor (GDC-0941; 2 µM) treatment. Labelling and 
conditions were otherwise as described in b. d, Acid-extracted CoA and 
short-chain acyl-CoAs with the cells and conditions as described in b, except 
with 4 h treatments and labelling. e, Radioactive 14C-VB5 labelling (3 h) with the 
cells and conditions otherwise as described in b, followed by a chase (1 h) in 
medium without VB5. Disintegrations per minute (DPM) normalized to protein. 
f, AKT inhibitor (GDC-0068, 2 µΜ) and mTORC1 inhibitor (rapamycin, 100 nM) 
treatments with concurrent 13C3

15N1-VB5 labelling (3 h) of MCF10A cells 
expressing doxycycline (Dox)-inducible HA-tagged wild-type (WT) or 

constitutively active (E17K) AKT. Treatments and labelling were preceded by 
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test; asterisks (*) indicate significant differences compared with the treatment 
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(P < 0.05). Immunoblotting analysis probed for total and phosphorylated (p) 
proteins.
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knockdowns (validated in Extended Data Fig. 5a) to individually deplete 
PANK1, PANK2 and PANK4 in AKTp.E17K/+ knock-in MCF10A cells. PANK1 or 
PANK2 depletion trended towards reducing CoA synthesis, but PANK4 
depletion unexpectedly increased CoA synthesis (Fig. 3b and Extended 
Data Fig. 7b). Similar results were obtained in SUM159 and MDA-MB-468 
cells cultured in FBS (Extended Data Fig. 7c,d). Steady-state labelling of 
SUM159 cells indicated that, even in the presence of FBS, VB5-initiated 
de novo synthesis was the major source of CoA (Extended Data Fig. 7e). 
To study these effects further, we generated AKTp.E17K/+ MCF10A cells with 
CRISPR-mediated knockouts (KOs) of PANK2 and PANK4. In PANK2-KO 
cells and derivative lines stably reconstituted with PANK2, we were 
unable to detect consistent differences in CoA synthesis and abundance 

under various conditions, precluding further study of PANK2 in this 
context (Extended Data Fig. 8a,b). These results are probably due to 
compensation by PANK1/3, and are consistent with previous studies 
that similarly did not detect changes in CoA abundance in human 
PANK2-knockdown cells31 or adult PANK2-KO mouse tissues32. However, 
as with our PANK4-knockdown cells, PANK4-KO cells exhibited increased 
CoA synthesis (Fig. 3c and Extended Data Fig. 9a). Given that the cel-
lular function of PANK4 is poorly understood9 and the AKT substrate 
motif on PANK4 is well conserved (Extended Data Fig. 6b), we focused 
on defining the regulation and function of PANK4 in CoA synthesis.

We stably reconstituted PANK4-KO cells with wild-type PANK4, 
phosphorylation-deficient PANK4 (T406A) or phosphomimetic PANK4 
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Fig. 2 | PANK2 and PANK4 are direct AKT substrates. a, CoA synthesis 
pathway enzymes. The full names and accession numbers are provided in 
Supplementary Table 1. b, Enzymes of the CoA synthesis pathway that are 
candidate AKT substrates. Amino acid residues that fall within low- to 
high-quality AKT substrate motifs according to the kinase–substrate 
prediction program Scansite, and that are reported to be phosphorylated in 
the phosphoproteomic database Phosphosite are listed. Numbering is based 
on the human sequence. c, Endogenous PANK1, PANK2 and PANK4 
immunoprecipitation (IP) from MCF10A cells with insulin (100 nM) and PI3K 
inhibitor (GDC-0941, 2 µM) treatments (30 min), preceded by serum and 
growth factor deprivation (18 h) and inhibitor pretreatment (15 min).  
d, Endogenous PANK4 immunoprecipitation from orthotopic mammary 
allograft tumours in C57BL/6J treated with vehicle or PI3K inhibitor (BYL-719, 
45 mg kg−1) daily for 10 days. e, Endogenous PANK4 immunoprecipitation from 

skeletal muscle (gastrocnemius) of C57BL/6J mice treated with PI3K inhibitor 
(BYL-719, 50 mg kg−1) for 1 h. f, Endogenous PANK2 and PANK4 
immunoprecipitation from MCF10A cells treated with insulin (100 nM), AKT 
inhibitor (MK-2206, 2 µM), and mTORC1 inhibitor (rapamycin, 20 nM) with 
conditions otherwise as in c. g,h, In vitro AKT kinase assays. Untagged PANK2 
(g) or PANK4 (h) (WT or alanine point mutants) were immunopurified from 
respective reconstituted knockout cells treated with PI3K and AKT inhibitors. 
PANK immunopurifications were incubated with purified GST–AKT (30 min).  
i, Diagram of the human PANK2 and PANK4 domains and AKT-targeted 
phosphorylation sites. The asterisks indicate the location of evolutionary 
mutations inactivating PANK4 kinase domain. For c–h, immunoblotting 
analysis probed for total and phosphorylated proteins including AKT 
phospho-substrate motifs; representative of two independent experiments. 
IgG, control IgG immunoprecipitation.
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knockdowns (validated in Extended Data Fig. 5a) to individually deplete 
PANK1, PANK2 and PANK4 in AKTp.E17K/+ knock-in MCF10A cells. PANK1 or 
PANK2 depletion trended towards reducing CoA synthesis, but PANK4 
depletion unexpectedly increased CoA synthesis (Fig. 3b and Extended 
Data Fig. 7b). Similar results were obtained in SUM159 and MDA-MB-468 
cells cultured in FBS (Extended Data Fig. 7c,d). Steady-state labelling of 
SUM159 cells indicated that, even in the presence of FBS, VB5-initiated 
de novo synthesis was the major source of CoA (Extended Data Fig. 7e). 
To study these effects further, we generated AKTp.E17K/+ MCF10A cells with 
CRISPR-mediated knockouts (KOs) of PANK2 and PANK4. In PANK2-KO 
cells and derivative lines stably reconstituted with PANK2, we were 
unable to detect consistent differences in CoA synthesis and abundance 

under various conditions, precluding further study of PANK2 in this 
context (Extended Data Fig. 8a,b). These results are probably due to 
compensation by PANK1/3, and are consistent with previous studies 
that similarly did not detect changes in CoA abundance in human 
PANK2-knockdown cells31 or adult PANK2-KO mouse tissues32. However, 
as with our PANK4-knockdown cells, PANK4-KO cells exhibited increased 
CoA synthesis (Fig. 3c and Extended Data Fig. 9a). Given that the cel-
lular function of PANK4 is poorly understood9 and the AKT substrate 
motif on PANK4 is well conserved (Extended Data Fig. 6b), we focused 
on defining the regulation and function of PANK4 in CoA synthesis.

We stably reconstituted PANK4-KO cells with wild-type PANK4, 
phosphorylation-deficient PANK4 (T406A) or phosphomimetic PANK4 
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Fig. 2 | PANK2 and PANK4 are direct AKT substrates. a, CoA synthesis 
pathway enzymes. The full names and accession numbers are provided in 
Supplementary Table 1. b, Enzymes of the CoA synthesis pathway that are 
candidate AKT substrates. Amino acid residues that fall within low- to 
high-quality AKT substrate motifs according to the kinase–substrate 
prediction program Scansite, and that are reported to be phosphorylated in 
the phosphoproteomic database Phosphosite are listed. Numbering is based 
on the human sequence. c, Endogenous PANK1, PANK2 and PANK4 
immunoprecipitation (IP) from MCF10A cells with insulin (100 nM) and PI3K 
inhibitor (GDC-0941, 2 µM) treatments (30 min), preceded by serum and 
growth factor deprivation (18 h) and inhibitor pretreatment (15 min).  
d, Endogenous PANK4 immunoprecipitation from orthotopic mammary 
allograft tumours in C57BL/6J treated with vehicle or PI3K inhibitor (BYL-719, 
45 mg kg−1) daily for 10 days. e, Endogenous PANK4 immunoprecipitation from 

skeletal muscle (gastrocnemius) of C57BL/6J mice treated with PI3K inhibitor 
(BYL-719, 50 mg kg−1) for 1 h. f, Endogenous PANK2 and PANK4 
immunoprecipitation from MCF10A cells treated with insulin (100 nM), AKT 
inhibitor (MK-2206, 2 µM), and mTORC1 inhibitor (rapamycin, 20 nM) with 
conditions otherwise as in c. g,h, In vitro AKT kinase assays. Untagged PANK2 
(g) or PANK4 (h) (WT or alanine point mutants) were immunopurified from 
respective reconstituted knockout cells treated with PI3K and AKT inhibitors. 
PANK immunopurifications were incubated with purified GST–AKT (30 min).  
i, Diagram of the human PANK2 and PANK4 domains and AKT-targeted 
phosphorylation sites. The asterisks indicate the location of evolutionary 
mutations inactivating PANK4 kinase domain. For c–h, immunoblotting 
analysis probed for total and phosphorylated proteins including AKT 
phospho-substrate motifs; representative of two independent experiments. 
IgG, control IgG immunoprecipitation.
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PI3K drives the de novo synthesis of 
coenzyme A from vitamin B5

      
Christian C. Dibble1,8 ✉, Samuel A. Barritt1,8, Grace E. Perry1, Evan C. Lien1, Renee C. Geck1, 
Sarah E. DuBois-Coyne1, David Bartee2, Thomas T. Zengeya2, Emily B. Cohen1, Min Yuan3, 
Benjamin D. Hopkins4, Jordan L. Meier2, John G. Clohessy5, John M. Asara3, Lewis C. Cantley6 
& Alex Toker1,7 ✉

In response to hormones and growth factors, the class I phosphoinositide-3-kinase 
(PI3K) signalling network functions as a major regulator of metabolism and growth, 
governing cellular nutrient uptake, energy generation, reducing cofactor production 
and macromolecule biosynthesis1. Many of the driver mutations in cancer with the 
highest recurrence, including in receptor tyrosine kinases, Ras, PTEN and PI3K, 
pathologically activate PI3K signalling2,3. However, our understanding of the core 
metabolic program controlled by PI3K is almost certainly incomplete. Here, using 
mass-spectrometry-based metabolomics and isotope tracing, we show that PI3K 
signalling stimulates the de novo synthesis of one of the most pivotal metabolic 
cofactors: coenzyme A (CoA). CoA is the major carrier of activated acyl groups in 
cells4,5 and is synthesized from cysteine, ATP and the essential nutrient vitamin B5 
(also known as pantothenate)6,7. We identify pantothenate kinase 2 (PANK2) and 
PANK4 as substrates of the PI3K effector kinase AKT8. Although PANK2 is known to 
catalyse the rate-determining first step of CoA synthesis, we find that the minimally 
characterized but highly conserved PANK49 is a rate-limiting suppressor of CoA 
synthesis through its metabolite phosphatase activity. Phosphorylation of PANK4 by 
AKT relieves this suppression. Ultimately, the PI3K–PANK4 axis regulates the 
abundance of acetyl-CoA and other acyl-CoAs, CoA-dependent processes such as 
lipid metabolism and proliferation. We propose that these regulatory mechanisms 
coordinate cellular CoA supplies with the demands of hormone/growth-factor-driven 
or oncogene-driven metabolism and growth.

In a search for core components of the class I PI3K-driven metabolic 
program, we performed an unlabelled, targeted liquid chromatogra-
phy–tandem mass spectrometry (LC–MS/MS)-based metabolomics 
screen using the non-transformed human breast epithelial cell line 
MCF10A. PI3K has important roles in mammary gland growth and is a 
major driver of breast cancer10,11. MCF10A cells are similarly dependent 
on growth-factor-stimulated PI3K signalling for growth and prolifera-
tion. Cells were treated with insulin to acutely stimulate PI3K signalling 
in the presence or absence of a PI3K inhibitor (Extended Data Fig. 1a).  
In addition to inducing changes in known PI3K-regulated metabolic path-
ways1, we observed that PI3K inhibition increased the concentration of 
pantothenate, an essential nutrient that is also known as vitamin B5 (VB5). 
VB5 is uniquely used in combination with cysteine and ATP for de novo 
biosynthesis of the cofactor CoA6,7 (Fig. 1a). As the major carrier of acti-
vated acyl groups within cells, CoA has a critical role in a variety of core 
metabolic processes, including nutrient catabolism and lipid synthesis4,5.

 
PI3K and AKT stimulate CoA synthesis
Early studies of CoA synthesis in mammals reported effects of hormones 
on CoA abundance, but the molecular regulatory mechanisms underly-
ing these responses remain undefined6,7. To investigate the connection 
between PI3K, VB5 and CoA, we monitored the incorporation of heavy 
isotope (13C3

15N1)-labelled VB5 into free unacylated CoA, acetyl-CoA and 
other acyl-CoAs using targeted LC–MS/MS12,13 (Extended Data Fig. 1b). 
Under steady-state labelling conditions, VB5, CoA and acetyl-CoA pools 
approached 100% fractional labelling, whether the medium included 
horse serum or a defined serum replacement lacking unlabelled VB5 
(Extended Data Fig. 1c). Consistent with this result and its role as an 
essential nutrient, VB5 was required for cell proliferation (Extended 
Data Fig. 1d). Thus, under the conditions used to culture MCF10A cells, 
nearly all CoA is ultimately derived from VB5 supplied in the medium.  
In cells deprived of serum and growth factors (to minimize PI3K signalling) 
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knockdowns (validated in Extended Data Fig. 5a) to individually deplete 
PANK1, PANK2 and PANK4 in AKTp.E17K/+ knock-in MCF10A cells. PANK1 or 
PANK2 depletion trended towards reducing CoA synthesis, but PANK4 
depletion unexpectedly increased CoA synthesis (Fig. 3b and Extended 
Data Fig. 7b). Similar results were obtained in SUM159 and MDA-MB-468 
cells cultured in FBS (Extended Data Fig. 7c,d). Steady-state labelling of 
SUM159 cells indicated that, even in the presence of FBS, VB5-initiated 
de novo synthesis was the major source of CoA (Extended Data Fig. 7e). 
To study these effects further, we generated AKTp.E17K/+ MCF10A cells with 
CRISPR-mediated knockouts (KOs) of PANK2 and PANK4. In PANK2-KO 
cells and derivative lines stably reconstituted with PANK2, we were 
unable to detect consistent differences in CoA synthesis and abundance 

under various conditions, precluding further study of PANK2 in this 
context (Extended Data Fig. 8a,b). These results are probably due to 
compensation by PANK1/3, and are consistent with previous studies 
that similarly did not detect changes in CoA abundance in human 
PANK2-knockdown cells31 or adult PANK2-KO mouse tissues32. However, 
as with our PANK4-knockdown cells, PANK4-KO cells exhibited increased 
CoA synthesis (Fig. 3c and Extended Data Fig. 9a). Given that the cel-
lular function of PANK4 is poorly understood9 and the AKT substrate 
motif on PANK4 is well conserved (Extended Data Fig. 6b), we focused 
on defining the regulation and function of PANK4 in CoA synthesis.

We stably reconstituted PANK4-KO cells with wild-type PANK4, 
phosphorylation-deficient PANK4 (T406A) or phosphomimetic PANK4 
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Fig. 2 | PANK2 and PANK4 are direct AKT substrates. a, CoA synthesis 
pathway enzymes. The full names and accession numbers are provided in 
Supplementary Table 1. b, Enzymes of the CoA synthesis pathway that are 
candidate AKT substrates. Amino acid residues that fall within low- to 
high-quality AKT substrate motifs according to the kinase–substrate 
prediction program Scansite, and that are reported to be phosphorylated in 
the phosphoproteomic database Phosphosite are listed. Numbering is based 
on the human sequence. c, Endogenous PANK1, PANK2 and PANK4 
immunoprecipitation (IP) from MCF10A cells with insulin (100 nM) and PI3K 
inhibitor (GDC-0941, 2 µM) treatments (30 min), preceded by serum and 
growth factor deprivation (18 h) and inhibitor pretreatment (15 min).  
d, Endogenous PANK4 immunoprecipitation from orthotopic mammary 
allograft tumours in C57BL/6J treated with vehicle or PI3K inhibitor (BYL-719, 
45 mg kg−1) daily for 10 days. e, Endogenous PANK4 immunoprecipitation from 

skeletal muscle (gastrocnemius) of C57BL/6J mice treated with PI3K inhibitor 
(BYL-719, 50 mg kg−1) for 1 h. f, Endogenous PANK2 and PANK4 
immunoprecipitation from MCF10A cells treated with insulin (100 nM), AKT 
inhibitor (MK-2206, 2 µM), and mTORC1 inhibitor (rapamycin, 20 nM) with 
conditions otherwise as in c. g,h, In vitro AKT kinase assays. Untagged PANK2 
(g) or PANK4 (h) (WT or alanine point mutants) were immunopurified from 
respective reconstituted knockout cells treated with PI3K and AKT inhibitors. 
PANK immunopurifications were incubated with purified GST–AKT (30 min).  
i, Diagram of the human PANK2 and PANK4 domains and AKT-targeted 
phosphorylation sites. The asterisks indicate the location of evolutionary 
mutations inactivating PANK4 kinase domain. For c–h, immunoblotting 
analysis probed for total and phosphorylated proteins including AKT 
phospho-substrate motifs; representative of two independent experiments. 
IgG, control IgG immunoprecipitation.

Nature | Vol 608 | 4 August 2022 | 195

knockdowns (validated in Extended Data Fig. 5a) to individually deplete 
PANK1, PANK2 and PANK4 in AKTp.E17K/+ knock-in MCF10A cells. PANK1 or 
PANK2 depletion trended towards reducing CoA synthesis, but PANK4 
depletion unexpectedly increased CoA synthesis (Fig. 3b and Extended 
Data Fig. 7b). Similar results were obtained in SUM159 and MDA-MB-468 
cells cultured in FBS (Extended Data Fig. 7c,d). Steady-state labelling of 
SUM159 cells indicated that, even in the presence of FBS, VB5-initiated 
de novo synthesis was the major source of CoA (Extended Data Fig. 7e). 
To study these effects further, we generated AKTp.E17K/+ MCF10A cells with 
CRISPR-mediated knockouts (KOs) of PANK2 and PANK4. In PANK2-KO 
cells and derivative lines stably reconstituted with PANK2, we were 
unable to detect consistent differences in CoA synthesis and abundance 

under various conditions, precluding further study of PANK2 in this 
context (Extended Data Fig. 8a,b). These results are probably due to 
compensation by PANK1/3, and are consistent with previous studies 
that similarly did not detect changes in CoA abundance in human 
PANK2-knockdown cells31 or adult PANK2-KO mouse tissues32. However, 
as with our PANK4-knockdown cells, PANK4-KO cells exhibited increased 
CoA synthesis (Fig. 3c and Extended Data Fig. 9a). Given that the cel-
lular function of PANK4 is poorly understood9 and the AKT substrate 
motif on PANK4 is well conserved (Extended Data Fig. 6b), we focused 
on defining the regulation and function of PANK4 in CoA synthesis.

We stably reconstituted PANK4-KO cells with wild-type PANK4, 
phosphorylation-deficient PANK4 (T406A) or phosphomimetic PANK4 
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pathway enzymes. The full names and accession numbers are provided in 
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candidate AKT substrates. Amino acid residues that fall within low- to 
high-quality AKT substrate motifs according to the kinase–substrate 
prediction program Scansite, and that are reported to be phosphorylated in 
the phosphoproteomic database Phosphosite are listed. Numbering is based 
on the human sequence. c, Endogenous PANK1, PANK2 and PANK4 
immunoprecipitation (IP) from MCF10A cells with insulin (100 nM) and PI3K 
inhibitor (GDC-0941, 2 µM) treatments (30 min), preceded by serum and 
growth factor deprivation (18 h) and inhibitor pretreatment (15 min).  
d, Endogenous PANK4 immunoprecipitation from orthotopic mammary 
allograft tumours in C57BL/6J treated with vehicle or PI3K inhibitor (BYL-719, 
45 mg kg−1) daily for 10 days. e, Endogenous PANK4 immunoprecipitation from 

skeletal muscle (gastrocnemius) of C57BL/6J mice treated with PI3K inhibitor 
(BYL-719, 50 mg kg−1) for 1 h. f, Endogenous PANK2 and PANK4 
immunoprecipitation from MCF10A cells treated with insulin (100 nM), AKT 
inhibitor (MK-2206, 2 µM), and mTORC1 inhibitor (rapamycin, 20 nM) with 
conditions otherwise as in c. g,h, In vitro AKT kinase assays. Untagged PANK2 
(g) or PANK4 (h) (WT or alanine point mutants) were immunopurified from 
respective reconstituted knockout cells treated with PI3K and AKT inhibitors. 
PANK immunopurifications were incubated with purified GST–AKT (30 min).  
i, Diagram of the human PANK2 and PANK4 domains and AKT-targeted 
phosphorylation sites. The asterisks indicate the location of evolutionary 
mutations inactivating PANK4 kinase domain. For c–h, immunoblotting 
analysis probed for total and phosphorylated proteins including AKT 
phospho-substrate motifs; representative of two independent experiments. 
IgG, control IgG immunoprecipitation.
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knockdowns (validated in Extended Data Fig. 5a) to individually deplete 
PANK1, PANK2 and PANK4 in AKTp.E17K/+ knock-in MCF10A cells. PANK1 or 
PANK2 depletion trended towards reducing CoA synthesis, but PANK4 
depletion unexpectedly increased CoA synthesis (Fig. 3b and Extended 
Data Fig. 7b). Similar results were obtained in SUM159 and MDA-MB-468 
cells cultured in FBS (Extended Data Fig. 7c,d). Steady-state labelling of 
SUM159 cells indicated that, even in the presence of FBS, VB5-initiated 
de novo synthesis was the major source of CoA (Extended Data Fig. 7e). 
To study these effects further, we generated AKTp.E17K/+ MCF10A cells with 
CRISPR-mediated knockouts (KOs) of PANK2 and PANK4. In PANK2-KO 
cells and derivative lines stably reconstituted with PANK2, we were 
unable to detect consistent differences in CoA synthesis and abundance 

under various conditions, precluding further study of PANK2 in this 
context (Extended Data Fig. 8a,b). These results are probably due to 
compensation by PANK1/3, and are consistent with previous studies 
that similarly did not detect changes in CoA abundance in human 
PANK2-knockdown cells31 or adult PANK2-KO mouse tissues32. However, 
as with our PANK4-knockdown cells, PANK4-KO cells exhibited increased 
CoA synthesis (Fig. 3c and Extended Data Fig. 9a). Given that the cel-
lular function of PANK4 is poorly understood9 and the AKT substrate 
motif on PANK4 is well conserved (Extended Data Fig. 6b), we focused 
on defining the regulation and function of PANK4 in CoA synthesis.

We stably reconstituted PANK4-KO cells with wild-type PANK4, 
phosphorylation-deficient PANK4 (T406A) or phosphomimetic PANK4 
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Fig. 2 | PANK2 and PANK4 are direct AKT substrates. a, CoA synthesis 
pathway enzymes. The full names and accession numbers are provided in 
Supplementary Table 1. b, Enzymes of the CoA synthesis pathway that are 
candidate AKT substrates. Amino acid residues that fall within low- to 
high-quality AKT substrate motifs according to the kinase–substrate 
prediction program Scansite, and that are reported to be phosphorylated in 
the phosphoproteomic database Phosphosite are listed. Numbering is based 
on the human sequence. c, Endogenous PANK1, PANK2 and PANK4 
immunoprecipitation (IP) from MCF10A cells with insulin (100 nM) and PI3K 
inhibitor (GDC-0941, 2 µM) treatments (30 min), preceded by serum and 
growth factor deprivation (18 h) and inhibitor pretreatment (15 min).  
d, Endogenous PANK4 immunoprecipitation from orthotopic mammary 
allograft tumours in C57BL/6J treated with vehicle or PI3K inhibitor (BYL-719, 
45 mg kg−1) daily for 10 days. e, Endogenous PANK4 immunoprecipitation from 

skeletal muscle (gastrocnemius) of C57BL/6J mice treated with PI3K inhibitor 
(BYL-719, 50 mg kg−1) for 1 h. f, Endogenous PANK2 and PANK4 
immunoprecipitation from MCF10A cells treated with insulin (100 nM), AKT 
inhibitor (MK-2206, 2 µM), and mTORC1 inhibitor (rapamycin, 20 nM) with 
conditions otherwise as in c. g,h, In vitro AKT kinase assays. Untagged PANK2 
(g) or PANK4 (h) (WT or alanine point mutants) were immunopurified from 
respective reconstituted knockout cells treated with PI3K and AKT inhibitors. 
PANK immunopurifications were incubated with purified GST–AKT (30 min).  
i, Diagram of the human PANK2 and PANK4 domains and AKT-targeted 
phosphorylation sites. The asterisks indicate the location of evolutionary 
mutations inactivating PANK4 kinase domain. For c–h, immunoblotting 
analysis probed for total and phosphorylated proteins including AKT 
phospho-substrate motifs; representative of two independent experiments. 
IgG, control IgG immunoprecipitation.
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PI3K drives the de novo synthesis of 
coenzyme A from vitamin B5

      
Christian C. Dibble1,8 ✉, Samuel A. Barritt1,8, Grace E. Perry1, Evan C. Lien1, Renee C. Geck1, 
Sarah E. DuBois-Coyne1, David Bartee2, Thomas T. Zengeya2, Emily B. Cohen1, Min Yuan3, 
Benjamin D. Hopkins4, Jordan L. Meier2, John G. Clohessy5, John M. Asara3, Lewis C. Cantley6 
& Alex Toker1,7 ✉

In response to hormones and growth factors, the class I phosphoinositide-3-kinase 
(PI3K) signalling network functions as a major regulator of metabolism and growth, 
governing cellular nutrient uptake, energy generation, reducing cofactor production 
and macromolecule biosynthesis1. Many of the driver mutations in cancer with the 
highest recurrence, including in receptor tyrosine kinases, Ras, PTEN and PI3K, 
pathologically activate PI3K signalling2,3. However, our understanding of the core 
metabolic program controlled by PI3K is almost certainly incomplete. Here, using 
mass-spectrometry-based metabolomics and isotope tracing, we show that PI3K 
signalling stimulates the de novo synthesis of one of the most pivotal metabolic 
cofactors: coenzyme A (CoA). CoA is the major carrier of activated acyl groups in 
cells4,5 and is synthesized from cysteine, ATP and the essential nutrient vitamin B5 
(also known as pantothenate)6,7. We identify pantothenate kinase 2 (PANK2) and 
PANK4 as substrates of the PI3K effector kinase AKT8. Although PANK2 is known to 
catalyse the rate-determining first step of CoA synthesis, we find that the minimally 
characterized but highly conserved PANK49 is a rate-limiting suppressor of CoA 
synthesis through its metabolite phosphatase activity. Phosphorylation of PANK4 by 
AKT relieves this suppression. Ultimately, the PI3K–PANK4 axis regulates the 
abundance of acetyl-CoA and other acyl-CoAs, CoA-dependent processes such as 
lipid metabolism and proliferation. We propose that these regulatory mechanisms 
coordinate cellular CoA supplies with the demands of hormone/growth-factor-driven 
or oncogene-driven metabolism and growth.

In a search for core components of the class I PI3K-driven metabolic 
program, we performed an unlabelled, targeted liquid chromatogra-
phy–tandem mass spectrometry (LC–MS/MS)-based metabolomics 
screen using the non-transformed human breast epithelial cell line 
MCF10A. PI3K has important roles in mammary gland growth and is a 
major driver of breast cancer10,11. MCF10A cells are similarly dependent 
on growth-factor-stimulated PI3K signalling for growth and prolifera-
tion. Cells were treated with insulin to acutely stimulate PI3K signalling 
in the presence or absence of a PI3K inhibitor (Extended Data Fig. 1a).  
In addition to inducing changes in known PI3K-regulated metabolic path-
ways1, we observed that PI3K inhibition increased the concentration of 
pantothenate, an essential nutrient that is also known as vitamin B5 (VB5). 
VB5 is uniquely used in combination with cysteine and ATP for de novo 
biosynthesis of the cofactor CoA6,7 (Fig. 1a). As the major carrier of acti-
vated acyl groups within cells, CoA has a critical role in a variety of core 
metabolic processes, including nutrient catabolism and lipid synthesis4,5.

 
PI3K and AKT stimulate CoA synthesis
Early studies of CoA synthesis in mammals reported effects of hormones 
on CoA abundance, but the molecular regulatory mechanisms underly-
ing these responses remain undefined6,7. To investigate the connection 
between PI3K, VB5 and CoA, we monitored the incorporation of heavy 
isotope (13C3

15N1)-labelled VB5 into free unacylated CoA, acetyl-CoA and 
other acyl-CoAs using targeted LC–MS/MS12,13 (Extended Data Fig. 1b). 
Under steady-state labelling conditions, VB5, CoA and acetyl-CoA pools 
approached 100% fractional labelling, whether the medium included 
horse serum or a defined serum replacement lacking unlabelled VB5 
(Extended Data Fig. 1c). Consistent with this result and its role as an 
essential nutrient, VB5 was required for cell proliferation (Extended 
Data Fig. 1d). Thus, under the conditions used to culture MCF10A cells, 
nearly all CoA is ultimately derived from VB5 supplied in the medium.  
In cells deprived of serum and growth factors (to minimize PI3K signalling) 
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knockdowns (validated in Extended Data Fig. 5a) to individually deplete 
PANK1, PANK2 and PANK4 in AKTp.E17K/+ knock-in MCF10A cells. PANK1 or 
PANK2 depletion trended towards reducing CoA synthesis, but PANK4 
depletion unexpectedly increased CoA synthesis (Fig. 3b and Extended 
Data Fig. 7b). Similar results were obtained in SUM159 and MDA-MB-468 
cells cultured in FBS (Extended Data Fig. 7c,d). Steady-state labelling of 
SUM159 cells indicated that, even in the presence of FBS, VB5-initiated 
de novo synthesis was the major source of CoA (Extended Data Fig. 7e). 
To study these effects further, we generated AKTp.E17K/+ MCF10A cells with 
CRISPR-mediated knockouts (KOs) of PANK2 and PANK4. In PANK2-KO 
cells and derivative lines stably reconstituted with PANK2, we were 
unable to detect consistent differences in CoA synthesis and abundance 

under various conditions, precluding further study of PANK2 in this 
context (Extended Data Fig. 8a,b). These results are probably due to 
compensation by PANK1/3, and are consistent with previous studies 
that similarly did not detect changes in CoA abundance in human 
PANK2-knockdown cells31 or adult PANK2-KO mouse tissues32. However, 
as with our PANK4-knockdown cells, PANK4-KO cells exhibited increased 
CoA synthesis (Fig. 3c and Extended Data Fig. 9a). Given that the cel-
lular function of PANK4 is poorly understood9 and the AKT substrate 
motif on PANK4 is well conserved (Extended Data Fig. 6b), we focused 
on defining the regulation and function of PANK4 in CoA synthesis.

We stably reconstituted PANK4-KO cells with wild-type PANK4, 
phosphorylation-deficient PANK4 (T406A) or phosphomimetic PANK4 
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Fig. 2 | PANK2 and PANK4 are direct AKT substrates. a, CoA synthesis 
pathway enzymes. The full names and accession numbers are provided in 
Supplementary Table 1. b, Enzymes of the CoA synthesis pathway that are 
candidate AKT substrates. Amino acid residues that fall within low- to 
high-quality AKT substrate motifs according to the kinase–substrate 
prediction program Scansite, and that are reported to be phosphorylated in 
the phosphoproteomic database Phosphosite are listed. Numbering is based 
on the human sequence. c, Endogenous PANK1, PANK2 and PANK4 
immunoprecipitation (IP) from MCF10A cells with insulin (100 nM) and PI3K 
inhibitor (GDC-0941, 2 µM) treatments (30 min), preceded by serum and 
growth factor deprivation (18 h) and inhibitor pretreatment (15 min).  
d, Endogenous PANK4 immunoprecipitation from orthotopic mammary 
allograft tumours in C57BL/6J treated with vehicle or PI3K inhibitor (BYL-719, 
45 mg kg−1) daily for 10 days. e, Endogenous PANK4 immunoprecipitation from 

skeletal muscle (gastrocnemius) of C57BL/6J mice treated with PI3K inhibitor 
(BYL-719, 50 mg kg−1) for 1 h. f, Endogenous PANK2 and PANK4 
immunoprecipitation from MCF10A cells treated with insulin (100 nM), AKT 
inhibitor (MK-2206, 2 µM), and mTORC1 inhibitor (rapamycin, 20 nM) with 
conditions otherwise as in c. g,h, In vitro AKT kinase assays. Untagged PANK2 
(g) or PANK4 (h) (WT or alanine point mutants) were immunopurified from 
respective reconstituted knockout cells treated with PI3K and AKT inhibitors. 
PANK immunopurifications were incubated with purified GST–AKT (30 min).  
i, Diagram of the human PANK2 and PANK4 domains and AKT-targeted 
phosphorylation sites. The asterisks indicate the location of evolutionary 
mutations inactivating PANK4 kinase domain. For c–h, immunoblotting 
analysis probed for total and phosphorylated proteins including AKT 
phospho-substrate motifs; representative of two independent experiments. 
IgG, control IgG immunoprecipitation.
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knockdowns (validated in Extended Data Fig. 5a) to individually deplete 
PANK1, PANK2 and PANK4 in AKTp.E17K/+ knock-in MCF10A cells. PANK1 or 
PANK2 depletion trended towards reducing CoA synthesis, but PANK4 
depletion unexpectedly increased CoA synthesis (Fig. 3b and Extended 
Data Fig. 7b). Similar results were obtained in SUM159 and MDA-MB-468 
cells cultured in FBS (Extended Data Fig. 7c,d). Steady-state labelling of 
SUM159 cells indicated that, even in the presence of FBS, VB5-initiated 
de novo synthesis was the major source of CoA (Extended Data Fig. 7e). 
To study these effects further, we generated AKTp.E17K/+ MCF10A cells with 
CRISPR-mediated knockouts (KOs) of PANK2 and PANK4. In PANK2-KO 
cells and derivative lines stably reconstituted with PANK2, we were 
unable to detect consistent differences in CoA synthesis and abundance 

under various conditions, precluding further study of PANK2 in this 
context (Extended Data Fig. 8a,b). These results are probably due to 
compensation by PANK1/3, and are consistent with previous studies 
that similarly did not detect changes in CoA abundance in human 
PANK2-knockdown cells31 or adult PANK2-KO mouse tissues32. However, 
as with our PANK4-knockdown cells, PANK4-KO cells exhibited increased 
CoA synthesis (Fig. 3c and Extended Data Fig. 9a). Given that the cel-
lular function of PANK4 is poorly understood9 and the AKT substrate 
motif on PANK4 is well conserved (Extended Data Fig. 6b), we focused 
on defining the regulation and function of PANK4 in CoA synthesis.

We stably reconstituted PANK4-KO cells with wild-type PANK4, 
phosphorylation-deficient PANK4 (T406A) or phosphomimetic PANK4 
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Fig. 2 | PANK2 and PANK4 are direct AKT substrates. a, CoA synthesis 
pathway enzymes. The full names and accession numbers are provided in 
Supplementary Table 1. b, Enzymes of the CoA synthesis pathway that are 
candidate AKT substrates. Amino acid residues that fall within low- to 
high-quality AKT substrate motifs according to the kinase–substrate 
prediction program Scansite, and that are reported to be phosphorylated in 
the phosphoproteomic database Phosphosite are listed. Numbering is based 
on the human sequence. c, Endogenous PANK1, PANK2 and PANK4 
immunoprecipitation (IP) from MCF10A cells with insulin (100 nM) and PI3K 
inhibitor (GDC-0941, 2 µM) treatments (30 min), preceded by serum and 
growth factor deprivation (18 h) and inhibitor pretreatment (15 min).  
d, Endogenous PANK4 immunoprecipitation from orthotopic mammary 
allograft tumours in C57BL/6J treated with vehicle or PI3K inhibitor (BYL-719, 
45 mg kg−1) daily for 10 days. e, Endogenous PANK4 immunoprecipitation from 

skeletal muscle (gastrocnemius) of C57BL/6J mice treated with PI3K inhibitor 
(BYL-719, 50 mg kg−1) for 1 h. f, Endogenous PANK2 and PANK4 
immunoprecipitation from MCF10A cells treated with insulin (100 nM), AKT 
inhibitor (MK-2206, 2 µM), and mTORC1 inhibitor (rapamycin, 20 nM) with 
conditions otherwise as in c. g,h, In vitro AKT kinase assays. Untagged PANK2 
(g) or PANK4 (h) (WT or alanine point mutants) were immunopurified from 
respective reconstituted knockout cells treated with PI3K and AKT inhibitors. 
PANK immunopurifications were incubated with purified GST–AKT (30 min).  
i, Diagram of the human PANK2 and PANK4 domains and AKT-targeted 
phosphorylation sites. The asterisks indicate the location of evolutionary 
mutations inactivating PANK4 kinase domain. For c–h, immunoblotting 
analysis probed for total and phosphorylated proteins including AKT 
phospho-substrate motifs; representative of two independent experiments. 
IgG, control IgG immunoprecipitation.
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knockdowns (validated in Extended Data Fig. 5a) to individually deplete 
PANK1, PANK2 and PANK4 in AKTp.E17K/+ knock-in MCF10A cells. PANK1 or 
PANK2 depletion trended towards reducing CoA synthesis, but PANK4 
depletion unexpectedly increased CoA synthesis (Fig. 3b and Extended 
Data Fig. 7b). Similar results were obtained in SUM159 and MDA-MB-468 
cells cultured in FBS (Extended Data Fig. 7c,d). Steady-state labelling of 
SUM159 cells indicated that, even in the presence of FBS, VB5-initiated 
de novo synthesis was the major source of CoA (Extended Data Fig. 7e). 
To study these effects further, we generated AKTp.E17K/+ MCF10A cells with 
CRISPR-mediated knockouts (KOs) of PANK2 and PANK4. In PANK2-KO 
cells and derivative lines stably reconstituted with PANK2, we were 
unable to detect consistent differences in CoA synthesis and abundance 

under various conditions, precluding further study of PANK2 in this 
context (Extended Data Fig. 8a,b). These results are probably due to 
compensation by PANK1/3, and are consistent with previous studies 
that similarly did not detect changes in CoA abundance in human 
PANK2-knockdown cells31 or adult PANK2-KO mouse tissues32. However, 
as with our PANK4-knockdown cells, PANK4-KO cells exhibited increased 
CoA synthesis (Fig. 3c and Extended Data Fig. 9a). Given that the cel-
lular function of PANK4 is poorly understood9 and the AKT substrate 
motif on PANK4 is well conserved (Extended Data Fig. 6b), we focused 
on defining the regulation and function of PANK4 in CoA synthesis.

We stably reconstituted PANK4-KO cells with wild-type PANK4, 
phosphorylation-deficient PANK4 (T406A) or phosphomimetic PANK4 
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Fig. 2 | PANK2 and PANK4 are direct AKT substrates. a, CoA synthesis 
pathway enzymes. The full names and accession numbers are provided in 
Supplementary Table 1. b, Enzymes of the CoA synthesis pathway that are 
candidate AKT substrates. Amino acid residues that fall within low- to 
high-quality AKT substrate motifs according to the kinase–substrate 
prediction program Scansite, and that are reported to be phosphorylated in 
the phosphoproteomic database Phosphosite are listed. Numbering is based 
on the human sequence. c, Endogenous PANK1, PANK2 and PANK4 
immunoprecipitation (IP) from MCF10A cells with insulin (100 nM) and PI3K 
inhibitor (GDC-0941, 2 µM) treatments (30 min), preceded by serum and 
growth factor deprivation (18 h) and inhibitor pretreatment (15 min).  
d, Endogenous PANK4 immunoprecipitation from orthotopic mammary 
allograft tumours in C57BL/6J treated with vehicle or PI3K inhibitor (BYL-719, 
45 mg kg−1) daily for 10 days. e, Endogenous PANK4 immunoprecipitation from 

skeletal muscle (gastrocnemius) of C57BL/6J mice treated with PI3K inhibitor 
(BYL-719, 50 mg kg−1) for 1 h. f, Endogenous PANK2 and PANK4 
immunoprecipitation from MCF10A cells treated with insulin (100 nM), AKT 
inhibitor (MK-2206, 2 µM), and mTORC1 inhibitor (rapamycin, 20 nM) with 
conditions otherwise as in c. g,h, In vitro AKT kinase assays. Untagged PANK2 
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PANK immunopurifications were incubated with purified GST–AKT (30 min).  
i, Diagram of the human PANK2 and PANK4 domains and AKT-targeted 
phosphorylation sites. The asterisks indicate the location of evolutionary 
mutations inactivating PANK4 kinase domain. For c–h, immunoblotting 
analysis probed for total and phosphorylated proteins including AKT 
phospho-substrate motifs; representative of two independent experiments. 
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knockdowns (validated in Extended Data Fig. 5a) to individually deplete 
PANK1, PANK2 and PANK4 in AKTp.E17K/+ knock-in MCF10A cells. PANK1 or 
PANK2 depletion trended towards reducing CoA synthesis, but PANK4 
depletion unexpectedly increased CoA synthesis (Fig. 3b and Extended 
Data Fig. 7b). Similar results were obtained in SUM159 and MDA-MB-468 
cells cultured in FBS (Extended Data Fig. 7c,d). Steady-state labelling of 
SUM159 cells indicated that, even in the presence of FBS, VB5-initiated 
de novo synthesis was the major source of CoA (Extended Data Fig. 7e). 
To study these effects further, we generated AKTp.E17K/+ MCF10A cells with 
CRISPR-mediated knockouts (KOs) of PANK2 and PANK4. In PANK2-KO 
cells and derivative lines stably reconstituted with PANK2, we were 
unable to detect consistent differences in CoA synthesis and abundance 

under various conditions, precluding further study of PANK2 in this 
context (Extended Data Fig. 8a,b). These results are probably due to 
compensation by PANK1/3, and are consistent with previous studies 
that similarly did not detect changes in CoA abundance in human 
PANK2-knockdown cells31 or adult PANK2-KO mouse tissues32. However, 
as with our PANK4-knockdown cells, PANK4-KO cells exhibited increased 
CoA synthesis (Fig. 3c and Extended Data Fig. 9a). Given that the cel-
lular function of PANK4 is poorly understood9 and the AKT substrate 
motif on PANK4 is well conserved (Extended Data Fig. 6b), we focused 
on defining the regulation and function of PANK4 in CoA synthesis.
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prediction program Scansite, and that are reported to be phosphorylated in 
the phosphoproteomic database Phosphosite are listed. Numbering is based 
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inhibitor (GDC-0941, 2 µM) treatments (30 min), preceded by serum and 
growth factor deprivation (18 h) and inhibitor pretreatment (15 min).  
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allograft tumours in C57BL/6J treated with vehicle or PI3K inhibitor (BYL-719, 
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PI3K drives the de novo synthesis of 
coenzyme A from vitamin B5

      
Christian C. Dibble1,8 ✉, Samuel A. Barritt1,8, Grace E. Perry1, Evan C. Lien1, Renee C. Geck1, 
Sarah E. DuBois-Coyne1, David Bartee2, Thomas T. Zengeya2, Emily B. Cohen1, Min Yuan3, 
Benjamin D. Hopkins4, Jordan L. Meier2, John G. Clohessy5, John M. Asara3, Lewis C. Cantley6 
& Alex Toker1,7 ✉

In response to hormones and growth factors, the class I phosphoinositide-3-kinase 
(PI3K) signalling network functions as a major regulator of metabolism and growth, 
governing cellular nutrient uptake, energy generation, reducing cofactor production 
and macromolecule biosynthesis1. Many of the driver mutations in cancer with the 
highest recurrence, including in receptor tyrosine kinases, Ras, PTEN and PI3K, 
pathologically activate PI3K signalling2,3. However, our understanding of the core 
metabolic program controlled by PI3K is almost certainly incomplete. Here, using 
mass-spectrometry-based metabolomics and isotope tracing, we show that PI3K 
signalling stimulates the de novo synthesis of one of the most pivotal metabolic 
cofactors: coenzyme A (CoA). CoA is the major carrier of activated acyl groups in 
cells4,5 and is synthesized from cysteine, ATP and the essential nutrient vitamin B5 
(also known as pantothenate)6,7. We identify pantothenate kinase 2 (PANK2) and 
PANK4 as substrates of the PI3K effector kinase AKT8. Although PANK2 is known to 
catalyse the rate-determining first step of CoA synthesis, we find that the minimally 
characterized but highly conserved PANK49 is a rate-limiting suppressor of CoA 
synthesis through its metabolite phosphatase activity. Phosphorylation of PANK4 by 
AKT relieves this suppression. Ultimately, the PI3K–PANK4 axis regulates the 
abundance of acetyl-CoA and other acyl-CoAs, CoA-dependent processes such as 
lipid metabolism and proliferation. We propose that these regulatory mechanisms 
coordinate cellular CoA supplies with the demands of hormone/growth-factor-driven 
or oncogene-driven metabolism and growth.

In a search for core components of the class I PI3K-driven metabolic 
program, we performed an unlabelled, targeted liquid chromatogra-
phy–tandem mass spectrometry (LC–MS/MS)-based metabolomics 
screen using the non-transformed human breast epithelial cell line 
MCF10A. PI3K has important roles in mammary gland growth and is a 
major driver of breast cancer10,11. MCF10A cells are similarly dependent 
on growth-factor-stimulated PI3K signalling for growth and prolifera-
tion. Cells were treated with insulin to acutely stimulate PI3K signalling 
in the presence or absence of a PI3K inhibitor (Extended Data Fig. 1a).  
In addition to inducing changes in known PI3K-regulated metabolic path-
ways1, we observed that PI3K inhibition increased the concentration of 
pantothenate, an essential nutrient that is also known as vitamin B5 (VB5). 
VB5 is uniquely used in combination with cysteine and ATP for de novo 
biosynthesis of the cofactor CoA6,7 (Fig. 1a). As the major carrier of acti-
vated acyl groups within cells, CoA has a critical role in a variety of core 
metabolic processes, including nutrient catabolism and lipid synthesis4,5.

 
PI3K and AKT stimulate CoA synthesis
Early studies of CoA synthesis in mammals reported effects of hormones 
on CoA abundance, but the molecular regulatory mechanisms underly-
ing these responses remain undefined6,7. To investigate the connection 
between PI3K, VB5 and CoA, we monitored the incorporation of heavy 
isotope (13C3

15N1)-labelled VB5 into free unacylated CoA, acetyl-CoA and 
other acyl-CoAs using targeted LC–MS/MS12,13 (Extended Data Fig. 1b). 
Under steady-state labelling conditions, VB5, CoA and acetyl-CoA pools 
approached 100% fractional labelling, whether the medium included 
horse serum or a defined serum replacement lacking unlabelled VB5 
(Extended Data Fig. 1c). Consistent with this result and its role as an 
essential nutrient, VB5 was required for cell proliferation (Extended 
Data Fig. 1d). Thus, under the conditions used to culture MCF10A cells, 
nearly all CoA is ultimately derived from VB5 supplied in the medium.  
In cells deprived of serum and growth factors (to minimize PI3K signalling) 
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first CoA synthesis intermediate) (Fig. 4c). We were unable to detect 
differences in the phosphatase activity of PANK4(T406) mutants in 
the presence of excess substrate (Extended Data Fig. 10b).

Stable re-expression of wild-type and phosphatase-dead mutants 
(D623A and D659A) of PANK4 in both MCF10A and SUM159 PANK4-KO 
cell lines revealed that the ability of PANK4 to inhibit CoA synthesis is 
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regulation. For b, d and j, immunoblotting analysis probed for total and 
phosphorylated proteins. For b–d and g–i, n = 3 (b–d, g and h), n = 4 ( j) or n = 6 
(i) biological replicates (circles). Data are mean ± s.e.m. For b–d and g–j, 
statistical analysis was performed using one-way ANOVA with Tukey test; 
asterisks (*) indicate significant differences compared with the treatment 
groups marked with daggers (†) or between treatments indicated with brackets 
(P < 0.05).

192 | Nature | Vol 608 | 4 August 2022

Article

PI3K drives the de novo synthesis of 
coenzyme A from vitamin B5

      
Christian C. Dibble1,8 ✉, Samuel A. Barritt1,8, Grace E. Perry1, Evan C. Lien1, Renee C. Geck1, 
Sarah E. DuBois-Coyne1, David Bartee2, Thomas T. Zengeya2, Emily B. Cohen1, Min Yuan3, 
Benjamin D. Hopkins4, Jordan L. Meier2, John G. Clohessy5, John M. Asara3, Lewis C. Cantley6 
& Alex Toker1,7 ✉

In response to hormones and growth factors, the class I phosphoinositide-3-kinase 
(PI3K) signalling network functions as a major regulator of metabolism and growth, 
governing cellular nutrient uptake, energy generation, reducing cofactor production 
and macromolecule biosynthesis1. Many of the driver mutations in cancer with the 
highest recurrence, including in receptor tyrosine kinases, Ras, PTEN and PI3K, 
pathologically activate PI3K signalling2,3. However, our understanding of the core 
metabolic program controlled by PI3K is almost certainly incomplete. Here, using 
mass-spectrometry-based metabolomics and isotope tracing, we show that PI3K 
signalling stimulates the de novo synthesis of one of the most pivotal metabolic 
cofactors: coenzyme A (CoA). CoA is the major carrier of activated acyl groups in 
cells4,5 and is synthesized from cysteine, ATP and the essential nutrient vitamin B5 
(also known as pantothenate)6,7. We identify pantothenate kinase 2 (PANK2) and 
PANK4 as substrates of the PI3K effector kinase AKT8. Although PANK2 is known to 
catalyse the rate-determining first step of CoA synthesis, we find that the minimally 
characterized but highly conserved PANK49 is a rate-limiting suppressor of CoA 
synthesis through its metabolite phosphatase activity. Phosphorylation of PANK4 by 
AKT relieves this suppression. Ultimately, the PI3K–PANK4 axis regulates the 
abundance of acetyl-CoA and other acyl-CoAs, CoA-dependent processes such as 
lipid metabolism and proliferation. We propose that these regulatory mechanisms 
coordinate cellular CoA supplies with the demands of hormone/growth-factor-driven 
or oncogene-driven metabolism and growth.

In a search for core components of the class I PI3K-driven metabolic 
program, we performed an unlabelled, targeted liquid chromatogra-
phy–tandem mass spectrometry (LC–MS/MS)-based metabolomics 
screen using the non-transformed human breast epithelial cell line 
MCF10A. PI3K has important roles in mammary gland growth and is a 
major driver of breast cancer10,11. MCF10A cells are similarly dependent 
on growth-factor-stimulated PI3K signalling for growth and prolifera-
tion. Cells were treated with insulin to acutely stimulate PI3K signalling 
in the presence or absence of a PI3K inhibitor (Extended Data Fig. 1a).  
In addition to inducing changes in known PI3K-regulated metabolic path-
ways1, we observed that PI3K inhibition increased the concentration of 
pantothenate, an essential nutrient that is also known as vitamin B5 (VB5). 
VB5 is uniquely used in combination with cysteine and ATP for de novo 
biosynthesis of the cofactor CoA6,7 (Fig. 1a). As the major carrier of acti-
vated acyl groups within cells, CoA has a critical role in a variety of core 
metabolic processes, including nutrient catabolism and lipid synthesis4,5.

 
PI3K and AKT stimulate CoA synthesis
Early studies of CoA synthesis in mammals reported effects of hormones 
on CoA abundance, but the molecular regulatory mechanisms underly-
ing these responses remain undefined6,7. To investigate the connection 
between PI3K, VB5 and CoA, we monitored the incorporation of heavy 
isotope (13C3

15N1)-labelled VB5 into free unacylated CoA, acetyl-CoA and 
other acyl-CoAs using targeted LC–MS/MS12,13 (Extended Data Fig. 1b). 
Under steady-state labelling conditions, VB5, CoA and acetyl-CoA pools 
approached 100% fractional labelling, whether the medium included 
horse serum or a defined serum replacement lacking unlabelled VB5 
(Extended Data Fig. 1c). Consistent with this result and its role as an 
essential nutrient, VB5 was required for cell proliferation (Extended 
Data Fig. 1d). Thus, under the conditions used to culture MCF10A cells, 
nearly all CoA is ultimately derived from VB5 supplied in the medium.  
In cells deprived of serum and growth factors (to minimize PI3K signalling) 
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first CoA synthesis intermediate) (Fig. 4c). We were unable to detect 
differences in the phosphatase activity of PANK4(T406) mutants in 
the presence of excess substrate (Extended Data Fig. 10b).

Stable re-expression of wild-type and phosphatase-dead mutants 
(D623A and D659A) of PANK4 in both MCF10A and SUM159 PANK4-KO 
cell lines revealed that the ability of PANK4 to inhibit CoA synthesis is 
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PI3K drives the de novo synthesis of 
coenzyme A from vitamin B5

      
Christian C. Dibble1,8 ✉, Samuel A. Barritt1,8, Grace E. Perry1, Evan C. Lien1, Renee C. Geck1, 
Sarah E. DuBois-Coyne1, David Bartee2, Thomas T. Zengeya2, Emily B. Cohen1, Min Yuan3, 
Benjamin D. Hopkins4, Jordan L. Meier2, John G. Clohessy5, John M. Asara3, Lewis C. Cantley6 
& Alex Toker1,7 ✉

In response to hormones and growth factors, the class I phosphoinositide-3-kinase 
(PI3K) signalling network functions as a major regulator of metabolism and growth, 
governing cellular nutrient uptake, energy generation, reducing cofactor production 
and macromolecule biosynthesis1. Many of the driver mutations in cancer with the 
highest recurrence, including in receptor tyrosine kinases, Ras, PTEN and PI3K, 
pathologically activate PI3K signalling2,3. However, our understanding of the core 
metabolic program controlled by PI3K is almost certainly incomplete. Here, using 
mass-spectrometry-based metabolomics and isotope tracing, we show that PI3K 
signalling stimulates the de novo synthesis of one of the most pivotal metabolic 
cofactors: coenzyme A (CoA). CoA is the major carrier of activated acyl groups in 
cells4,5 and is synthesized from cysteine, ATP and the essential nutrient vitamin B5 
(also known as pantothenate)6,7. We identify pantothenate kinase 2 (PANK2) and 
PANK4 as substrates of the PI3K effector kinase AKT8. Although PANK2 is known to 
catalyse the rate-determining first step of CoA synthesis, we find that the minimally 
characterized but highly conserved PANK49 is a rate-limiting suppressor of CoA 
synthesis through its metabolite phosphatase activity. Phosphorylation of PANK4 by 
AKT relieves this suppression. Ultimately, the PI3K–PANK4 axis regulates the 
abundance of acetyl-CoA and other acyl-CoAs, CoA-dependent processes such as 
lipid metabolism and proliferation. We propose that these regulatory mechanisms 
coordinate cellular CoA supplies with the demands of hormone/growth-factor-driven 
or oncogene-driven metabolism and growth.

In a search for core components of the class I PI3K-driven metabolic 
program, we performed an unlabelled, targeted liquid chromatogra-
phy–tandem mass spectrometry (LC–MS/MS)-based metabolomics 
screen using the non-transformed human breast epithelial cell line 
MCF10A. PI3K has important roles in mammary gland growth and is a 
major driver of breast cancer10,11. MCF10A cells are similarly dependent 
on growth-factor-stimulated PI3K signalling for growth and prolifera-
tion. Cells were treated with insulin to acutely stimulate PI3K signalling 
in the presence or absence of a PI3K inhibitor (Extended Data Fig. 1a).  
In addition to inducing changes in known PI3K-regulated metabolic path-
ways1, we observed that PI3K inhibition increased the concentration of 
pantothenate, an essential nutrient that is also known as vitamin B5 (VB5). 
VB5 is uniquely used in combination with cysteine and ATP for de novo 
biosynthesis of the cofactor CoA6,7 (Fig. 1a). As the major carrier of acti-
vated acyl groups within cells, CoA has a critical role in a variety of core 
metabolic processes, including nutrient catabolism and lipid synthesis4,5.

 
PI3K and AKT stimulate CoA synthesis
Early studies of CoA synthesis in mammals reported effects of hormones 
on CoA abundance, but the molecular regulatory mechanisms underly-
ing these responses remain undefined6,7. To investigate the connection 
between PI3K, VB5 and CoA, we monitored the incorporation of heavy 
isotope (13C3

15N1)-labelled VB5 into free unacylated CoA, acetyl-CoA and 
other acyl-CoAs using targeted LC–MS/MS12,13 (Extended Data Fig. 1b). 
Under steady-state labelling conditions, VB5, CoA and acetyl-CoA pools 
approached 100% fractional labelling, whether the medium included 
horse serum or a defined serum replacement lacking unlabelled VB5 
(Extended Data Fig. 1c). Consistent with this result and its role as an 
essential nutrient, VB5 was required for cell proliferation (Extended 
Data Fig. 1d). Thus, under the conditions used to culture MCF10A cells, 
nearly all CoA is ultimately derived from VB5 supplied in the medium.  
In cells deprived of serum and growth factors (to minimize PI3K signalling) 
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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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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
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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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CONCLUSIONS (2)

Local nutrient availability is dictated cell-cell interplay 
Nutrient competition is a physiological feedback mechanism 
Nutrient cooperation is a physiological mechanism of adaptation 
Local nutrient availability is different across different tissues and 
changes according to multiple systemic inputs
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Enzyme Oncogenic alteration Functional outcome
PFKFB3 The PFK2 isoform PFKFB3 is highly expressed in several human 

cancers, including colon, prostate, breast, ovary, and thyroid. 
Most PFK2 isoforms both generate and degrade F-2,6-bisP, which activates PFK1 to increase fl ux through glyco-
lysis. PFKFB3 has no phosphatase activity and its kinase activity may be stimulated by several oncogenic events, 
further promoting glycolytic fl ux.

PHGDH Genomic regions containing the PHGDH gene are amplifi ed in 
breast cancer and melanoma. 

PHGDH overexpression not only increases serine synthetic pathway fl ux to sustain cell proliferation but also 
generates αKG.

PGAM1 PGAM1 is upregulated in colorectal cancer and hepatocellular 
carcinoma, likely due to TP53 loss.

PGAM1 balances intracellular 3-phosphoglycerate and 2-phosphoglycerate levels, which regulate oxidative pentose 
phosphate pathway and serine synthetic pathway activities, respectively. 

PKM2 Many cancer cells express the M2 isoform of PK. Tyrosine kinase 
signaling, including phosphorylation at Y105, reduces enzyme 
activity.

Low PKM2 catalytic activity causes accumulation of upstream glycolytic intermediates, promoting diversion of 
3-phosphoglycerate into the serine synthetic pathway.

FAS Highly expressed in human cancer, FAS expression is associated 
with poor prognosis in breast and prostate cancer.

While precise functional consequences have not been elucidated, FAS catalyzes fatty acid synthesis to support de 
novo lipogenesis and is critical for cell growth. 

IDH1 Somatic missense mutations at R132 are prevalent in glioma, 
acute myeloid leukemia, and other cancers and confer neomor-
phic enzyme activity converting αKG to 2HG.

2HG can act as a competitive antagonist of multiple αKG-dependent dioxygenase enzymes, including DNA 
5-methylcytosine hydroxylase TET2 and Jumonji C histone demethylase enzymes. Increased DNA and histone 
methylation may be linked to impaired cell differentiation.

IDH2 Missense mutations at R172 (the analogous residue to IDH1 R132) 
as well as the non-analogous residue R140 can lead to elevated 
2HG levels.

IDH2 mutations can recapitulate many of the effects of IDH1 mutations. However, IDH1 and IDH2 mutations are 
found with distinct frequencies across different cancers, suggestive of subtle biochemical differences. 

SDH Germline loss-of-function mutations in any of the four subunits of 
SDH or the SDH assembly factor are associated with hereditary 
forms of pheochromocytoma and/or paraganglioma.

Succinate can competitively inhibit multiple αKG dependent dioxygenases, including the prolyl hydroxylases that 
promote HIFα degradation. Elevated HIFα may provide a growth advantage under particular conditions.

FH Hereditary mutations can underlie cutaneous and uterine leiomyo-
mas and renal cell cancer. 

The pathogenic mechanisms are unclear. Fumarate may inhibit αKG-dependent dioxygenases and stabilize HIFα. 
Fumarate can also directly modify a cysteine residue on KEAP1, increasing antioxidant response genes that may 
promote cancer cell survival.

Proliferation presents metabolic challenges

Finley LY, Thompson CB, Cell, 2012
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Proliferating cells have increased demand for 
glycolytic intermediates

Vander Heiden et al, Science, 2009
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Proliferating cells have increased demand for 
glycolytic intermediates



Proliferating cells need nucleotides

Table 1. (continued)

Regulators/signaling
proteins/nutrients

Mechanism(s) Refs

Energy stress Energy stress regulates purine synthesis, possibly through AMPK-dependent
sequestration of PFAS from purinosome metabolon

[59]

Urea cycle and CAD In cancers with decreased ASS1, reduced usage of aspartate by urea cycle
leads to accumulation of cytosolic aspartate pools that can be consumed by
CAD to boost pyrimidine synthesis

[65]

aAbbreviations: AMPK, AMP-activated protein kinase; ARL13B, ADP-ribosylation factor-like protein 13B; ASS1, argininosuccinate
synthase; BTIC, brain tumor-initiating cells; CPS1, carbamoyl phosphate synthetase-1; GLUL, glutamine synthetase; IMPDH, inosine
monophosphate dehydrogenase;MTHFD2,methylene tetrahydrofolate dehydrogenase 2; PTEN, phosphatase and tensin homolog;
RPIA, ribose 5-phosphate isomerase A; RRM2, ribonucleotide reductase member 2; SIRT3, NAD-dependent deacetylase sirtuin 3,
mitochondrial; SLC4A7, solute carrier family 4 member 7; SREBP1, sterol regulatory element-binding transcription factor 1.

TrendsTrends inin Cell BiologyCell Biology

Figure 2. Regulation of de novo purine and pyrimidine synthesis by the cell signaling networks. (A) In response to growth factors, mechanistic target of rapamycin
complex I (mTORC1) is activated downstream of the phosphatidylinositol 3-kinase (PI3K)/Akt pathway and promotes S6K1-dependent phosphorylation of carbamoyl-
phosphate synthetase 2 (CPS2), aspartate transcarbamoylase (ATC), and dihydroorotase (DHO) (CAD), thereby increasing de novo pyrimidine synthesis. Moreover,
mTORC1 activation fuels de novo purine and pyrimidine synthesis by increasing cellular bicarbonate abundance through the stimulation of solute carrier family 4 member 7
(SLC4A7) mRNA translation via the S6K-dependent phosphorylation of eukaryotic translation initiation factor 4B (eIF4B). Downstream of mTORC1, the transcription factor
sterol regulatory element-binding protein 1 (SREBP1) stimulates the oxidative pentose phosphate pathway (PPP) to enhance de novo purine and pyrimidine synthesis via
increased availability of 5′-phosphoribosyl-pyrophosphate (PRPP). Additionally, mTORC1 activation enhances activating transcription factor 4 (ATF4) expression,
promoting serine/glycine synthesis and 10N-formyl-THF production, which increases de novo purine synthesis. (B) In response to growth factors, extracellular signal-
regulated kinase (ERK) phosphorylates CAD and phosphoribosylformylglycinamidine synthase (PFAS), enhancing de novo pyrimidine or purine synthesis, respectively.
MYC, a downstream transcription factor of RAS-ERK, controls the expression of genes involved in de novo purine and pyrimidine synthesis. (C) Insulin activates the PI3K-Akt
pathway, which leads to mTORC1 activation. In addition, Akt activates the nonoxidative PPP through transketolase (TKT) phosphorylation, boosting PRPP synthesis for
nucleotide synthesis. Abbreviations: EGF, epidermal growth factor; IGF1, insulin-like growth factor 1; RPIA, ribose 5-phosphate isomerase A.

Trends in Cell Biology

Trends in Cell Biology, November 2023, Vol. 33, No. 11 955



Post-mitotic differentiated cells focus on efficient oxidative metabolism to extract the maximum 
amount of ATP from nutrients -> ‘manning the pumps’ (ion channels) and executing specialized 
functions

Proliferating cells (development, immune system, cancer) rewire metabolism to support the 
biomass accumulation required for cell division; this funnels intermediates through all of the 
biosynthetic hubs we discussed earlier

Proliferating cells have increased demand for 
glycolytic intermediates



Non-proliferating Cells Proliferating Cells

Adapted from: Vander Heiden M. Nat Rev Drug Disc 2011

Chemotherapy 
“Anti-metabolites”

Proliferating cells have increased demand for 
reducing equivalents  

(support anapldrotic reactions and regeneration antioxidants)



NADPH

Non-proliferating Cells Proliferating Cells

NADPH
…rate limiting for cellular proliferation 

Adapted from: Vander Heiden M. Nat Rev Drug Disc 2011

Chemotherapy 
“Anti-metabolites”

Proliferating cells have increased demand for 
reducing equivalents  

(support anapldrotic reactions and regeneration antioxidants)



The cofactor NADPH provides high-energy electrons for antioxidant defense and 
reductive biosynthesis.  

Consumption and production of NADPH is compartmentalized, with cytosolic NADPH 
used by enzymes including fatty acid synthase, ribonucleotide reductase, thioredoxin 
reductase, and glutathione reductase.  

Regeneration of cytosolic NADPH from NADP occurs by three well-validated routes (each 
ubiquitously expressed in mammals):  

• malic enzyme 1 (ME1),  
• isocitrate dehydrogenase 1 (IDH1),  
• the oxidative pentose phosphate pathway (oxPPP).



Figure 1. G6PD is required to maintain cell growth, NADPH/NADP ratio, and redox defense.
(a) Schematic of cytosolic NADPH production pathways. (b) Western blot for G6PD, IDH1, 
and ME1 protein levels in clonal HCT116 deletion cell lines. (c) Normoxic and (d) hypoxic 
growth (0.5% O2) of clonal HCT116 deletion cell lines lacking the indicated NADPH 
production enzymes in DMEM (plated at 2500 cells per well, n = 4). Note that ΔG6PD/
ΔME1 cells die at low cell density, (e) NADPH and (f) NADP concentration. (g) NADPH/
NADP ratio and (h) relative GSH/GSSG ratio (n = 3 for e-h). (i,j) Relative live cells after 
H2O2 or diamide treatment for 3 days, normalized to untreated cells (n = 6). Data are mean 
± SD with n indicating the number of biological replicates. *p < 0.05 and **p < 0.01 by one-
way ANOVA with Dunnett’s multiple comparison correction (see Supplementary Table 3 for 
exact P values).
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Figure 4. Fatty acid synthesis is maintained in HCT116 G6PD knockout cells.
(a) Fraction of different non-essential fatty acid species synthesized de novo based on extent 
of labeling from U-13C-glucose (for full labeling patterns, see Supplementary Fig. 3, n = 2). 
(b) NADPH consumption for fatty acid synthesis (n = 3). (c,d) Palmitoleic acid (C16:1) and 
citrate labeling fraction in cells fed 100 µM [U-13C]palmitate (conjugated to BSA) for 24 h 
(n = 6). (e) NADPH production by the oxPPP (measured using 14C-CO2 release from 
[1-14C] and [6-14C]glucose, n = 4) and the upper limit of production by ME1 (measured 
based on [U-13C-] lactate production from [U-13C]glutamine, n = 3) and NADPH 
consumption flux for fatty acid synthesis (n = 3). Data are mean ± SD with n indicating the 
number of biological replicates.
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Figure 6. Across cell lines, G6PD knockout consistently causes folate deficiency.
(a) Heat map showing intracellular levels of water-soluble metabolites in G6PD deletion 
cells. For each cell line, three or four individual biological replicates are shown, normalized 
to respective WT cells. (b) Relative levels of NADPH, NADP, malate, (iso)citrate, dUMP (n 
= 3 for HCT116 and HEK293T, n = 4 for others), and DHF (n = 3). Note that the dUMP and 
DHF panels are on a logarithmic Y-axis. (c) Schematic: G6PD deletion leads to 
accumulation of NADP, DHF and dUMP. Data are mean ± SD with n indicating the number 
of biological replicates, ns p ≥ 0.05, * p < 0.05 and ** p < 0.01 by two-tailed paired t-test 
assessing whether G6PD KO cell lines (as a group) differs from WT, with the geometric 
mean value for each cell type treated as one sample and n = 6 the number of cell lines (see 
Supplementary Table 3 for full statistical parameters.)

Chen et al. Page 26

Nat Metab. Author manuscript; available in PMC 2019 September 01.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript

Chen et al, Nat Metab, 2019



Figure 1. G6PD is required to maintain cell growth, NADPH/NADP ratio, and redox defense.
(a) Schematic of cytosolic NADPH production pathways. (b) Western blot for G6PD, IDH1, 
and ME1 protein levels in clonal HCT116 deletion cell lines. (c) Normoxic and (d) hypoxic 
growth (0.5% O2) of clonal HCT116 deletion cell lines lacking the indicated NADPH 
production enzymes in DMEM (plated at 2500 cells per well, n = 4). Note that ΔG6PD/
ΔME1 cells die at low cell density, (e) NADPH and (f) NADP concentration. (g) NADPH/
NADP ratio and (h) relative GSH/GSSG ratio (n = 3 for e-h). (i,j) Relative live cells after 
H2O2 or diamide treatment for 3 days, normalized to untreated cells (n = 6). Data are mean 
± SD with n indicating the number of biological replicates. *p < 0.05 and **p < 0.01 by one-
way ANOVA with Dunnett’s multiple comparison correction (see Supplementary Table 3 for 
exact P values).

Chen et al. Page 21

Nat Metab. Author manuscript; available in PMC 2019 September 01.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript

Figure 1. G6PD is required to maintain cell growth, NADPH/NADP ratio, and redox defense.
(a) Schematic of cytosolic NADPH production pathways. (b) Western blot for G6PD, IDH1, 
and ME1 protein levels in clonal HCT116 deletion cell lines. (c) Normoxic and (d) hypoxic 
growth (0.5% O2) of clonal HCT116 deletion cell lines lacking the indicated NADPH 
production enzymes in DMEM (plated at 2500 cells per well, n = 4). Note that ΔG6PD/
ΔME1 cells die at low cell density, (e) NADPH and (f) NADP concentration. (g) NADPH/
NADP ratio and (h) relative GSH/GSSG ratio (n = 3 for e-h). (i,j) Relative live cells after 
H2O2 or diamide treatment for 3 days, normalized to untreated cells (n = 6). Data are mean 
± SD with n indicating the number of biological replicates. *p < 0.05 and **p < 0.01 by one-
way ANOVA with Dunnett’s multiple comparison correction (see Supplementary Table 3 for 
exact P values).

Chen et al. Page 21

Nat Metab. Author manuscript; available in PMC 2019 September 01.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript

Figure 1. G6PD is required to maintain cell growth, NADPH/NADP ratio, and redox defense.
(a) Schematic of cytosolic NADPH production pathways. (b) Western blot for G6PD, IDH1, 
and ME1 protein levels in clonal HCT116 deletion cell lines. (c) Normoxic and (d) hypoxic 
growth (0.5% O2) of clonal HCT116 deletion cell lines lacking the indicated NADPH 
production enzymes in DMEM (plated at 2500 cells per well, n = 4). Note that ΔG6PD/
ΔME1 cells die at low cell density, (e) NADPH and (f) NADP concentration. (g) NADPH/
NADP ratio and (h) relative GSH/GSSG ratio (n = 3 for e-h). (i,j) Relative live cells after 
H2O2 or diamide treatment for 3 days, normalized to untreated cells (n = 6). Data are mean 
± SD with n indicating the number of biological replicates. *p < 0.05 and **p < 0.01 by one-
way ANOVA with Dunnett’s multiple comparison correction (see Supplementary Table 3 for 
exact P values).

Chen et al. Page 21

Nat Metab. Author manuscript; available in PMC 2019 September 01.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript

Figure 4. Fatty acid synthesis is maintained in HCT116 G6PD knockout cells.
(a) Fraction of different non-essential fatty acid species synthesized de novo based on extent 
of labeling from U-13C-glucose (for full labeling patterns, see Supplementary Fig. 3, n = 2). 
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citrate labeling fraction in cells fed 100 µM [U-13C]palmitate (conjugated to BSA) for 24 h 
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[1-14C] and [6-14C]glucose, n = 4) and the upper limit of production by ME1 (measured 
based on [U-13C-] lactate production from [U-13C]glutamine, n = 3) and NADPH 
consumption flux for fatty acid synthesis (n = 3). Data are mean ± SD with n indicating the 
number of biological replicates.

Chen et al. Page 24

Nat Metab. Author manuscript; available in PMC 2019 September 01.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript

Figure 6. Across cell lines, G6PD knockout consistently causes folate deficiency.
(a) Heat map showing intracellular levels of water-soluble metabolites in G6PD deletion 
cells. For each cell line, three or four individual biological replicates are shown, normalized 
to respective WT cells. (b) Relative levels of NADPH, NADP, malate, (iso)citrate, dUMP (n 
= 3 for HCT116 and HEK293T, n = 4 for others), and DHF (n = 3). Note that the dUMP and 
DHF panels are on a logarithmic Y-axis. (c) Schematic: G6PD deletion leads to 
accumulation of NADP, DHF and dUMP. Data are mean ± SD with n indicating the number 
of biological replicates, ns p ≥ 0.05, * p < 0.05 and ** p < 0.01 by two-tailed paired t-test 
assessing whether G6PD KO cell lines (as a group) differs from WT, with the geometric 
mean value for each cell type treated as one sample and n = 6 the number of cell lines (see 
Supplementary Table 3 for full statistical parameters.)
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Figure 1. G6PD is required to maintain cell growth, NADPH/NADP ratio, and redox defense.
(a) Schematic of cytosolic NADPH production pathways. (b) Western blot for G6PD, IDH1, 
and ME1 protein levels in clonal HCT116 deletion cell lines. (c) Normoxic and (d) hypoxic 
growth (0.5% O2) of clonal HCT116 deletion cell lines lacking the indicated NADPH 
production enzymes in DMEM (plated at 2500 cells per well, n = 4). Note that ΔG6PD/
ΔME1 cells die at low cell density, (e) NADPH and (f) NADP concentration. (g) NADPH/
NADP ratio and (h) relative GSH/GSSG ratio (n = 3 for e-h). (i,j) Relative live cells after 
H2O2 or diamide treatment for 3 days, normalized to untreated cells (n = 6). Data are mean 
± SD with n indicating the number of biological replicates. *p < 0.05 and **p < 0.01 by one-
way ANOVA with Dunnett’s multiple comparison correction (see Supplementary Table 3 for 
exact P values).
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Figure 4. Fatty acid synthesis is maintained in HCT116 G6PD knockout cells.
(a) Fraction of different non-essential fatty acid species synthesized de novo based on extent 
of labeling from U-13C-glucose (for full labeling patterns, see Supplementary Fig. 3, n = 2). 
(b) NADPH consumption for fatty acid synthesis (n = 3). (c,d) Palmitoleic acid (C16:1) and 
citrate labeling fraction in cells fed 100 µM [U-13C]palmitate (conjugated to BSA) for 24 h 
(n = 6). (e) NADPH production by the oxPPP (measured using 14C-CO2 release from 
[1-14C] and [6-14C]glucose, n = 4) and the upper limit of production by ME1 (measured 
based on [U-13C-] lactate production from [U-13C]glutamine, n = 3) and NADPH 
consumption flux for fatty acid synthesis (n = 3). Data are mean ± SD with n indicating the 
number of biological replicates.
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Figure 6. Across cell lines, G6PD knockout consistently causes folate deficiency.
(a) Heat map showing intracellular levels of water-soluble metabolites in G6PD deletion 
cells. For each cell line, three or four individual biological replicates are shown, normalized 
to respective WT cells. (b) Relative levels of NADPH, NADP, malate, (iso)citrate, dUMP (n 
= 3 for HCT116 and HEK293T, n = 4 for others), and DHF (n = 3). Note that the dUMP and 
DHF panels are on a logarithmic Y-axis. (c) Schematic: G6PD deletion leads to 
accumulation of NADP, DHF and dUMP. Data are mean ± SD with n indicating the number 
of biological replicates, ns p ≥ 0.05, * p < 0.05 and ** p < 0.01 by two-tailed paired t-test 
assessing whether G6PD KO cell lines (as a group) differs from WT, with the geometric 
mean value for each cell type treated as one sample and n = 6 the number of cell lines (see 
Supplementary Table 3 for full statistical parameters.)
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Figure 6. Across cell lines, G6PD knockout consistently causes folate deficiency.
(a) Heat map showing intracellular levels of water-soluble metabolites in G6PD deletion 
cells. For each cell line, three or four individual biological replicates are shown, normalized 
to respective WT cells. (b) Relative levels of NADPH, NADP, malate, (iso)citrate, dUMP (n 
= 3 for HCT116 and HEK293T, n = 4 for others), and DHF (n = 3). Note that the dUMP and 
DHF panels are on a logarithmic Y-axis. (c) Schematic: G6PD deletion leads to 
accumulation of NADP, DHF and dUMP. Data are mean ± SD with n indicating the number 
of biological replicates, ns p ≥ 0.05, * p < 0.05 and ** p < 0.01 by two-tailed paired t-test 
assessing whether G6PD KO cell lines (as a group) differs from WT, with the geometric 
mean value for each cell type treated as one sample and n = 6 the number of cell lines (see 
Supplementary Table 3 for full statistical parameters.)
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ANAPLEROSIS vs CATAPLEROSIS

Anaplerosis is a series of enzymatic 
reactions in which metabolic intermediates 
enter the TCA cycle from the cytosol 

Cataplerosis is the opposite. A process 
where intermediates leave the TCA cycle (and 
mitochondria) 

It implies if a C atom (CO2) replenishes or not 
the TCA cycle



Mitochondria couple pyruvate oxidation, electron 
transport and oxidative phosphorylation
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Aspartate is a precursor for nucleotide synthesis and  is indispensable for cell proliferation. 
Moreover, the malate–aspartate shuttle plays a key role in redox balance, and a deficit in 
aspartate can lead to oxidative stress. It is now recognized that aspartate biosynthesis is largely 
governed by mitochondrial metabolism, including respiration and glutaminolysis in cancer cells.

Birsoy et al, Cell, 2015 
Sullivan et al, Cell, 2015
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Figure 3. Upon ETC Inhibition, GOT1 Reverses and Generates Aspartate, Which Is Limiting for Cell Proliferation
(A) Schematic depicting the malate-aspartate shuttle. Normally, the malate-aspartate shuttle runs in the forward direction to transfer reducing equivalents across

the mitochondrial membrane. GOT1 is part of the malate-aspartate shuttle and consumes aspartate to generate oxaloacetate (OAA). Aspartate produced by

mitochondria is a precursor for protein and nucleotide biosynthesis.

(B) Upon ETC inhibition, GOT1 reverses and consumes aspartate. Relative abundance of indicated amino acids in wild-type and GOT1-null Jurkat cells after a

24 hr treatment in the presence (gray) or absence of (black) phenformin (mean ± SD, n = 3). All measurements are relative to untreated wild-type Jurkat cells.

(C) Tfam knockout hearts have a lower ratio of aspartate to leucine than wild-type hearts. Immunoblot analyses of TFAM and COXI in wild-type and TFAM-null

murine hearts (left). S6K1 was used as a loading control. Relative ratio of aspartate to leucine in wild-type and TFAM-null mouse hearts (mean ± SD, n = 7 (wild-

type) and n = 6 (TFAM-null), **p < 0.05).

(D) Aspartate supplementation rescues death of GOT1-null cells upon ETC inhibition. Fold change in cell number (log2) of wild-type (black), GOT1-null (blue) and

rescued GOT1-null (gray) Jurkat cells in the absence and presence (10 mM) of aspartate after treatment with the indicated phenformin concentrations for 5 days

(mean ± SD, n = 3, **p < 0.05) (top). Representative bright-field micrographs of indicated cells after a 5-day phenformin treatment in the absence or presence of

aspartate (bottom).

(E) Expression of a glutamate-aspartate transporter (SLC1A3) rescues the phenformin-induced death of GOT1-null cells cultured in standard RPMI media, which

contains only 150 mM aspartate. Fold change in cell number (log2) of GOT1-null (blue) and SLC1A3-overexpressing GOT1-null (gray) Jurkat cells in RPMI (150 mM

aspartate) after a 5-day treatment with 10 mM phenformin (mean ± SD, n = 3, **p < 0.05).
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Figure 6. Aspartate is the Key Biosynthetic
Precursor Provided by Respiration
(A) Proliferation rate of 143B CytB cells determined

in the presence or absence of aspartate.

(B) The proliferation rate of 143B cells cultured with

or without aspartate in the presence of the mito-

chondrial respiration inhibitors rotenone (Rot),

phenformin (Phen), antimycin (Ant), myxothiazol

(Myxo), azide (N3), or oligomycin (Oligo).

(C) The proliferation rate of A172, H1299, HeLa,

U87, FL5.12, and MEF cells cultured with or

without aspartate in the presence of rotenone,

antimycin, or oligomycin.

(D) Schematic detailing the role of respiration and

exogenous electron acceptors in aspartate

biosynthesis. The conversion of nutrients into

aspartate requires the removal of electrons and

therefore requires access to electron acceptors,

which can be supplied by respiration (O2) or

exogenous electron acceptors such as AKB.

Maintenance of aspartate pools supports nucleo-

tide and protein biosynthesis. Values in all figure

panels denote mean ± SEM, n = 3. See also

Figure S5.
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In vivo??
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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, 
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Complex III deficiency suppresses: 
- ATP synthesis 
- Proton pumping 
- Electron transport 
- TCA cycle 
- CoQ oxidation (necessary for DHODH activity in pyrimidine biosynthesis)

Martinez-Reyes et al, Nature, 2020
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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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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
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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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cohorts.

CoQ oxidation and TCA cycle are most important for tumor growth
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CONCLUSIONS (3)

Proliferating cells have distinct metabolic demands 
Metabolism influences proliferation 
Critical: lipids and nucleotides. Biosynthesis requires NADPH. 
Despite being highly glycolytic, proliferating cells need mitochondria
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tumors (animals injectedwith sgPcx; Figures 7G and S6J). These
data suggest that both Pcx and Pdha1 are required for tumor
initiation and proliferation in vivo and are consistent with TCA-
cycle metabolism being an important fate of glucose in Kras-
driven lung tumors. These findings also argue that assessment
of nutrient fates in tumors reflects metabolic dependencies of
cancer cells in a physiological tissue environment.

DISCUSSION

These findings suggest increased glucose uptake in Kras-driven
NSCLC is used to support both increased lactate production
and increased TCA-cycle metabolism, challenging the notion
that tumors switch from oxidative glucose metabolism to
aerobic glycolysis (Vander Heiden et al., 2009). The exclusive
metabolism of glucose to lactate by tumors has also been
questioned by analysis of glucose fate in glioblastoma, lung
cancers, and liver cancers (Maher et al., 2012; Marin-Valencia
et al., 2012; Yuneva et al., 2012). The finding that oxidative
metabolism of glucose is increased in vivo raises the possibility
that the use of glucose to support the TCA cycle is important
to support cell proliferation under the conditions present in
tissues.

It has been hypothesized that high flux through glycolysis ben-
efits tumors by allowing ATP production in the absence of oxy-
gen and by promoting anabolic metabolism (Gatenby andGillies,
2004; Vander Heiden et al., 2009). Increased lactate production
supports NAD+ regeneration in the absence of oxygen consump-
tion and may provide other benefits to tumor cells related to
altered pH or supplying lactate to other tumor cells (Sonveaux
et al., 2008). Near-quantitative conversion of glucose to lactate
is a phenotype observed in proliferating cells in culture, raising
the possibility that a similar phenotype is present in proliferating
cells of lung tumors. Because a substantial fraction of the tumor
is not actively proliferating, the increase in oxidative glucose
metabolism might reflect the metabolic phenotype of nonprolif-
erating cells. In mouse breast cancer, proliferating and nonprolif-
erating cells regulate glucose metabolism differently such that
the nonproliferating cells select for increased pyruvate kinase
activity, a regulatory state associated with increased oxidative
glucosemetabolism (Israelsen et al., 2013). Differences in lactate
production are present across the NSCLC models considered
for this study. Whereas the KP, KPS, and xenograft models
form tumors with a higher proliferative index, the LA2 model
forms lower-grade tumors. Consistent with a model where
increased lactate production tracks with increased proliferation,
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Figure 6. Lung Cancer Cells Require Pdha1 for Tumor Formation In Vivo
(A) sgRNAs targeting Pdha1 or control were introduced into lung cancer cells derived from KP lung tumor. Proliferation of control and Pdha1-disrupted cells in

culture is shown (n = 3), as is a western blot analysis showing Pdha1 expression from isogenic clones. All values are represented as mean ± SD.

(B) The same cells described in (A) were cultured in the presence of [U-13C]glucose. Percent labeling of citrate isotopomers is shown for control and Pdha1-

disrupted cell lines. The percent M2 isotopomer of citrate generated from glucose via flux through Pdha1 is also presented in blue, and percent labeling of other

isotopomers of citrate is color coded; n = 3. All values are represented as mean ± SD.

(C) The same cells described in (A) were introduced as allografts into the flanks of nu/nu mice. Tumor growth over time is shown. n = 4/cell line.

(D) The same cells described in (A) were introduced as allografts into the flanks of mice. The percent labeling of aspartate (Asp), citrate (Cit), glutamate (Glu), and

glutamine (Glu) in lung tumors derived from control cells (black) ormaterial present at the injection site fromPdha1-disrupted cells (blue) was determined following

a 6 hr [U-13C]glucose infusion. TheM0 andM2 isotopomers are shown for eachmetabolite. All values inmean ± SEM. *Difference is statistically significant by two-

tailed t test, p < 0.05.

(E) The same cells described in (A) were introduced as allografts into the flanks of nu/numice. Immunohistochemistry assessing Pdha1 expression in lung tumors

derived from control cells or material present at the injection site from Pdha1-disrupted cells is shown. Scale bar, 200 mM.

(F) Representative H&E staining of the same cells described in (A) 4 weeks after orthotopic transplantation into the lungs of nu/nu mice. Scale bar, 200 mM.

(G) Representative immunohistochemical staining for Pdha1 in tumors arising in KP mice infected with pSECC containing a control sgRNA (Control) or sgPdha1

(n = 25 tumors from Control and 18 tumors from sgPdha1 from 3 mice analyzed; all tumors retained Pdha1 expression). Scale bar, 200 mm.
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Table 1
Comparison between the formulations of physiological and historic media.

Formulations of Plasmax™, Human Plasma-Like Medium (HPLM), Minimal Essential Medium (MEM), 
Iscove's Modified Dulbecco's Medium (IMDM), Dulbecco's modified Eagles Medium (DMEM, high glucose), 
DMEM/F-12 nutrient mix (1:1), Ham’s F-12 Nutrient Mix (F-12), and Roswell Park Memorial Institute 1640 
Medium (RPMI 1640, low glucose). The range of normal concentration values for human plasma are reported 
in the first column. All the concentrations are reported in µM. NA: not available. The colors represent the 
relative abundance of each component across the different media. White represents the level in Plasmax™, and 
blue and red represent lower and higher concentrations, respectively. An eightfold cutoff on color scale was 
applied. Grey and yellow cells are not part of the color scale.

Human plasma Plasmax™ HPLM MEM IMDM DMEM DMEM/F-12 F-12 RPMI 1640

Proteinogenic Amino Acids

L-Alanine 230 - 510 [13] 510 430 NA 281 NA 50 100 NA

L-Arginine 13 - 64 [13] 64 110 597 399 398 699 1000 1149

L-Asparagine 45-130 [13] 41 50 NA 189 NA 50 100 379

L-Aspartic acid 0 - 6 [13] 6 20 NA 226 NA 50 100 150

L-Cysteine 23.2 - 43.8 [14] 33 40 NA NA NA 100 200 NA

L-Glutamate 32-140 [13] 98 80 NA 510 NA 50 100 136

L-Glutamine 420-720 [13] 650 550 2000 4000 4000 2500 1000 2055

Glycine 170 - 330 [13] 330 300 NA 400 400 250 100 133

L-Histidine 26 - 120 [13] 120 110 200 200 200 150 100 97

L-Isoleucine 42 - 100 [13] 140 70 397 802 802 416 31 382

L-Leucine 66 - 170 [13] 170 160 397 802 802 451 100 382

L-Lysine 150 - 220 [13] 220 200 399 798 798 499 199 219

L-Methionine 16 - 30 [13] 30 30 101 201 201 116 30 101

L-Phenylalanine 41 - 68 [13] 68 80 194 400 400 215 30 91

L-Proline 110-360 [13] 360 200 NA 348 NA 150 300 174

L-Serine 56 - 140 [13] 140 150 NA 400 400 250 100 286

L-Threonine 92 - 240 [13] 240 140 403 798 798 449 100 168

L-Tryptophan 44.8 - 64.2 [14] 78 60 49 78 78 44 10 25

L-Tyrosine 45 - 74 [13] 74 80 199 462 399 214 30 111

L-Valine 150 - 310 [13] 230 220 393 803 803 452 100 171

Non-proteinogenic Amino Acids

α-Aminobutyrate 15 - 41 [13] 41 20 NA NA NA NA NA NA

L-Citrulline 16 - 55 [13] 55 40 NA NA NA NA NA NA

L-Cystine 30 - 65 [13] 65 100 99 292 201.3 100 NA 207.7

L-Homocysteine 6.1 - 12.1 [15] 9 NA NA NA NA NA NA NA

4-Hydroxy-L-proline 3 - 23 [16] 13 20 NA NA NA NA NA 152.7

L-Ornitine 27 - 80 [13] 80 70 NA NA NA NA NA NA

L-Pyroglutamate 12.2 - 15.3 [17] 20 NA NA NA NA NA NA NA

Trends Cancer. Author manuscript; available in PMC 2019 June 10.
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Figure 1. Metabolic reactions observed in cancer cells cultured in historic and physiological 
media.
Arrows and names highlighted in red indicate reactions or metabolite levels enhanced in 
historic media, such as DMEM. Nutrients and metabolites with a dashed outline are absent 
in DMEM. 5-FU: 5-fluorouracil, AcCoA: acetyl-Coenzym A, ASS: argininosuccinate, ATP: 
adenosine triphosphate, Citn: citrulline, Fum: fumarate, FUMP: 5-fluorouracil 
monophosphate, HIF1α: hypoxia-inducible factor 1α, αKG: α-ketogluterate, MetF: 
metformin, NAD: nicotinamide adenine dinucleotide, Oaa: oxaloacetate, Orn: Ornithine, 
Pyr: pyruvate, UMPS: uridine monophosphate synthetase.
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SUMMARY

A complex interplay of environmental factors im-
pacts the metabolism of human cells, but neither
traditional culture media nor mouse plasma mimic
the metabolite composition of human plasma. Here,
we developed a culture medium with polar metabo-
lite concentrations comparable to those of human
plasma (human plasma-like medium [HPLM]). Cul-
ture in HPLM, relative to that in traditional media,
had widespread effects on cellular metabolism,
including on the metabolome, redox state, and
glucose utilization. Among the most prominent was
an inhibition of de novo pyrimidine synthesis—an
effect traced to uric acid, which is 10-fold higher in
the blood of humans than of mice and other non-pri-
mates. We find that uric acid directly inhibits uridine
monophosphate synthase (UMPS) and consequently
reduces the sensitivity of cancer cells to the chemo-
therapeutic agent 5-fluorouracil. Thus, media that
better recapitulates the composition of human
plasma reveals unforeseen metabolic wiring and
regulation, suggesting that HPLM should be of broad
utility.

INTRODUCTION

There is a resurgence of interest in themetabolism ofmammalian
cells and in understanding themetabolic adaptations that enable
cells to grow and proliferate (DeBerardinis et al., 2008; Hosios
et al., 2016; Keibler et al., 2016; Lunt and Vander Heiden,
2011; MacIver et al., 2013; Pearce et al., 2013; Vander Heiden
et al., 2009). Cells in culture are commonly used to study meta-
bolism (DeBerardinis and Chandel, 2016), and despite the
appreciation that metabolic networks are flexible (Boroughs
and DeBerardinis, 2015; Cairns et al., 2011; Cantor and Sabatini,

2012; Lehuédé et al., 2016; Olson et al., 2016) and greatly influ-
enced by environmental metabolites (Davidson et al., 2016;
DeBerardinis and Chandel, 2016; DeNicola and Cantley, 2015;
Hensley et al., 2016; Maddocks et al., 2013; Mayers et al.,
2016; Yuneva et al., 2012), there has been relatively little investi-
gation of how the small molecule composition of culture media
impacts metabolism.
Traditional synthetic cell culture media were not developed

with the primary desire of mimicking human plasma, but, rather,
to address the need for large amounts of medium with less
inherent variability than natural media such as biological fluids
and tissue extracts (Freshney, 2010). Upon defining the mini-
mum nutritional requirements of two cell types (Eagle, 1955a,
1955b), Eagle formulated one of the first standardized synthetic
media, Basal Medium Eagle (BME), over half a century ago
(Eagle, 1955c). Soon after, Eagle developed Minimal Essential
Medium (MEM) (Eagle, 1959), and within the ensuing decade,
Dulbecco and Freeman formulated DMEM originally for the cul-
ture of mouse embryonic cells (Dulbecco and Freeman, 1959),
and Moore et al. (1967) developed RPMI 1640 for that of blood
cells. Even though the nutrient concentrations of DMEM and
RPMI 1640 poorly resemble those of human plasma, most
studies of metabolism examine cells cultured in these media.
Efforts have been made to adjust the concentrations of media

components, usually one or several nutrients at a time, to better
reflect physiologic conditions (Birsoy et al., 2014; Favaro et al.,
2012; Kamphorst et al., 2015; Pan et al., 2016; Schug et al.,
2015; Tardito et al., 2015; Yao et al., 2016). Most such modified
media not only contain other nutrients at non-physiological
levels, but also lack defined concentrations of many metabolites
now known to be present in human plasma. Inmice and humans,
great progress has beenmade in the study ofmetabolism in vivo,
usually by monitoring the utilization patterns of isotope-labeled
nutrients in tumors or normal tissues (Comerford et al., 2014;
Commisso et al., 2013; Davidson et al., 2016; Hensley et al.,
2016; Mashimo et al., 2014; Mayers et al., 2016; Sellers et al.,
2015; Venneti et al., 2015; Yuneva et al., 2012). While such
models provide a physiologically relevant environmental context
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Improving the metabolic fidelity of cancer models with
a physiological cell culture medium
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Gabriela Kalna1, Colin Nixon1, Karen Blyth1,2, Eyal Gottlieb1,3, Saverio Tardito1,2*

Currently available cell culture media may not reproduce the in vivo metabolic environment of tumors. To demon-
strate this, we compared the effects of a newphysiologicalmedium, Plasmax,with commercialmedia.Weprove that
the disproportionate nutrient composition of commercial media imposes metabolic artifacts on cancer cells. Their
supraphysiological concentrations of pyruvate stabilize hypoxia-inducible factor 1a in normoxia, thereby inducing a
pseudohypoxic transcriptional program. In addition, their arginine concentrations reverse the urea cycle reaction
catalyzed by argininosuccinate lyase, an effect not observed in vivo, and prevented by Plasmax in vitro. The capacity
of cancer cells to form colonies in commercial media was impaired by lipid peroxidation and ferroptosis and was
rescued by selenium present in Plasmax. Last, an untargeted metabolic comparison revealed that breast cancer
spheroids grown in Plasmax approximate the metabolic profile of mammary tumors better. In conclusion, a phys-
iological medium improves the metabolic fidelity and biological relevance of in vitro cancer models.

INTRODUCTION
It seems obvious that the nutrient composition of the culturemedium
affects the phenotypic behavior of cells, their response to stresses and
stimuli, epigenotype, and transcriptome. However, until recently (1–5),
very little attention has been paid to perfecting the formulation of historic
media. The vastmajority of biomedical researchers use cell culturemedia
thatwere not designed to reproduce the physiological cellular environ-
ment but were formulated to enable the continued culture of cells with
minimal amounts of nutrients and serum (i.e., Eagle’sminimal essential
medium). Later, these media were modified bymultiplying the concen-
tration of selected nutrients, such as glucose and glutamine, by a factor
of 4, to avoid nutrient exhaustion when leaving the culture unattended
for longer time periods [i.e., Dulbecco’s modified Eagle’s medium
(DMEM)]. Therefore, it is not surprising that several recent reports high-
light discrepancies between in vitro and in vivo cancer cell metabolism
(6, 7). We have previously designed a medium containing amino acids,
glucose, andpyruvate at physiological concentrations (2,3).More recently,
a culture medium was formulated on the basis of the composition of
human blood, and its use proved to profoundly affect in vitro cancer
cell metabolism (1).

Aiming to investigate and reduce the gap between in vitro observa-
tions and tumor biology, we implemented a complex culture medium,
herein called Plasmax, composed of more than 50 nutrients and meta-
bolites at the concentration normally found in human blood, and we
directly compared its effects on cultured cells against standard commercial
media. This new medium includes metabolites with marginal nutritional
value, but whose physiological relevance to cellular metabolism cannot
be discounted. This is exemplified by uric acid, the end product of pu-
rine catabolism, which inhibits pyrimidine synthesis, a pathway central
for cancer cell anabolism (1). In this study, we compare triple-negative
breast cancer (TNBC) cell lines cultured inPlasmax or inDMEM-F12, a
commercially available, nutrient-richmedium.Weshow that the adoption
of amore physiological culturemedium,which includes themicronutrient

selenium, substantially influences the colony-forming capacity of cancer
cells by preventing ferroptosis. This form of cell death caused by iron-
dependent lipid peroxidation is counteracted by selenoproteins, such
as glutathione peroxidase 4 (GPX4), whose expression and activity are
dependentonseleniumavailability (8,9). Furthermore, the transcriptional
and metabolic phenotypes of cells cultured in Plasmax are reprogrammed
in a way that is largely independent of the cell proliferation rate. This sug-
gests that the supraphysiological concentrations of nutrients (e.g., glucose
and glutamine) present inmost commercialmedia are not essential to sus-
tain cell proliferation and misshape the metabolism of cancer cells. This
aspect was studied in depth by relating the availability of nutrients in the
media to their exchange rates and intracellular levels. Last, by means of an
untargeted metabolomics approach, we compared the profiles of breast
cancer cells cultured in Plasmax and DMEM-F12 with orthotopic xeno-
grafts grown in mice, providing evidence that Plasmax more closely reca-
pitulates the metabolic environment of tumors.

RESULTS
The formulation of a physiological medium: Plasmax
To design a chemically definedmediumwith nutrients andmetabolites at
concentrationsnormally found in thebloodofhealthyhuman individuals,
we consulted a publicly available database (www.serummetabolome.ca).
On the basis of the normal concentration range reported for human
blood (meeting the arbitrary threshold of 2 mM), commercial availa-
bility, and chemical stability, we selected proteinogenic and nonpro-
teinogenic amino acids, amino acid derivatives, and other components
as reported in table S1. These compounds were dissolved in stock so-
lutions and added to Earle’s balanced salt solution (EBSS), together
with salts, vitamins, and trace elements, to obtain a ready-to-use cell
culture medium, herein called Plasmax (see Materials and Methods
and table S1 for details on formulation and stock solutions). Despite
having been designed and developed independently, the composition
of Plasmax is similar to the recently reported human plasma-like me-
dium (HPLM) (table S1) (1), thus cross-validating the methods used
to formulate these physiological media. To minimize the influence of
components contributed by the bovine serum, all the experiments
were performed by supplementing the media with 2.5% fetal bovine
serum (FBS) unless otherwise indicated.
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Figure 7. Uric Acid Antagonizes the Cytotoxicity of 5-Fluorouracil
(A) Schematic depicting themetabolism of 5-fluorouracil (5-FU) (top). 5-FU is converted into various fluoronucleotide derivatives thatmediate its cytotoxic effects.

Fluorouridine triphosphate (FUTP) and fluorodeoxyuridine triphosphate lead to cell death upon misincorporation into RNA and DNA, respectively. Fluo-

rodeoxyuridine monophosphate (FdUMP) leads to cell death by inhibition of thymidylate synthase (TYMS) (Longley et al., 2003). Enzymes depicted are uridine

phosphorylase (UPP), uridine-cytidine kinase (UCK), thymidine phosphorylase (TYMP), thymidine kinase (TK), and ribonucleotide reductase (RRM). Other

metabolites indicated are fluorouridine (FUR), fluorouridine monophosphate (FUMP), fluorouridine diphosphate (FUDP), fluorodeoxyuridine (FUDR), and fluo-

rodeoxyuridine diphosphate (FdUDP). The OPRT domain of UMPS catalyzes the direct conversion of 5-FU to FUMP (bottom).

(B) Schematic showing that the OPRT domain of UMPS catalyzes the conversions of orotate to OMP and 5-FU to FUMP.

(legend continued on next page)
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SUMMARY

A complex interplay of environmental factors im-
pacts the metabolism of human cells, but neither
traditional culture media nor mouse plasma mimic
the metabolite composition of human plasma. Here,
we developed a culture medium with polar metabo-
lite concentrations comparable to those of human
plasma (human plasma-like medium [HPLM]). Cul-
ture in HPLM, relative to that in traditional media,
had widespread effects on cellular metabolism,
including on the metabolome, redox state, and
glucose utilization. Among the most prominent was
an inhibition of de novo pyrimidine synthesis—an
effect traced to uric acid, which is 10-fold higher in
the blood of humans than of mice and other non-pri-
mates. We find that uric acid directly inhibits uridine
monophosphate synthase (UMPS) and consequently
reduces the sensitivity of cancer cells to the chemo-
therapeutic agent 5-fluorouracil. Thus, media that
better recapitulates the composition of human
plasma reveals unforeseen metabolic wiring and
regulation, suggesting that HPLM should be of broad
utility.

INTRODUCTION

There is a resurgence of interest in themetabolism ofmammalian
cells and in understanding themetabolic adaptations that enable
cells to grow and proliferate (DeBerardinis et al., 2008; Hosios
et al., 2016; Keibler et al., 2016; Lunt and Vander Heiden,
2011; MacIver et al., 2013; Pearce et al., 2013; Vander Heiden
et al., 2009). Cells in culture are commonly used to study meta-
bolism (DeBerardinis and Chandel, 2016), and despite the
appreciation that metabolic networks are flexible (Boroughs
and DeBerardinis, 2015; Cairns et al., 2011; Cantor and Sabatini,

2012; Lehuédé et al., 2016; Olson et al., 2016) and greatly influ-
enced by environmental metabolites (Davidson et al., 2016;
DeBerardinis and Chandel, 2016; DeNicola and Cantley, 2015;
Hensley et al., 2016; Maddocks et al., 2013; Mayers et al.,
2016; Yuneva et al., 2012), there has been relatively little investi-
gation of how the small molecule composition of culture media
impacts metabolism.
Traditional synthetic cell culture media were not developed

with the primary desire of mimicking human plasma, but, rather,
to address the need for large amounts of medium with less
inherent variability than natural media such as biological fluids
and tissue extracts (Freshney, 2010). Upon defining the mini-
mum nutritional requirements of two cell types (Eagle, 1955a,
1955b), Eagle formulated one of the first standardized synthetic
media, Basal Medium Eagle (BME), over half a century ago
(Eagle, 1955c). Soon after, Eagle developed Minimal Essential
Medium (MEM) (Eagle, 1959), and within the ensuing decade,
Dulbecco and Freeman formulated DMEM originally for the cul-
ture of mouse embryonic cells (Dulbecco and Freeman, 1959),
and Moore et al. (1967) developed RPMI 1640 for that of blood
cells. Even though the nutrient concentrations of DMEM and
RPMI 1640 poorly resemble those of human plasma, most
studies of metabolism examine cells cultured in these media.
Efforts have been made to adjust the concentrations of media

components, usually one or several nutrients at a time, to better
reflect physiologic conditions (Birsoy et al., 2014; Favaro et al.,
2012; Kamphorst et al., 2015; Pan et al., 2016; Schug et al.,
2015; Tardito et al., 2015; Yao et al., 2016). Most such modified
media not only contain other nutrients at non-physiological
levels, but also lack defined concentrations of many metabolites
now known to be present in human plasma. Inmice and humans,
great progress has beenmade in the study ofmetabolism in vivo,
usually by monitoring the utilization patterns of isotope-labeled
nutrients in tumors or normal tissues (Comerford et al., 2014;
Commisso et al., 2013; Davidson et al., 2016; Hensley et al.,
2016; Mashimo et al., 2014; Mayers et al., 2016; Sellers et al.,
2015; Venneti et al., 2015; Yuneva et al., 2012). While such
models provide a physiologically relevant environmental context
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Currently available cell culture media may not reproduce the in vivo metabolic environment of tumors. To demon-
strate this, we compared the effects of a newphysiologicalmedium, Plasmax,with commercialmedia.Weprove that
the disproportionate nutrient composition of commercial media imposes metabolic artifacts on cancer cells. Their
supraphysiological concentrations of pyruvate stabilize hypoxia-inducible factor 1a in normoxia, thereby inducing a
pseudohypoxic transcriptional program. In addition, their arginine concentrations reverse the urea cycle reaction
catalyzed by argininosuccinate lyase, an effect not observed in vivo, and prevented by Plasmax in vitro. The capacity
of cancer cells to form colonies in commercial media was impaired by lipid peroxidation and ferroptosis and was
rescued by selenium present in Plasmax. Last, an untargeted metabolic comparison revealed that breast cancer
spheroids grown in Plasmax approximate the metabolic profile of mammary tumors better. In conclusion, a phys-
iological medium improves the metabolic fidelity and biological relevance of in vitro cancer models.

INTRODUCTION
It seems obvious that the nutrient composition of the culturemedium
affects the phenotypic behavior of cells, their response to stresses and
stimuli, epigenotype, and transcriptome. However, until recently (1–5),
very little attention has been paid to perfecting the formulation of historic
media. The vastmajority of biomedical researchers use cell culturemedia
thatwere not designed to reproduce the physiological cellular environ-
ment but were formulated to enable the continued culture of cells with
minimal amounts of nutrients and serum (i.e., Eagle’sminimal essential
medium). Later, these media were modified bymultiplying the concen-
tration of selected nutrients, such as glucose and glutamine, by a factor
of 4, to avoid nutrient exhaustion when leaving the culture unattended
for longer time periods [i.e., Dulbecco’s modified Eagle’s medium
(DMEM)]. Therefore, it is not surprising that several recent reports high-
light discrepancies between in vitro and in vivo cancer cell metabolism
(6, 7). We have previously designed a medium containing amino acids,
glucose, andpyruvate at physiological concentrations (2,3).More recently,
a culture medium was formulated on the basis of the composition of
human blood, and its use proved to profoundly affect in vitro cancer
cell metabolism (1).

Aiming to investigate and reduce the gap between in vitro observa-
tions and tumor biology, we implemented a complex culture medium,
herein called Plasmax, composed of more than 50 nutrients and meta-
bolites at the concentration normally found in human blood, and we
directly compared its effects on cultured cells against standard commercial
media. This new medium includes metabolites with marginal nutritional
value, but whose physiological relevance to cellular metabolism cannot
be discounted. This is exemplified by uric acid, the end product of pu-
rine catabolism, which inhibits pyrimidine synthesis, a pathway central
for cancer cell anabolism (1). In this study, we compare triple-negative
breast cancer (TNBC) cell lines cultured inPlasmax or inDMEM-F12, a
commercially available, nutrient-richmedium.Weshow that the adoption
of amore physiological culturemedium,which includes themicronutrient

selenium, substantially influences the colony-forming capacity of cancer
cells by preventing ferroptosis. This form of cell death caused by iron-
dependent lipid peroxidation is counteracted by selenoproteins, such
as glutathione peroxidase 4 (GPX4), whose expression and activity are
dependentonseleniumavailability (8,9). Furthermore, the transcriptional
and metabolic phenotypes of cells cultured in Plasmax are reprogrammed
in a way that is largely independent of the cell proliferation rate. This sug-
gests that the supraphysiological concentrations of nutrients (e.g., glucose
and glutamine) present inmost commercialmedia are not essential to sus-
tain cell proliferation and misshape the metabolism of cancer cells. This
aspect was studied in depth by relating the availability of nutrients in the
media to their exchange rates and intracellular levels. Last, by means of an
untargeted metabolomics approach, we compared the profiles of breast
cancer cells cultured in Plasmax and DMEM-F12 with orthotopic xeno-
grafts grown in mice, providing evidence that Plasmax more closely reca-
pitulates the metabolic environment of tumors.

RESULTS
The formulation of a physiological medium: Plasmax
To design a chemically definedmediumwith nutrients andmetabolites at
concentrationsnormally found in thebloodofhealthyhuman individuals,
we consulted a publicly available database (www.serummetabolome.ca).
On the basis of the normal concentration range reported for human
blood (meeting the arbitrary threshold of 2 mM), commercial availa-
bility, and chemical stability, we selected proteinogenic and nonpro-
teinogenic amino acids, amino acid derivatives, and other components
as reported in table S1. These compounds were dissolved in stock so-
lutions and added to Earle’s balanced salt solution (EBSS), together
with salts, vitamins, and trace elements, to obtain a ready-to-use cell
culture medium, herein called Plasmax (see Materials and Methods
and table S1 for details on formulation and stock solutions). Despite
having been designed and developed independently, the composition
of Plasmax is similar to the recently reported human plasma-like me-
dium (HPLM) (table S1) (1), thus cross-validating the methods used
to formulate these physiological media. To minimize the influence of
components contributed by the bovine serum, all the experiments
were performed by supplementing the media with 2.5% fetal bovine
serum (FBS) unless otherwise indicated.
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Figure 7. Uric Acid Antagonizes the Cytotoxicity of 5-Fluorouracil
(A) Schematic depicting themetabolism of 5-fluorouracil (5-FU) (top). 5-FU is converted into various fluoronucleotide derivatives thatmediate its cytotoxic effects.

Fluorouridine triphosphate (FUTP) and fluorodeoxyuridine triphosphate lead to cell death upon misincorporation into RNA and DNA, respectively. Fluo-

rodeoxyuridine monophosphate (FdUMP) leads to cell death by inhibition of thymidylate synthase (TYMS) (Longley et al., 2003). Enzymes depicted are uridine

phosphorylase (UPP), uridine-cytidine kinase (UCK), thymidine phosphorylase (TYMP), thymidine kinase (TK), and ribonucleotide reductase (RRM). Other

metabolites indicated are fluorouridine (FUR), fluorouridine monophosphate (FUMP), fluorouridine diphosphate (FUDP), fluorodeoxyuridine (FUDR), and fluo-

rodeoxyuridine diphosphate (FdUDP). The OPRT domain of UMPS catalyzes the direct conversion of 5-FU to FUMP (bottom).

(B) Schematic showing that the OPRT domain of UMPS catalyzes the conversions of orotate to OMP and 5-FU to FUMP.

(legend continued on next page)
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F12 or Plasmax.Means ± SEM. (E) Micrographs showing themorphology ofMDA-MB-468 cells cultured in DMEM-F12 or Plasmax for eight passages. (F) Representative images
and (G and H) quantification of a colony formation assay performed with BT549, CAL-120, and MDA-MB-468 cells preincubated (2 days), seeded at 500 cells per well, and
incubated (12 days) with DMEM-F12 (D) or Plasmax (P) as indicated. Means ± SEM (n = 3 independent experiments). (C, D, G, and H) Each dot represents an independent
experiment, and P values refer to a two-tailed t test for paired homoscedastic samples.
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Fig. 1. Plasmax sustains cancer cell growth and increases colony formation. (A and B) Comparison of the formulation of Plasmax and DMEM-F12. na (not applicable)
refers to components not present inDMEM-F12, with the exception of linoleate, putrescine, lipoic acid, and thymidine, which are not present in Plasmax. (C) Cell number at the
end of a proliferation assay with BT549, CAL-120, andMDA-MB-468 cells, performed in Plasmax or DMEM-F12 under normoxic (N) and hypoxic (H) conditions, 21 and 0.1%O2,
respectively. Means ± SEM; n = 3 independent experiments. (D) Doubling time ofMDA-MB-468 cells as determined after each of the 10 consecutive passages in either DMEM-
F12 or Plasmax.Means ± SEM. (E) Micrographs showing themorphology ofMDA-MB-468 cells cultured in DMEM-F12 or Plasmax for eight passages. (F) Representative images
and (G and H) quantification of a colony formation assay performed with BT549, CAL-120, and MDA-MB-468 cells preincubated (2 days), seeded at 500 cells per well, and
incubated (12 days) with DMEM-F12 (D) or Plasmax (P) as indicated. Means ± SEM (n = 3 independent experiments). (C, D, G, and H) Each dot represents an independent
experiment, and P values refer to a two-tailed t test for paired homoscedastic samples.
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SUMMARY

A complex interplay of environmental factors im-
pacts the metabolism of human cells, but neither
traditional culture media nor mouse plasma mimic
the metabolite composition of human plasma. Here,
we developed a culture medium with polar metabo-
lite concentrations comparable to those of human
plasma (human plasma-like medium [HPLM]). Cul-
ture in HPLM, relative to that in traditional media,
had widespread effects on cellular metabolism,
including on the metabolome, redox state, and
glucose utilization. Among the most prominent was
an inhibition of de novo pyrimidine synthesis—an
effect traced to uric acid, which is 10-fold higher in
the blood of humans than of mice and other non-pri-
mates. We find that uric acid directly inhibits uridine
monophosphate synthase (UMPS) and consequently
reduces the sensitivity of cancer cells to the chemo-
therapeutic agent 5-fluorouracil. Thus, media that
better recapitulates the composition of human
plasma reveals unforeseen metabolic wiring and
regulation, suggesting that HPLM should be of broad
utility.

INTRODUCTION

There is a resurgence of interest in themetabolism ofmammalian
cells and in understanding themetabolic adaptations that enable
cells to grow and proliferate (DeBerardinis et al., 2008; Hosios
et al., 2016; Keibler et al., 2016; Lunt and Vander Heiden,
2011; MacIver et al., 2013; Pearce et al., 2013; Vander Heiden
et al., 2009). Cells in culture are commonly used to study meta-
bolism (DeBerardinis and Chandel, 2016), and despite the
appreciation that metabolic networks are flexible (Boroughs
and DeBerardinis, 2015; Cairns et al., 2011; Cantor and Sabatini,

2012; Lehuédé et al., 2016; Olson et al., 2016) and greatly influ-
enced by environmental metabolites (Davidson et al., 2016;
DeBerardinis and Chandel, 2016; DeNicola and Cantley, 2015;
Hensley et al., 2016; Maddocks et al., 2013; Mayers et al.,
2016; Yuneva et al., 2012), there has been relatively little investi-
gation of how the small molecule composition of culture media
impacts metabolism.
Traditional synthetic cell culture media were not developed

with the primary desire of mimicking human plasma, but, rather,
to address the need for large amounts of medium with less
inherent variability than natural media such as biological fluids
and tissue extracts (Freshney, 2010). Upon defining the mini-
mum nutritional requirements of two cell types (Eagle, 1955a,
1955b), Eagle formulated one of the first standardized synthetic
media, Basal Medium Eagle (BME), over half a century ago
(Eagle, 1955c). Soon after, Eagle developed Minimal Essential
Medium (MEM) (Eagle, 1959), and within the ensuing decade,
Dulbecco and Freeman formulated DMEM originally for the cul-
ture of mouse embryonic cells (Dulbecco and Freeman, 1959),
and Moore et al. (1967) developed RPMI 1640 for that of blood
cells. Even though the nutrient concentrations of DMEM and
RPMI 1640 poorly resemble those of human plasma, most
studies of metabolism examine cells cultured in these media.
Efforts have been made to adjust the concentrations of media

components, usually one or several nutrients at a time, to better
reflect physiologic conditions (Birsoy et al., 2014; Favaro et al.,
2012; Kamphorst et al., 2015; Pan et al., 2016; Schug et al.,
2015; Tardito et al., 2015; Yao et al., 2016). Most such modified
media not only contain other nutrients at non-physiological
levels, but also lack defined concentrations of many metabolites
now known to be present in human plasma. Inmice and humans,
great progress has beenmade in the study ofmetabolism in vivo,
usually by monitoring the utilization patterns of isotope-labeled
nutrients in tumors or normal tissues (Comerford et al., 2014;
Commisso et al., 2013; Davidson et al., 2016; Hensley et al.,
2016; Mashimo et al., 2014; Mayers et al., 2016; Sellers et al.,
2015; Venneti et al., 2015; Yuneva et al., 2012). While such
models provide a physiologically relevant environmental context
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Improving the metabolic fidelity of cancer models with
a physiological cell culture medium
Johan Vande Voorde1, Tobias Ackermann1, Nadja Pfetzer1, David Sumpton1, Gillian Mackay1,
Gabriela Kalna1, Colin Nixon1, Karen Blyth1,2, Eyal Gottlieb1,3, Saverio Tardito1,2*

Currently available cell culture media may not reproduce the in vivo metabolic environment of tumors. To demon-
strate this, we compared the effects of a newphysiologicalmedium, Plasmax,with commercialmedia.Weprove that
the disproportionate nutrient composition of commercial media imposes metabolic artifacts on cancer cells. Their
supraphysiological concentrations of pyruvate stabilize hypoxia-inducible factor 1a in normoxia, thereby inducing a
pseudohypoxic transcriptional program. In addition, their arginine concentrations reverse the urea cycle reaction
catalyzed by argininosuccinate lyase, an effect not observed in vivo, and prevented by Plasmax in vitro. The capacity
of cancer cells to form colonies in commercial media was impaired by lipid peroxidation and ferroptosis and was
rescued by selenium present in Plasmax. Last, an untargeted metabolic comparison revealed that breast cancer
spheroids grown in Plasmax approximate the metabolic profile of mammary tumors better. In conclusion, a phys-
iological medium improves the metabolic fidelity and biological relevance of in vitro cancer models.

INTRODUCTION
It seems obvious that the nutrient composition of the culturemedium
affects the phenotypic behavior of cells, their response to stresses and
stimuli, epigenotype, and transcriptome. However, until recently (1–5),
very little attention has been paid to perfecting the formulation of historic
media. The vastmajority of biomedical researchers use cell culturemedia
thatwere not designed to reproduce the physiological cellular environ-
ment but were formulated to enable the continued culture of cells with
minimal amounts of nutrients and serum (i.e., Eagle’sminimal essential
medium). Later, these media were modified bymultiplying the concen-
tration of selected nutrients, such as glucose and glutamine, by a factor
of 4, to avoid nutrient exhaustion when leaving the culture unattended
for longer time periods [i.e., Dulbecco’s modified Eagle’s medium
(DMEM)]. Therefore, it is not surprising that several recent reports high-
light discrepancies between in vitro and in vivo cancer cell metabolism
(6, 7). We have previously designed a medium containing amino acids,
glucose, andpyruvate at physiological concentrations (2,3).More recently,
a culture medium was formulated on the basis of the composition of
human blood, and its use proved to profoundly affect in vitro cancer
cell metabolism (1).

Aiming to investigate and reduce the gap between in vitro observa-
tions and tumor biology, we implemented a complex culture medium,
herein called Plasmax, composed of more than 50 nutrients and meta-
bolites at the concentration normally found in human blood, and we
directly compared its effects on cultured cells against standard commercial
media. This new medium includes metabolites with marginal nutritional
value, but whose physiological relevance to cellular metabolism cannot
be discounted. This is exemplified by uric acid, the end product of pu-
rine catabolism, which inhibits pyrimidine synthesis, a pathway central
for cancer cell anabolism (1). In this study, we compare triple-negative
breast cancer (TNBC) cell lines cultured inPlasmax or inDMEM-F12, a
commercially available, nutrient-richmedium.Weshow that the adoption
of amore physiological culturemedium,which includes themicronutrient

selenium, substantially influences the colony-forming capacity of cancer
cells by preventing ferroptosis. This form of cell death caused by iron-
dependent lipid peroxidation is counteracted by selenoproteins, such
as glutathione peroxidase 4 (GPX4), whose expression and activity are
dependentonseleniumavailability (8,9). Furthermore, the transcriptional
and metabolic phenotypes of cells cultured in Plasmax are reprogrammed
in a way that is largely independent of the cell proliferation rate. This sug-
gests that the supraphysiological concentrations of nutrients (e.g., glucose
and glutamine) present inmost commercialmedia are not essential to sus-
tain cell proliferation and misshape the metabolism of cancer cells. This
aspect was studied in depth by relating the availability of nutrients in the
media to their exchange rates and intracellular levels. Last, by means of an
untargeted metabolomics approach, we compared the profiles of breast
cancer cells cultured in Plasmax and DMEM-F12 with orthotopic xeno-
grafts grown in mice, providing evidence that Plasmax more closely reca-
pitulates the metabolic environment of tumors.

RESULTS
The formulation of a physiological medium: Plasmax
To design a chemically definedmediumwith nutrients andmetabolites at
concentrationsnormally found in thebloodofhealthyhuman individuals,
we consulted a publicly available database (www.serummetabolome.ca).
On the basis of the normal concentration range reported for human
blood (meeting the arbitrary threshold of 2 mM), commercial availa-
bility, and chemical stability, we selected proteinogenic and nonpro-
teinogenic amino acids, amino acid derivatives, and other components
as reported in table S1. These compounds were dissolved in stock so-
lutions and added to Earle’s balanced salt solution (EBSS), together
with salts, vitamins, and trace elements, to obtain a ready-to-use cell
culture medium, herein called Plasmax (see Materials and Methods
and table S1 for details on formulation and stock solutions). Despite
having been designed and developed independently, the composition
of Plasmax is similar to the recently reported human plasma-like me-
dium (HPLM) (table S1) (1), thus cross-validating the methods used
to formulate these physiological media. To minimize the influence of
components contributed by the bovine serum, all the experiments
were performed by supplementing the media with 2.5% fetal bovine
serum (FBS) unless otherwise indicated.

1Cancer Research UK Beatson Institute, Garscube Estate, Switchback Road, Glasgow,
G611BD, UK. 2Institute of Cancer Sciences, University of Glasgow, Glasgow, UK. 3Tech-
nion Integrated Cancer Center, Faculty of Medicine, Technion (Israel Institute of Tech-
nology), Haifa, Israel.
*Corresponding author. Email: s.tardito@beatson.gla.ac.uk, saverio.tardito@
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Figure 7. Uric Acid Antagonizes the Cytotoxicity of 5-Fluorouracil
(A) Schematic depicting themetabolism of 5-fluorouracil (5-FU) (top). 5-FU is converted into various fluoronucleotide derivatives thatmediate its cytotoxic effects.

Fluorouridine triphosphate (FUTP) and fluorodeoxyuridine triphosphate lead to cell death upon misincorporation into RNA and DNA, respectively. Fluo-

rodeoxyuridine monophosphate (FdUMP) leads to cell death by inhibition of thymidylate synthase (TYMS) (Longley et al., 2003). Enzymes depicted are uridine

phosphorylase (UPP), uridine-cytidine kinase (UCK), thymidine phosphorylase (TYMP), thymidine kinase (TK), and ribonucleotide reductase (RRM). Other

metabolites indicated are fluorouridine (FUR), fluorouridine monophosphate (FUMP), fluorouridine diphosphate (FUDP), fluorodeoxyuridine (FUDR), and fluo-

rodeoxyuridine diphosphate (FdUDP). The OPRT domain of UMPS catalyzes the direct conversion of 5-FU to FUMP (bottom).

(B) Schematic showing that the OPRT domain of UMPS catalyzes the conversions of orotate to OMP and 5-FU to FUMP.

(legend continued on next page)
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Fig. 1. Plasmax sustains cancer cell growth and increases colony formation. (A and B) Comparison of the formulation of Plasmax and DMEM-F12. na (not applicable)
refers to components not present inDMEM-F12, with the exception of linoleate, putrescine, lipoic acid, and thymidine, which are not present in Plasmax. (C) Cell number at the
end of a proliferation assay with BT549, CAL-120, andMDA-MB-468 cells, performed in Plasmax or DMEM-F12 under normoxic (N) and hypoxic (H) conditions, 21 and 0.1%O2,
respectively. Means ± SEM; n = 3 independent experiments. (D) Doubling time ofMDA-MB-468 cells as determined after each of the 10 consecutive passages in either DMEM-
F12 or Plasmax.Means ± SEM. (E) Micrographs showing themorphology ofMDA-MB-468 cells cultured in DMEM-F12 or Plasmax for eight passages. (F) Representative images
and (G and H) quantification of a colony formation assay performed with BT549, CAL-120, and MDA-MB-468 cells preincubated (2 days), seeded at 500 cells per well, and
incubated (12 days) with DMEM-F12 (D) or Plasmax (P) as indicated. Means ± SEM (n = 3 independent experiments). (C, D, G, and H) Each dot represents an independent
experiment, and P values refer to a two-tailed t test for paired homoscedastic samples.
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Fig. 1. Plasmax sustains cancer cell growth and increases colony formation. (A and B) Comparison of the formulation of Plasmax and DMEM-F12. na (not applicable)
refers to components not present inDMEM-F12, with the exception of linoleate, putrescine, lipoic acid, and thymidine, which are not present in Plasmax. (C) Cell number at the
end of a proliferation assay with BT549, CAL-120, andMDA-MB-468 cells, performed in Plasmax or DMEM-F12 under normoxic (N) and hypoxic (H) conditions, 21 and 0.1%O2,
respectively. Means ± SEM; n = 3 independent experiments. (D) Doubling time ofMDA-MB-468 cells as determined after each of the 10 consecutive passages in either DMEM-
F12 or Plasmax.Means ± SEM. (E) Micrographs showing themorphology ofMDA-MB-468 cells cultured in DMEM-F12 or Plasmax for eight passages. (F) Representative images
and (G and H) quantification of a colony formation assay performed with BT549, CAL-120, and MDA-MB-468 cells preincubated (2 days), seeded at 500 cells per well, and
incubated (12 days) with DMEM-F12 (D) or Plasmax (P) as indicated. Means ± SEM (n = 3 independent experiments). (C, D, G, and H) Each dot represents an independent
experiment, and P values refer to a two-tailed t test for paired homoscedastic samples.
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Fig. 2. The Plasmax component sodium selenite prevents ferroptosis and thereby enhances the colony formation capacity of TNBC cells. (A) Images of colony
formation assays performed with MDA-MB-468 cells seeded 500 cells per well and incubated for 14 days in 1:1 DMEM-F12/Plasmax mix or in DMEM-F12 supplemented with
the different mixed stock solutions or individual components of Plasmax. Images are representative of three independent experiments. (B) Representative images and
(C) quantification of colony formation assays performedwithMDA-MB-468 cells seeded at 500 cells per well in DMEM-F12 with different concentrations of Na2SeO3 and
incubated for 14 days. Means ± SEM; n = 3 independent experiments. (D) Representative images and (E) quantification of the colony formation assays performed with
MDA-MB-468 cells seeded at the indicated cell density and incubated for 7 days. Means ± SEM; n = 3 independent experiments. (F) Quantification of colony formation
assays performedwithMDA-MB-468 cells seeded at 5000 cells per well and incubated for 7 days in DMEM-F12 supplemented with FBS and 50 nMNa2SeO3, as indicated.
Means ± SEM; n = 3 independent experiments. (G) Representative images and (H and I) quantification of colony formation assays performed with MDA-MB-468 cells
seeded at 5000 cells per well and incubated for 7 days in DMEM-F12 with 50 nMNa2SeO3, 1mM N-acetylcysteine (NAC), or 100 mMTrolox, as indicated. Means ± SEM; n =
3 independent experiments. (J) Western blot showing GPX4 levels in MDA-MB-468 cells seeded at low (2000 cells/cm2) or high (10,000 cells/cm2) density and incubated
in DMEM-F12 for 3 days with 50 nMNa2SeO3, as indicated. Images are representative of three independent experiments. (K) GPX activitymeasured in MDA-MB-468 cells
seeded and incubated as for (J). Means ± SEM; n = 3 independent experiments. (L) Representative images and (M) quantification of colony formation assays performed
with MDA-MB-468 cells seeded at 5000 cells per well (L) or at 50,000 cells per well (H) and incubated for 7 days in DMEM-F12 supplemented with 50 nMNa2SeO3 and 250 nM
(1S,3R)-RSL3. Means ± SEM; n = 2 independent experiments. (N) Lipid peroxidation levels of MDA-MB-468 cells seeded as in (J) and incubated in DMEM-F12 for 48 hours
with 50 nM Na2SeO3 and for the last hour with 50 mM t-butOOH, as indicated. At the end of the incubation, 1 mM BODIPY 581/591 C11 was added to the cells for 15 min.
Means ± SEM; n = 3 or 4 independent experiments. (O) Representative images of MDA-MB-468 cells seeded at 10,000 cells/cm2 and incubated in DMEM-F12 with
Na2SeO3 for 72 hours and for the last 24 hours with 50 mM t-butOOH, as indicated. Images are representative of three independent experiments. (P and R) Representative
images and (Q and S) quantification of colony formation assays performed with MDA-MB-468 cells seeded at 5000 cells per well and incubated for 7 days in DMEM-F12
supplementedwith 50 nMNa2SeO3, 2.5 mMdeferoxamine, and 50 nM liproxstatin-1 (Lip-1), as indicated.Means± SEM;n=2 (P andQ) or n=3 (R and S) independent experiments.
(T) Schematic representation of the factors affecting the colony-forming capacity of TNBC cells. “X” refers to a factor present in themediumof confluentMDA-MB-468 cells and not
yet identified. (F, H, I, K, M, N, Q, and S) Each dot represents an independent experiment, and P values refer to a two-tailed t test for paired homoscedastic samples.

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Vande Voorde et al., Sci. Adv. 2019;5 : eaau7314 2 January 2019 4 of 14

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversit degli Studi di Padova on M

arch 11, 2024



Metabolism is DYNAMIC. 
Cells need to reprogram their metabolism in order to: 

• Produce more biomass (cell division; cell growth) 
• Produce more nucleotides (cell division; meiosis) 
• Preserve energy (storage; response to nutrient scarcity) 
• Cope with (oxidative) stress (replication and nutrient stress) 
• Compartmentalize toxic metabolites (iron overload) 
• Adapt to different environments (mobility, 3D growth) 
• Secrete immunomodulatory molecules (immune response) 
• Adjust availability of “signaling metabolites” (support signals) 
• Support epigenetic rewiring (differentiation)

…NOT to “produce” more energy



Cells reprogram their metabolism:  
anabolic and catabolic pathways are rewired to tackle 
different needs

SIGNALING PATHWAYS 
(ONCOGENES)



Cells reprogram their metabolism:  
anabolic and catabolic pathways are rewired to tackle 
different needs

Microenvironment 

SIGNALING PATHWAYS 
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