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SUMMARY

Metabolic flexibility is key to survival and growth in all living organisms. In mammals, the pathways support-

ing cell proliferation in nutrient-limiting conditions have not been fully elucidated, although certain tumors

display metabolic dependencies that can be targeted for therapy. Here, we combine metabolic tracers,

nutrient supplementation, and genome-wide CRISPR-Cas9 screening to investigate the pathways mediating

glutamine addiction, a hallmark of several cancers. We report that the vitamin biotin allows the bypassing of

glutamine dependence by activating pyruvate carboxylase (PC), and we discover a mechanism by which the

tumor suppressor FBXW7 promotes pyruvate anaplerosis. Mechanistically, we show that FBXW7 prevents c-

MYC accumulation and recruitment of a cluster of transcriptional repressors, including MAX, MNT, and

SIN3A, to the PC promoter, thereby maintaining PC expression and avoiding glutamine addiction. Our

work sheds light on the molecular mechanisms that support metabolic flexibility and prevent glutamine

addiction in cancer, with high relevance for FBXW7-associated cancer mutations.

INTRODUCTION

All life forms have evolved to cope with varying environments. In

humans, malnutrition, infection, or tumorigenesis can perturb

access to nutrients, making metabolic flexibility crucial to ensure

viability.1 Amino acids are some of the nutrients that show the

highest variation in our diet and across tissues.2 Among them,

glutamine is the most abundant amino acid in plasma and one

of the most highly utilized by cells in culture.3,4 Besides its role

as an essential constituent of proteins, glutamine acts as a major

contributor to the tricarboxylic acid (TCA) cycle, participating in

ATP generation and amino acid synthesis, and to nitrogen meta-

bolism, serving as an amine donor in multiple metabolic reac-

tions, including nucleotide metabolism. The relative contribution

of glutamine to the carbon and nitrogen cellular pools, and how

they are shaped by local nutrient availability, remains incom-

pletely understood.

While glutamine is classically viewed as a non-essential amino

acid, it has long been known that mammalian cells can become

dependent on its extracellular availability.4 This phenomenon,

referred to as ‘‘glutamine addiction,’’ has been observed both

in cell culture and in vivo, and it is thought to result from high pro-

liferation rates exceeding the capacity for intracellular biosyn-

thesis.5 However, it remains unclear whether glutamine addic-

tion results from a scarcity of carbon or nitrogen. Glutamine

metabolism plays a crucial role in cancer proliferation, and gluta-

mine addiction is a hallmark of certain cancers,6,7 together with

the expression of the oncogene MYC, which encodes the tran-

scription factor c-MYC and induces the upregulation of several

transporters and glutamine-related enzymes, including gluta-

minase.8–11 Notably, in vivo studies showed remarkable differ-

ences in glutamine consumption and abundance across tumor

types,12–14 increasing the complexity of glutamine addiction in

cancer. Understanding which molecular mechanisms and nutri-

ents modulate survival in a glutamine-limited environment could

guide novel approaches to limit cancer proliferation.

Earlier studies have highlighted metabolic pathways sustain-

ing the proliferation of glutamine-deprived cells, including pyru-

vate carboxylation, the malate-aspartate shuttle (MAS), and

asparagine synthesis,15–17 as well as others that become detri-

mental upon glutamine restriction, such as proline synthesis.18

Despite this important work, we still lack a global, systematic

view of the nutrients and pathways involved in cell survival

when glutamine is scarce. Here, we combine metabolic tracing

with large-scale nutrient and genome-wide genetic screening

to provide a unified model of the metabolites and molecular
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pathways at play in glutamine addiction. We report that biotin li-

censes proliferation of glutamine-deprived cells by promoting

the activity of pyruvate carboxylase (PC), and we further identify

an epigenetic mechanism whereby the tumor suppressor

FBXW7 regulates glutamine addiction by promoting expression

of PC. We show that FBXW7 acts upstream of the MYC

extended network, a cluster of transcriptional modulators

including repressor proteins that mediate histone deacetylation.

We report that FBXW7 depletion leads to c-MYC accumulation,

recruitment of MAX, MNT, and SIN3A to the PC promoter, and

reduced H3K27 acetylation. Thus, FBXW7 inhibits transcrip-

tional repressor recruitment, licensing PC expression, pyruvate

anaplerosis, and proliferation in glutamine-limiting conditions.

RESULTS

Systematic investigation of glutamine addiction

To identify the molecular mechanisms underlying glutamine

addiction, we investigated the metabolic reactions that involve

glutamine (ChEBI: 28300) and glutamine-derived glutamate

(ChEBI: 14321) in humans. Among the 20,420 reviewed pro-

tein-coding genes from the UniProt 2025 Reviewed database,19

we found 43 and 127 proteins using glutamine and glutamate,

respectively (Figure 1A; Table S1). These proteins mainly encode

for metabolic enzymes, transporters, and glutamate receptors,

and among them, 28 glutamine-related and 68 glutamate-related

proteins are expressed in human K562 myelogenous leukemia

cells (transcripts per million, TPM > 1) (Table S1).

Given the multiple biosynthetic pathways in which glutamine is

involved by contributing both carbon and nitrogen groups,20 we

performed a time-resolved metabolic tracer analysis in K562 us-

ing uniformly labeled 13C-glutamine and 15N-glutamine to mea-

sure the participation of glutamine in cellular carbon and nitrogen

pools, respectively (Figures 1B, 1C, S1A, and S1B; Table S2). We

found that glutamine-derived carbon participates in most of the

carbon pools of amino acids, such as glutamate, aspartate, and

asparagine, and in glutamate-derived TCA cycle intermediates,

including α-ketoglutarate (α-KG), succinate, malate, and citrate,

reaching >85% labeling after 8 h. Glutamine-derived carbon was

also incorporated at a similar, yet slower rate in pyrimidines

(UMP) and pyrimidine-derived metabolites in the hexosamine

biosynthetic pathway (UDP-GlcNAc) but not in purines (IMP

and AMP), which mostly contain glucose-derived carbons. By

contrast, glutamine-derived nitrogen showed a more heteroge-

neous pattern, and while purines and pyrimidines reached

>60% labeling after 8 h, amino acids such as glutamate and

aspartate only reached partial 15N-labeling (<50%), indicating

significant participation of additional nitrogen sources beyond

glutamine. An exception was asparagine, which contains an ex-

tra glutamine-derived nitrogen and showed >85% 15N-labeling

within 2 h. By contrast, we observed no 13C labeling in pyruvate

or acetyl-CoA, suggesting no malic enzyme activity in K562, in

contrast to other cells21,22 (Figure S1B).

We next explored whether glutamine addiction could be

rescued by the addition of carbon or nitrogen sources. We first

tested the ability of K562 to grow in the absence of glutamine

and found that it led to a rapid loss of proliferation and viability,

indicating strong glutamine addiction (Figures 1D and S1C).

We then designed an unbiased nutrient screen comparing the ef-

fect of 371 carbon and nitrogen sources, many of which are pre-

sent in the circulation or in the tumor microenvironment,12,23 on

restoring proliferation in glutamine-limited conditions (Figure 1E).

We identified a wide range of carbon sources, including carbox-

ylic acids such as pyruvate, α-KG, and α-ketobutyrate (α-KB),

some of which had previously been observed in the context of

glutamine deprivation,24 glutaminase inhibition,15 and mitochon-

drial dysfunction25,26 (Figure 1F; Table S3). We also identified

metabolites that could act as both carbon and nitrogen donors,

including alanine and alanine-containing dipeptides, which can

be deaminated to pyruvate by alanine aminotransferase.27 In

general, we observed that proliferation increased the most

upon addition of carboxylic acids, compared with nitrogen do-

nors (Figures 1G and 1H), consistent with the more limited gluta-

mine contribution to the nitrogen pool in our tracer analysis.

Together, our results in K562 indicate that glutamine addiction

results mainly from the need for carbon rather than nitrogen.

Anaplerosis, rather than redox imbalance, is the cause

of glutamine addiction

To better characterize the metabolome of cells cultured in the

presence or absence of glutamine, we performed steady-state

metabolomics in glutamine-deprived cells. We found

decreased abundance of all TCA cycle intermediates, as well

as amino acids such as glutamate, aspartate, and asparagine,

which we confirmed using MetaboAnalyst pathway analysis28

(Figure 2A; Table S4). The levels of metabolites related to

glycolysis, nucleotide synthesis, the pentose phosphate

pathway, and other amino acids showed little to no variation

in the absence of glutamine. Based on the key role of carbon

supplementation (Figure 1), we investigated whether the addi-

tion of the carbon sources identified in our screen could rescue

the abundance of metabolites found to be depleted in gluta-

mine-limited conditions. We selected pyruvate as a carboxylic

acid that is not directly downstream of glutamine, that does not

contain a nitrogen group, and that showed the most beneficial

impact on cell proliferation in glutamine-limited conditions in

our nutrient screen (Figures 1F–1H). We observed that pyruvate

could restore the levels of most metabolites depleted in the

absence of glutamine, including TCA cycle intermediates,

glutamate, glutamine, aspartate, and asparagine (Figure 2A;

Table S4).

These results suggested that pyruvate promotes the prolifera-

tion of glutamine-starved cells through anaplerosis, and to

exclude a role for exogenous pyruvate in NAD+ regeneration,25,29

we measured the NADH/NAD+ ratio in glutamine-deprived K562

and compared the effect of pyruvate to that of LbNOX, an

enzyme prosthetic used as an NADH oxidase.30 We found that

glutamine starvation increases the NADH/NAD+ ratio

(Figure S2A), in contrast to previous work,31 but as expected

from lower TCA cycle activity in glutamine-deprived conditions.

We corrected this imbalance by supplementing pyruvate, which

performed better than LbNOX in promoting the proliferation of

glutamine-starved cells (Figure S2B). Therefore, we conclude

that the ability of pyruvate to rescue proliferation under gluta-

mine-deprived conditions is not primarily via restoring NADH/

NAD+ balance.
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To further validate the anaplerotic route, we supplemented py-

ruvate to K562 cultured in the absence of glutamine and found

that this was sufficient to increase proliferation (Figure 2B).

This effect was driven by pyruvate entry into the mitochondria,

consistent with the increased abundance of TCA cycle interme-

diates and confirmed by pharmacological inhibition of the

mitochondrial pyruvate carrier (UK5099), which ablated pyru-

vate-mediated proliferation in glutamine-deprived medium

(Figure 2C). We next sought to validate whether pyruvate sup-

ports proliferation through anaplerosis and performed a 13C-

labeled pyruvate tracer analysis in glutamine-deprived K562

(Figures 2D and 2E; Table S5) and in primary murine CD8+

T cells (Figures S2C and S2D; Table S5). We observed 13C

enrichment in most TCA cycle intermediates and TCA-derived

amino acids in both glutamine-rich and glutamine-deprived con-

ditions. However, 13C enrichment increased upon glutamine

Figure 1. Systematic investigation of glutamine addiction using isotope tracing and nutrient screening

(A) Human protein-coding genes involving glutamine or glutamate (UniProt). Genes expressed in K562 are in parentheses.

(B) Metabolic pathways analyzed by U-13C and U-15N Gln (glutamine) tracing in K562. Analyzed metabolites are highlighted in green (carbon sources) or in both

green and blue (carbon and nitrogen sources). Light blue box, mitochondrion; yellow ellipses, mitochondrial transporters. Multiple enzymatic steps, multiple

arrows and dotted lines. α-KG, α-ketoglutarate; Asn, asparagine; Asp, aspartate; Glu, glutamate; MAS, malate-aspartate shuttle; OAA, oxaloacetate; Pyr, py-

ruvate; UDP-GlcNAc, uridine diphosphate N-acetylglucosamine; UMP, IMP, and AMP, uridine, inosine, and adenosine monophosphate.

(C) Total 13C-Gln and 15N-Gln incorporation in amino acids, nucleotides, UDP-amino sugar UDP-GlcNAc, and TCA cycle intermediates in K562.

(D) Proliferation (Prestoblue) of K562 in medium with or without glutamine. Values represent relative growth compared with cell proliferation in 2 mM glutamine. p

values, unpaired t test.

(E) Representation of nutrient screen in glutamine-starved K562.

(F) Screen results highlighting nutrients promoting K562 proliferation in glutamine-deprived medium. Glutamine and glutamine-containing dipeptides are

not shown.

(G) Validation of selected nutrients (2 mM) in glutamine-starved K562. Relative growth is compared with cell proliferation in non-supplemented (-) medium. L-Ala,

L-alanine; succinate, diethyl succinate; α-KB, α-ketobutyrate; α-KG, α-ketoglutarate (dimethyl 2-oxoglutarate).

(H) Schematic representation of the role of pyruvate, α-KG, and α-KB in anaplerosis. All data are represented as mean ± SD, with the addition of fitted curves in (C).

p values, one-way ANOVA. Only p values < 0.05 are shown.

See also Figure S1 and Tables S1–S3.
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depletion, indicating that cells increase the use of pyruvate for

anaplerosis when glutamine is scarce.

To confirm that the role of pyruvate in supporting proliferation

of glutamine-starved cells was not cell type-specific, we used

HEK239T (293T) spheroids as an alternative 3D model to mea-

sure cell proliferation. We found that the addition of pyruvate to

the cell culture medium was sufficient to increase proliferation

of glutamine-depleted 293T spheroids (Figures 2F and 2G), a

result that we further validated across seven additional human

and murine cancer cell lines (Figure 2H). Together, our findings

confirmed that carbons from pyruvate promote proliferation of

glutamine-restricted cells via anaplerosis and that pyruvate-

mediated proliferation in glutamine-deprived medium is general-

izable across cell lineages, offering a unique opportunity to

further study the mechanism of glutamine addiction.

A unified model of glutamine addiction from genome-

wide CRISPR-Cas9 screening

We next designed a genome-wide screen aimed at identifying

the molecular pathways able to maintain proliferation in gluta-

mine-free, pyruvate-rich conditions. We infected K562 with

the Brunello lentiviral genome-wide CRISPR-Cas9 library

and transferred cells to a DMEM-based medium containing

glucose and pyruvate, either with or without glutamine. After

21 days, we harvested cells and performed next-generation

sequencing to determine the abundance of single guide

Figure 2. Metabolomics and proliferation analyses of glutamine-deprived cells

(A) Top, metabolite abundance in K562 cultured in glutamine (Gln)-deprived vs. glutamine-rich medium (left) or with pyruvate (Pyr) supplementation in glutamine-

free conditions (right). TCA intermediates and metabolites related to alanine (Ala), glutamate (Glu), aspartate (Asp), and asparagine (Asn) are labeled. Bottom,

MetaboAnalyst Pathway Analysis of significantly altered metabolites in glutamine-deprived vs. glutamine-rich medium (left) or with pyruvate supplementation in

glutamine-free conditions (right). FDR, Benjamini-Hochberg false discovery rate correction. FC, fold change.

(B) Proliferation of K562 supplemented with pyruvate, with or without glutamine. Relative growth: fold change of cells cultured in 2 mM glutamine with no pyruvate.

(C) Proliferation of control (DMSO) or UK-5099-treated K562 upon pyruvate addition, with or without glutamine. Relative growth: fold change of proliferation of

control cells supplemented with glutamine and pyruvate.

(D) 13C-pyruvate tracing in K562.

(E) Metabolites enriched in 13C-pyruvate in glutamine-rich or -deprived medium (relative isotopolog fractions). α-KG, α-ketoglutarate.

(F and G) Diameter of 293T spheroids cultured in medium supplemented with glutamine or pyruvate (F) and representative images (day 10 post-seeding) (G).

Scale bar, 500 μm.

(H) Growth assay of human (K562, 293T, HeLa, MCF7, A375, U-2 OS, and SW480) and murine (MC38, B16-F10) cell lines in the absence of glutamine, sup-

plemented with pyruvate where indicated. Relative growth is calculated as the fold change of proliferation in the glutamine-rich medium of each cell line. All data

are represented as mean ± SD. p values, multiple unpaired t tests. Only p values < 0.05 are shown.

See also Figure S2 and Tables S4 and S5.
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Figure 3. Genome-wide screening provides a unified model of pathways determining glutamine addiction

(A) Genome-wide CRISPR-Cas9 screening in K562 cultured in medium containing pyruvate (Pyr), with or without glutamine (Gln).

(B) CRISPR-Cas9 screen identifying genes required (red) or detrimental (blue) for K562 proliferation in glutamine-deprived medium supplemented with pyruvate.

(C) Gene essentiality score (ΔZ = Z-Gln – Z+Gln) for selected pathways in K562. MAS, malate-aspartate shuttle; ISR, integrated stress response; ATGs, autophagy

genes; GID/CTLH, genes related to the GID/CTLH (C-terminal to LisH) E3 ligase complex. Dotted line, ΔZ = 0 (no difference between +Gln and -Gln). Individual

genes are labeled as red (required for proliferation of glutamine-starved cells, ΔZ < − 2), blue (detrimental for proliferation, ΔZ > 2), or gray dots (below threshold).

(D and E) K562 overexpressing the system Xc
- subunit SLC7A11 or GFP control (Ctrl) (D) cultured in medium enriched with glutamine or pyruvate (E). Relative

growth is calculated in comparison to cells supplemented with both glutamine and pyruvate. p values, multiple unpaired t tests.

(F) Proliferation of glutamine-starved K562 treated with inhibitors of the Xc
- antiporter (sulfasalazine [SAS]), the ISR (ISRIB), autophagy (bafilomycin [BAF]), and the

GID/CTLH complex (PFI7). Relative growth is calculated in comparison to untreated cells (DMSO). p values, one-way ANOVA.

(G and H) K562 expressing the plasma membrane amino acid transporter SLC1A3 or GFP control (G) cultured in glutamine-deprived medium supplemented with

pyruvate, aspartate (Asp), or asparagine (Asn) (H). Relative growth was calculated for each sample by comparison with non-supplemented medium. p values,

one-way ANOVA.

(legend continued on next page)
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RNAs (sgRNAs) in each condition. We analyzed the data using

a Z score-based method26 to calculate the essentiality of each

gene, highlighting genes that were required (ΔZ < 0) or detri-

mental (ΔZ > 0) for the growth of glutamine-starved cells

(Figures 3A and S3A; Table S6).

Validating the robustness of our genome-wide approach, our

screen re-identified several factors known to influence the sur-

vival of cells in the absence of glutamine, either by promoting

or inhibiting proliferation. These include the mitochondrial arm

of the MAS24,32 involved in aspartate synthesis (GOT2, MDH2,

and SLC25A13); PC, which converts pyruvate to oxaloacetate,

thus playing an important role in anaplerosis in cancer cells15,33;

the provision of asparagine16,17 via asparagine synthase (ASNS);

the amino acid-sensing arm of the integrated stress response

(ISR) (GCN1 and GCN2)34; and the plasma membrane cystine-

glutamate exchanger system Xc
- (SLC3A2 and SLC7A11),35,36

which lies downstream of the ISR37 (Figures 3B and 3C). Our

screen also identified individual genes and pathways not previ-

ously linked to glutamine addiction, including biotin-related

genes (SLC5A6 and HLCS)38–41; a cytosolic protein involved in

the translation of mitochondria-targeted proteins (CLUH)42;

autophagy-related genes (ATGs), as well as ubiquitination-

related pathways, including the GID/CTLH complex (GID4,

MAEA, WDR26, and YPEL5)43,44; and a substrate recognition

component of the Skp1-Cullin-F-box (SCF) E3 ligase

(FBXW7),45 all of which were required to survive glutamine star-

vation. Malic enzymes (ME1 and ME2) did not score in our

screen, likely because of the exogenous pyruvate available in

the medium (Figure S3B).

We validated these hits using genetic and pharmacological

tools, first by assessing the contribution of system Xc
- and its

subunit SLC7A11. Glutamine depletion induced upregulation of

ATF4, a known marker of the ISR,34 and of SLC7A11. Notably,

we found that pyruvate supplementation partially normalized

both ATF4 and SLC7A11 expression in glutamine-deprived cells

(Figure S3C). Next, we validated the detrimental role of system

Xc
- in glutamine-deprived conditions, as highlighted by our

screen. We show that overexpression of SLC7A11 decreased

growth of glutamine-starved cells (Figures 3D and 3E), while in-

hibition of system Xc
- by sulfasalazine (SAS) promoted prolifera-

tion in the same conditions (Figure 3F). These results corroborate

previous findings36 and likely hint at a detrimental effect for gluta-

mate export by system Xc
- in glutamine-deprived cells.

Next, we used pharmacological inhibition of the ISR (ISRIB),

autophagy (bafilomycin [BAF]), and the glucose-induced degra-

dation-deficient (GID), also referred to as the C-terminal to LisH

(CTLH) E3 ligase complex (PFI746), and showed that inhibition of

these pathways decreased proliferation upon glutamine deple-

tion, despite pyruvate addition, confirming their necessity as

highlighted by our screen (Figure 3F). We further corroborated

the validity of our model by overexpressing the glutamate-aspar-

tate transporter SLC1A3 and supplementing glutamine-deprived

cells with aspartate or asparagine. This approach was previously

used to highlight the importance of pyruvate for aspartate syn-

thesis17,29 and for aspartate in promoting proliferation of gluta-

mine-starved cells,24,32 and we confirmed it partially rescued

the growth of glutamine-starved K562 (Figures 3G and 3H).

Curiously, the main factors whose depletion promoted the

proliferation of cells in glutamine-limited conditions were part

of the cytosolic arm of the MAS (GOT1, MDH1, and

SLC25A11), which mirrors the mitochondrial arm (GOT2,

MDH2, and SLC25A13) by bringing aspartate-derived carbon

back to mitochondria. GOT1 and MDH1 are well-characterized

for their role in oxidative stress, affecting the growth of cancers

such as pancreatic ductal adenocarcinoma.47,48 While higher

expression of these genes correlates with poor prognosis in

some cancers,49,50 both our screen and validation in 293T spher-

oids showed that depletion of GOT1 or MDH1 promoted prolifer-

ation in glutamine-limited conditions, possibly by preventing re-

entry of carbon intermediates in mitochondria and maintaining

aspartate in the cytosol (Figures 3I–3K).

Overall, our genetic and nutrient screens highlight genes and

nutrients participating in interconnecting pathways and, together

with earlier literature, point to a unified model where glutamine-

restricted cells rely on pyruvate import into mitochondria, con-

version to oxaloacetate, mitochondrial aspartate synthesis,

and its export to the cytosol via the MAS (Figure 3L). Intriguingly,

we show that blocking the return of aspartate to mitochondria by

inhibiting the cytosolic arm of the MAS is beneficial in the context

of glutamine restriction and spheroid growth. This further con-

firms a strong need for cytosolic aspartate, where it can serve

as a substrate for both protein and nucleotide synthesis and

for asparagine. In addition, our screen also recovered satellite

pathways such as the ISR and glutamate export by the system

XC
- and importantly highlighted biotin metabolism and FBXW7,

not previously linked to glutamine addiction.

Biotin metabolism promotes growth in glutamine-

limited conditions

Biotin, also known as vitamin B7 or H, is the substrate for bio-

tinylation, a post-translational modification that occurs in mito-

chondrial carboxylases (PC, MCCC1/MCCC2, and PCCA/

PCCB) and in the cytosolic acetyl-CoA carboxylase (ACACA/

ACACB). Our screen identified the biotin plasma membrane

transporter (SLC5A6) and the biotin conjugating enzyme

(HLCS) as required for cell proliferation in the absence of gluta-

mine (Figure 4A). Notably, while human cells encode four classes

of biotin-dependent carboxylases, only PC was essential for the

growth of cells in glutamine-deprived conditions (Figures 3B and

3C). To validate these hits, we depleted their expression using

CRISPR-Cas9 and observed a strong reduction in the ability of

K562 to survive glutamine deprivation (Figure 4B). Similarly, we

found that K562 cells and 293T spheroids required both biotin

and pyruvate for growth (Figures 4C–4E) and confirmed that

(I–K) 293T depleted of the MAS proteins GOT1 (sgGOT1) or MDH1 (sgMDH1) (I) cultured as 3D spheroids in glutamine-deprived medium supplemented with

pyruvate (J, K). * = non-specific band. Representative images for 293T spheroids (K) 26 days post-seeding. Scale bar, 500 μm. p values, one-way ANOVA.

(L) Unified model of networks modulating proliferation in glutamine-deprived medium. Light blue box, mitochondrion; yellow ellipses, mitochondrial transporters.

PM, plasma membrane. α-KG, α-ketoglutarate; Glu, glutamate; OAA, oxaloacetate. All data are represented as mean ± SD. Only p values < 0.05 are shown.

See also Figure S3 and Table S6.
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the depletion of either did not affect PC stability (Figure 4F),

pointing to a specific functional requirement for biotinylation.

To test whether PC biotinylation is required for bypassing gluta-

mine addiction, we searched structural databases to identify the

biotinylated residue in human PC, which pointed us to lysine

1144 (PDB: 8XL9)51 (Figure 4G). We generated a PC point mutant

that cannot be biotinylated (K1144R) and confirmed that wild-type

(WT) and K1144R PC were expressed at similar levels and that PC

stability was not affected by the lack of biotinylation (Figure 4H).

Next, we performed a growth assay to test whether PC bio-

tinylation promoted the proliferation of glutamine-starved cells.

While we found that overexpression of WT PC was sufficient to

rescue the proliferation of glutamine-starved PC-depleted cells

and even promoted the proliferation of PC-competent cells in

the same conditions, PC K1144R-expressing cells failed to grow

upon glutamine deprivation (Figure 4I). Together, our data indicate

that biotinylation of PC is required to support proliferation in gluta-

mine-limited conditions and that biotinylated PC is a limiting factor

for the growth of glutamine-addicted cells.

FBXW7 supports PC expression and pyruvate

anaplerosis

The gene that scored as the most required factor in the

absence of glutamine was the tumor suppressor FBXW7,

which, in contrast to most other hits in our genetic screen, is

not known to be involved in central carbon metabolism

(Figures 3B and S3B). FBXW7 is a well-characterized substrate

recognition component for the cytosolic SKP1-CUL1-F-box E3

ubiquitin ligase complex, involved in the degradation of the pro-

tein products of oncogenes such as c-MYC, c-JUN, and cy-

clin E.52–55

Since a role for FBXW7 in central carbon metabolism was un-

expected, we depleted FBXW7 in K562 using CRISPR-Cas9

(Figure 5A) and measured proliferation in glutamine-deprived

medium upon supplementation with carbon sources

(Figures 5B and 5C). We observed that while FBXW7-depleted

cells showed no proliferation defects in a glutamine-rich me-

dium, they grew more slowly in the absence of glutamine,

despite the addition of pyruvate. To investigate whether this dif-

ference was specifically due to pyruvate metabolism, we supple-

mented the cell medium with a membrane-permeable α-KG

(dimethyl 2-oxoglutarate) analog and found that it was able to

promote cell proliferation independently of the expression of

FBXW7, pointing to a defect in pyruvate anaplerosis, rather

than a global defect in central carbon metabolism. Similarly,

FBXW7-depleted 293T spheroids failed to grow in glutamine-

free conditions, even after pyruvate supplementation

(Figures 5D and 5E). To clarify the fate of pyruvate in FBXW7-

Figure 4. Biotin licenses glutamine-independent growth by promoting PC activity

(A) Biotin-related genes required (red) in glutamine-deprived medium.

(B) Proliferation of glutamine-starved K562 depleted of biotin-related genes. All conditions were supplemented with 2 mM pyruvate. Relative growth: fold change

of sgCtrl.

(C) Proliferation of WT K562 cultured in glutamine-deprived medium upon addition of pyruvate (Pyr), biotin, or both. Relative growth: fold change of proliferation in

medium supplemented with both pyruvate and biotin.

(D and E) Representative images (20 days post-seeding) (D) and spheroid diameter (E) of glutamine-restricted 293T supplemented with biotin, pyruvate, or both.

Scale bar, 500 μm.

(F) Total protein expression and biotinylation of pyruvate carboxylase (PC) in medium supplemented with, or deprived of, pyruvate and biotin.

(G) Structure of human PC tetramer (2.61 Å, PDB: 8XL9). Each monomer is represented in a different color. The inset shows one biotin ligand (orange) and biotin-

binding site (K1144, purple) among the four biotin-binding sites in the tetramer.

(H and I) Control (sgCtrl) and PC-deficient K562 (sgPC) overexpressing WT PC, K1144R mutant PC, or GFP control (H) cultured in glutamine-depleted, pyruvate-

supplemented medium (I). Values represent the relative growth of each sample in comparison to proliferation in a glutamine-rich medium. All data are represented

as mean ± SD. All p values, one-way ANOVA. Only p values < 0.05 are shown.
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depleted cells, we repeated our 13C-pyruvate tracer experiment

and focused on malate and aspartate, whose relative fractions of

m+3 isotopolog increased in glutamine-limited conditions

(Figure 2E). This was indicative of PC-mediated conversion of

pyruvate into oxaloacetate, as opposed to m+2 isotopologs,

which are generated by pyruvate dehydrogenase (PDH)-medi-

ated conversion of pyruvate into acetyl-CoA. While we

confirmed increased enrichment in m+3 isotopologs in the

absence of glutamine, we found it to be significantly reduced

in FBXW7-depleted cells, irrespective of the presence of gluta-

mine, further suggesting impaired pyruvate anabolism via PC

(Figures 5F and 5G; Table S7).

As the primary function of FBXW7 is in protein degradation, we

performed global cell proteomics to understand how this tumor

suppressor and glutamine deprivation affect the proteome.

Importantly, we found that PC was among the most significantly

decreased proteins in FBXW7-depleted cells, independently of

the presence of glutamine, and common to multiple cell lines

(Figure 5H; Table S8; Figure S4). Neither FBXW7 nor glutamine

depletion affected the protein abundance of any other hits

from our screen (Table S8). PC was one of the genes that scored

highest among those dictating glutamine addiction (Figures 3B

and 3C). Therefore, low PC expression is fully compatible with

both the defects in pyruvate metabolism and the impaired

growth observed in FBXW7-deficient cells in the absence of

glutamine. To test for a causal role, we overexpressed a PC

cDNA in FBXW7-depleted cells (Figure 5I). We found that PC

overexpression not only conferred a growth advantage to cells

during glutamine deprivation, but it also rescued the proliferation

of FBXW7-depleted cells to the same extent as in control cells,

Figure 5. FBXW7 mediates pyruvate anaplerosis by promoting PC expression

(A) FBXW7 expression in control (sgCtrl) and FBXW7-depleted (sgFBXW7) K562.

(B) Simplified model showing sources of carbon entry into the TCA cycle. α-KG, α-ketoglutarate; Gln, glutamine; Glu, glutamate; OAA, oxaloacetate; Pyr, py-

ruvate.

(C) Proliferation of control and FBXW7-depleted cells in media supplemented with glutamine, pyruvate, or α-KG. p values, multiple unpaired t tests.

(D and E) Representative images (20 days post-seeding) (D) and spheroid diameter (E) of control and FBXW7-depleted 293T supplemented with glutamine or

pyruvate. Scale bar, 500 μm. p values, multiple unpaired t tests.

(F) Representation of 13C-pyruvate tracing in K562.

(G) m+3/m+2 ratio of 13C-pyruvate-derived carbons for malate and aspartate (Asp) in control and FBXW7-depleted cells cultured in glutamine-rich or -deprived

medium.

(H) Differential protein expression in glutamine-rich (left) and glutamine-deprived (center) FBXW7-depleted K562 compared with WT controls, and in control cells

only upon culture in glutamine-rich versus glutamine-depleted medium (right). FC, fold change. FDR, Benjamini-Hochberg false discovery rate correction. MAS,

malate-aspartate shuttle; ISR, integrated stress response; ATGs, autophagy genes; GID/CTLH, genes related to the GID/CTLH (C-terminal to LisH) E3 ligase

complex.

(I and J) Control and FBXW7-deficient K562 overexpressing WT PC or GFP control (I) cultured in pyruvate-enriched medium supplemented with or deprived of

glutamine (J). Values represent the relative growth of each sample in comparison to proliferation in a glutamine-rich medium. All data are represented as mean ±

SD. p values, one-way ANOVA. Only p values < 0.05 are shown.

See also Figure S4 and Tables S7 and S8.
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suggesting an epistatic effect (Figure 5J). Taken together, our re-

sults indicate that FBXW7 promotes proliferation in the absence

of glutamine by supporting PC expression and subsequently py-

ruvate anaplerosis.

An FBXW7-MYC-MNT-SIN3A axis regulates PC

expression via histone deacetylation

Our observation that PC protein abundance is reduced in

the absence of FBXW7 was unexpected given the role of

FBXW7 in protein degradation and because these proteins

are not localized in the same cellular compartment.56–58

To investigate this further, we measured the transcript

levels of PC and observed that they were significantly

decreased in FBXW7-depleted cells (Figure 6A), mirroring

reduced PC protein abundance (Figure 5I). PC mRNA stability

was not affected (Figure 6B), suggesting FBXW7 modulates

PC expression by regulating factors that affect its

transcription.

We reasoned that genes involved in PC transcription might

also affect proliferation in the absence of glutamine. Thus, we

mined our genome-wide CRISPR-Cas9 screen and found a clus-

ter of transcriptional regulators whose depletion was beneficial

for growth in the absence of glutamine (Figures 6C and S5A).

These included MYC, MAX, MNT, SIN3A, MLX, and MLXIP,

known as the MYC extended network.59 These factors bind to

both canonical and non-canonical E-boxes to modulate

Figure 6. PC expression is repressed by c-MYC and MNT/SIN3A-dependent histone deacetylation

(A) PC mRNA expression in control (sgCtrl) and FBXW7-depleted (sgFBXW7) K562. p value, unpaired t test.

(B) PC mRNA decay in actinomycin-treated control and FBXW7-deficient K562.

(C) Gene essentiality score (ΔZ = Z-Gln – Z+Gln) for transcriptional regulators in the MYC extended network. Blue dots, genes detrimental to the proliferation of

glutamine-starved cells (ΔZ > 2); gray dots, genes below threshold.

(D) c-MYC expression in control and FBXW7-depleted K562.

(E) c-MYC and PC expression in MycER mouse embryonic fibroblasts (MEFs) treated with 4-hydroxytamoxifen (4-OHT).

(F) ENCODE ChIP-seq data in K562 showing c-MYC, MAX, SIN3A, MNT, and MLX predicted binding sites and H3K27 acetylation (H3K27Ac) on the PC promoter.

Regions amplified by ChIP-qPCR are labeled in blue (MAX, MNT, and SIN3A) and magenta (H3K27Ac). CACGTG and CANNTG, canonical and non-canonical

E-boxes, respectively. Peaks are represented by setting the same data range (signal p value, 0–25) except for c-MYC (signal p value, 0–35).

(G) ChIP-qPCR in K562 for MAX, MNT, SIN3A, and H3K27Ac binding on the PC promoter. Vertical bars next to graph titles correspond to primer sets as shown in

(F). p values, unpaired t tests.

(H and I) PC expression in MNT or SIN3A-depleted (H) and in MLX or MLXIP-depleted (I) sgCtrl and sgFBXW7 K562. * = non-specific band.

(J) Proliferation of control and FBXW7-deficient K562 depleted of MNT, SIN3A, MLX, or MLXIP and cultured in glutamine-deprived medium supplemented with

pyruvate. Values represent the relative growth of each sample in comparison to proliferation in a glutamine-rich medium. p values, one-way ANOVA.

(K) Proposed model of PC transcriptional regulation by WT FBXW7, or upon FBXW7 depletion (KO). Yellow bars. E-boxes. Gln, glutamine. All data are represented

as mean ± SD. Only p values < 0.05 are shown, except where indicated.

See also Figure S5.
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transcription,60 and they can form different heterodimers based

on c-MYC accumulation.61 Notably, MNT is known as a c-MYC

antagonist62 that competes with c-MYC for MAX binding. MNT

recruits the transcriptional repressor SIN3A, which in turn re-

cruits histone deacetylases, thus inhibiting gene expression.63,64

As c-MYC is a target of FBXW7, we first confirmed its accumu-

lation in FBXW7-depleted K562 (Figure 6D). We then focused on

the effects of its overexpression, rather than depletion, as MYC is

in the top 1% of essential genes in K562.65 To this aim, we em-

ployed the MycER mouse embryonic fibroblast line, in which

tamoxifen addition initiates c-MYC translocation to the nucleus

and DNA binding, a model that has been extensively used to

study MYC, including in glutamine addiction.9,18 Importantly,

we found that MYC overexpression was sufficient to reduce

PC protein abundance (Figure 6E), mirroring the results obtained

in FBXW7-depleted K562 and supporting a repressive role for

MYC on PC expression.

Next, we focused on the network of transcriptional inhibitors

highlighted by our glutamine-sensitized screen. MNT and

SIN3A can act as transcriptional repressors by binding genomic

DNA and recruiting histone deacetylases (HDACs) to lysine 27 of

histone 3 (H3K27).63,64 We mined existing databases to probe for

binding of these transcriptional repressors to the PC promoter,

as well as for H3K27 acetylation (H3K27Ac), one of the main

epigenetic alterations in cancers driven by FBXW7 loss of func-

tion.66 We first analyzed chromatin immunoprecipitation (ChIP)

and sequencing data from the Encyclopedia of DNA Elements

(ENCODE) project67 in K562. We observed a clear signature for

recruitment of c-MYC, MAX, MNT, and SIN3A on the PC pro-

moter, as well as H3K27Ac peaks, all in the vicinity of E-boxes

(Figure 6F). MLX showed no or little binding, and MLXIP ChIP-

seq data were not available for K562. Notably, none of these fac-

tors changed in protein abundance following FBXW7 or gluta-

mine depletion (Table S8; Figure S5B). We next performed

ChIP in control and FBXW7-deficient cells and measured binding

of transcriptional modulators (MAX, MNT, and SIN3A) as well as

H3K27Ac at the PC promoter. Importantly, we found that FBXW7

depletion increased binding of MAX, MNT, and SIN3A to the PC

promoter and reduced acetylation of the downstream H3K27

site (Figure 6G), suggesting a role for these transcriptional re-

pressors in controlling PC expression.

To test this hypothesis, we used CRISPR-Cas9 to individually

deplete MNT, SIN3A, MLX, and MLXIP in both control and

FBXW7-deficient cells. Importantly, we observed that depletion

of the transcriptional repressors MNT or SIN3A fully rescued

both PC expression and proliferation in glutamine-deprived me-

dium in an FBXW7-deficient background, indicating epistasis

(Figures 6H and 6J). By contrast, MLX and MLXIP, which showed

a less significant score in our screen (Figure 6C, Table S6), did

not affect PC protein expression but provided a statistically sig-

nificant yet minor rescue in glutamine-starved conditions

(Figures 6I and 6J). Taken together, our data indicate that upon

increased c-MYC expression in FBXW7-depleted cells, a cluster

of transcriptional repressors recruits HDACs on the PC pro-

moter, leading to decreased local H3K27 acetylation, lower PC

expression, impaired pyruvate anaplerosis, and glutamine de-

pendency (Figure 6K).

Engineered cancer-associated mutations in FBXW7

lead to glutamine addiction

Finally, we aimed to determine the clinical relevance of our

model using cancer-associated FBXW7 mutations. To this

end, we mined protein structure (PDB: 7D1Y)68 and cancer mu-

tation (Catalogue of Somatic Mutations in Cancer, COSMIC)

Figure 7. Cancer-associated mutations in FBXW7 lead to reduced PC expression and glutamine addiction

(A) Crystal structure of SCF E3 ubiquitin ligase (gray), FBXW7 (teal), and c-MYC degron (orange) (1.95 Å, PBD: 7D1Y). Most commonly mutated FBXW7 residues in

cancer (R465, R505, and R479) are labeled in shades of purple. Top, side view. Bottom, front view (left) and magnification of c-MYC-binding site (right).

(B and C) Mutations in the FBXW7 gene (B) and distribution of missense substitutions along the FBXW7 protein sequence (C). The four most common missense

substitutions are highlighted (R465H, R465C, R479Q, and R505C) (source, COSMIC).

(D) Proliferation (top) and immunoblot (bottom) of control (sgCtrl) and FBXW7-depleted (sgFBXW7) K562 overexpressing WT FBXW7, cancer-associated FBXW7

mutations, or GFP control. Proliferation is shown in glutamine-deprived medium supplemented with pyruvate. Values represent the relative growth of each

sample in comparison to proliferation in a glutamine-rich medium. * = non-specific band. All data are represented as mean ± SD. p values, one-way ANOVA. Only

p values < 0.05 are shown.
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databases and identified R465, R505, and R479 as the most

frequently mutated residues in FBXW7-derived tumors.69

These mutants are predominantly located in the substrate-

binding pocket, affecting FBXW7-mediated recognition of

target proteins, such as c-MYC (Figure 7A). Notably, the large

majority of patient-associated FBXW7 mutations consist of

missense substitutions altering the charge of residues in the

substrate-binding pocket (R465H, R465C, R505C, and

R479Q) (Figures 7B and 7C). To test whether these loss-of-

function mutants would mimic the phenotypes we observed

in FBXW7-depleted cells, we overexpressed WT and mutant

FBXW7 (R465C, R505C, and R479Q) in either an FBXW7-

depleted or WT background. Strikingly, overexpression of all

FBXW7 mutants led to increased stabilization of c-MYC,

reduced expression of PC, and inhibited proliferation in gluta-

mine-deprived medium despite pyruvate supplementation

(Figure 7D). These effects were apparent even in WT cells, mir-

roring the dominant negative effect of FBXW7 mutations in pa-

tients69 and linking them to glutamine addiction.

DISCUSSION

Here, we employed parallel nutrient and genetic screening to

provide a comprehensive inventory of metabolites and molecular

pathways required for proliferation in glutamine-deprived envi-

ronments. Our systematic approach confirmed the results of

previous work that identified metabolites that compensate for

glutamine depletion, including carboxylic acids, aspartate, and

asparagine.15–17,24 In addition, we provide a direct comparison

between hundreds of nutrients, covering most of the diversity

found in plasma and in tumor interstitial fluid.2,12 Our data high-

light carbon-only molecules such as pyruvate and TCA cycle-

related metabolites as the main determinants for cell proliferation

in the absence of glutamine. While glutamine is both a carbon

and a nitrogen source, previous and our findings indicate that

its involvement in central carbon metabolism outweighs its role

as a nitrogen donor,5 possibly due to other nitrogen-containing

molecules, such as amino acids, present in the environment.

We confirmed the role of pyruvate in carbon metabolism using

a 13C-labeled tracer, showing significant incorporation of pyru-

vate-derived carbon into TCA cycle intermediates as well as in

aspartate and asparagine. In agreement with earlier studies,

we showed that aspartate or asparagine supplementation was

sufficient to restore proliferation in glutamine-restricted

cells.16,17,24

We built on the observation that pyruvate-supplemented cells

could survive glutamine starvation to design a genome-wide

CRISPR-Cas9 screen to identify genes involved in the prolifera-

tion of glutamine-restricted cells upon pyruvate supplementa-

tion. Integrating data from our nutrient and genetic screens,
13C-pyruvate tracer, and earlier literature, we propose a unified

model in which pyruvate licenses proliferation in glutamine-

limiting conditions by serving as an anaplerotic substrate for

PC, thus promoting mitochondrial aspartate biogenesis as well

as export to the cytosol via the MAS, contributing to asparagine,

protein, and nucleotide synthesis. In support of this model, we

showed that depleting the mitochondrial arm of the MAS (aspar-

tate export) is detrimental in glutamine-limited conditions, while

depleting its cytosolic arm (aspartate import into mitochondria)

is beneficial. We also report that in glutamine-deprived cells

the amino acid deprivation-sensing arm of the ISR is required

for survival, while its downstream effector SLC7A11 and its bind-

ing partner SLC3A2 are detrimental. As these proteins form the

plasma membrane cystine/glutamate exchanger system Xc
-,

this could be explained by conservation of intracellular gluta-

mate. Our findings are supported by previous work36 and war-

rant caution in the use of the system Xc
- inhibitors currently being

developed for cancer therapy, as they could promote cell sur-

vival in a glutamine-limited tumor microenvironment. Impor-

tantly, our results also highlight the need for the vitamin biotin

and for biotin import and conjugation to proteins, providing an

essential cofactor for PC. Together, our findings extend previous

work and provide a comprehensive resource identifying both the

metabolites and the genes modulating survival of glutamine-

starved cells.

Our analysis highlighted the tumor suppressor gene FBXW7 as

a central regulator of pyruvate metabolism. FBXW7 is one of the

most highly mutated genes in cancers70,71 and degrades the

protein product of several proto-oncogenes, including c-MYC,

c-JUN, and cyclin E.52–55 FBXW7 also influences epigenetic re-

modeling via H3K27 acetylation and tri-methylation and by

acting upstream of c-MYC.66 While FBXW7 has been linked to

oxidative and liver metabolism,72,73 the mechanism behind these

observations remains unclear. We report that FBXW7 mediates

anaplerosis by promoting the expression of PC. FBXW7 deple-

tion reduces proliferation in glutamine-deprived environments,

independently of pyruvate supplementation. This leads to

decreased carbon flux by inhibiting pyruvate utilization in the

TCA cycle, limiting aspartate and asparagine synthesis. We high-

light PC as the limiting factor for the metabolic flexibility of

FBXW7-deficient cells, thus leading to glutamine addiction.

We confirmed c-MYC accumulation upon FBXW7 depletion

and report that c-MYC upregulation is sufficient to inhibit PC

expression in WT cells. While c-MYC is classically viewed as a

transcriptional promoter, its modulation of gene expression is

achieved in concert with a network of transcriptional regulators

known as the MYC extended network (Figure S5A).59 This in-

cludes the c-MYC-binding partner MAX, as well as MNT, MLX,

and MLXIP. These proteins form heterodimers that bind

E-boxes, either cooperating with or competing against c-MYC-

dependent transcription.59 While MLX/MLXIP were suggested

to affect c-MYC-dependent metabolic pathways,74 the role of

MNT in metabolism remains to be explored. By competing for

MAX, MNT acts as a c-MYC antagonist61,62 and inhibits gene

expression by recruiting the transcriptional repressor SIN3A

and subsequently histone deacetylases.63,64 c-MYC/MAX and

MNT/MAX heterodimers can co-exist in cells, but MNT-medi-

ated repression can be dominant over c-MYC transcriptional

activation.61,75 We mined the ENCODE database and showed

that c-MYC, MAX, MNT, and SIN3A bind the PC promoter up-

stream of an H3K27 acetylation peak. The PC promoter is char-

acterized by the presence of multiple E-boxes, suggesting com-

plex binding by the MYC extended network. We show that

FBXW7 depletion increases recruitment of MAX, MNT, and

SIN3A to the PC promoter and decreases H3K27 acetylation.

This inhibits PC expression, consistent with a dominant role for
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MNT/MAX heterodimers in transcriptional repression despite c-

MYC accumulation in FBXW7-deficient cells.

c-MYC is a known driver of glutamine addiction that promotes

expression of glutaminase and glutamine transporters.8–11,22

Despite c-MYC accumulation and glutamine dependency of

K562, our proteomics analysis of FBXW7-depleted cells did

not identify altered expression of these glutamine-related genes,

suggesting cell-specific differences. Rather, we observed

reduced PC levels across seven FBXW7-depleted human cell

lines and showed that PC overexpression restores growth of

FBXW7-deficient cells, indicating that PC is both necessary

and sufficient to promote proliferation upon glutamine depletion.

Our findings provide a better understanding of metabolic path-

ways regulated by FBXW7 and identify PC as the main down-

stream effector of FBXW7/c-MYC in glutamine addiction. Inter-

estingly, while some hotspot mutations in FBXW7 share a

similar distribution pattern across affected tissues, others

appear to be tissue-specific69 and could reflect the ability of

FBXW7 mutations to impair substrate binding and inhibit prolifer-

ation in glutamine-limited environments. Furthermore, our re-

sults suggest that c-MYC upregulation is sufficient to decrease

PC expression even in WT cells, highlighting pyruvate carboxyl-

ation as a metabolic vulnerability to be targeted for cancer

therapy.

An interesting aspect of our findings is the decrease in PC

expression, and thus glutamine addiction, in cells overexpress-

ing MYC. We propose two physiological conditions in which

this mechanism could be relevant for proliferation. First, MYC co-

ordinates metabolic reprogramming during physiological pro-

cesses such as pluripotent stem cell differentiation76,77 and he-

matopoiesis.78 PC repression could limit the role of pyruvate in

anaplerosis to promote its use in redox balance via conversion

to lactate, thereby enforcing a glycolytic, biomass-producing

state that relies on glutamine to replenish the TCA cycle. Sec-

ondly, the dependence on glutamine may act as an intrinsic

nutrient checkpoint: MYC-driven proliferation proceeds effi-

ciently only when key nutrients, including glutamine, are abun-

dant, providing a built-in safeguard mechanism that would halt

uncontrolled cell proliferation in an environment unable to sus-

tain it. Notably, pyruvate import via the mitochondrial pyruvate

carrier plays a role in cell differentiation.79,80 We speculate that

altering the carbon entry point into the TCA cycle by modulating

PC and PDH activity could be a regulatory node in cells with high

MYC expression to modulate differentiation and proliferation.

Altogether, our study highlights the power of nutrient-based

screening coupled with genetic perturbation strategies to pro-

vide a better understanding of the metabolic flexibility of

mammalian cells facing nutrient deprivation. We provide a uni-

fied model of the molecular mechanisms of glutamine addiction,

an important resource for further investigations in the field.

Nutrient fluctuations, including glutamine scarcity, can challenge

the growth of mammalian cells in different physiological states,

such as tissue migration, cell growth, and differentiation. Inves-

tigating how cells cope with such heterogeneous conditions

will increase our knowledge of the factors supporting metabolic

flexibility and could provide applications in pathological settings,

deepening our understanding of how cancer initiation and pro-

gression can be shaped by glutamine addiction.

Limitations of the study

We systematically analyzed nutrients and molecular pathways

modulating the proliferation of glutamine-restricted cells. A

common limitation of genetic screens performed in a pooled

format is cross-feeding (nutrient transfer between cells via the

culture medium) and competition between cells in the popula-

tion. While we validated many of our hits, future work should

include continuing the experimental validation of genes and

metabolites highlighted in our screens. Moreover, as we tar-

geted one gene at a time in our assays, it remains possible

that compensatory mechanisms and gene redundancy might

have masked the involvement of some genes in glutamine-

related pathways.

We validated our results in several human and murine cancer

cell lines grown in two or three dimensions, as well as in primary

cells. In the future, it will be important to further validate our find-

ings in cancer models. We also assigned a role for FBXW7 in PC

regulation and pyruvate metabolism: while we focused on the

MYC extended network, including MNT and SIN3A, both

FBXW7 and c-MYC have a wide range of targets. We do not

exclude that additional layers of regulation may exist down-

stream of FBXW7 and upstream of PC that could contribute to

pyruvate anaplerosis and cell proliferation in glutamine-deprived

conditions.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-FLAG® (clone: M2) Sigma-Aldrich Cat# F1804; RRID: AB_262044

Rabbit polyclonal anti-GLAST/EAAT1 (SLC1A3) Proteintech Cat# 20785-1-AP; RRID: AB_2878738

Rabbit monoclonal anti-xCT/SLC7A11 (clone: D2M7A) Cell Signaling Technology Cat# 12691; RRID: AB_2687474

Rabbit monoclonal anti-ATF4 (clone: D4B8) Cell Signaling Technology Cat# 11815; RRID: AB_2616025

Mouse monoclonal anti-GOT1 (clone: 5A12E10) Proteintech Cat# 60317-1-Ig; RRID: AB_2881428

Mouse monoclonal anti-MDH1 (clone: 1F9A2) Proteintech Cat# 66505-1-Ig; RRID: AB_2881868

Rabbit polyclonal anti-PC Sigma-Aldrich Cat# HPA043922; RRID: AB_2678732

Rabbit polyclonal anti-FBXW7 Bethyl Laboratories Cat# A301-721A; RRID: AB_1210898

Mouse monoclonal anti-c-MYC (clone: 9E10) Santa Cruz Cat# sc-40; RRID: AB_627268

Rabbit polyclonal anti-MNT Proteintech Cat# 23742-1-AP; RRID: AB_2879314

Mouse monoclonal anti-SIN3A (clone: 2B12E8) Proteintech Cat# 67197-1-Ig; RRID: AB_2882490

Mouse monoclonal anti-MLX (clone: 2A8D2) Proteintech Cat# 67042-1-Ig; RRID: AB_2882356

Mouse monoclonal anti-MLXIP (clone: 2E11A4) Proteintech Cat# 68977-1-Ig; RRID: AB_3670457

Rabbit polyclonal anti-β-actin Sigma-Aldrich Cat# A2066; RRID: AB_476693

IRDye 800CW Goat anti-rabbit LICORbio Cat# 926-3211; RRID: AB_621843

IRDye 680RD Goat anti-mouse LICORbio Cat# 926_68070; RRID: 10956588

Rabbit IgG polyclonal isotope control (ChIP grade) Abcam Cat# ab171870; RRID: AB_2687657

Rabbit polyclonal anti-MAX Novus Biotechne Cat# NBP1-88624; RRID: AB_11019874

Rabbit polyclonal anti-MNT (ChIP) Bethyl Laboratories Cat# A303-627A; RRID: AB_11205638

Rabbit polyclonal anti-SIN3A (ChIP) Novus Biotechne Cat# NB600-1263; RRID: AB_2187631

Rabbit polyclonal anti-H3K27Ac (ChIP grade) Abcam Cat# ab4729; RRID: AB_2118291

Hamster monoclonal anti-CD3e

(clone: eBio500A2) functional grade,

eBioscience™

ThermoFisher Cat# 16-0033-86; RRID: AB_842782

Hamster monoclonal anti-CD28

(clone: 37.51) functional grade,

eBioscience™

ThermoFisher Cat# 16-0281-82; RRID: AB_468921

Bacterial and virus strains

One Shot® Stbl3™ Chemically Competent E. coli Invitrogen Cat# C7373-03

Chemicals, peptides, and recombinant proteins

DMEM high glucose (with GlutaMAX™ I,

4500 mg/L D-Glucose, Sodium Pyruvate)

Invitrogen Cat# 31966021

DMEM no glucose, no glutamine,

no pyruvate, no phenol red

Gibco Cat# A14430

RPMI 1640, GlutaMAX™ supplement Invitrogen Cat# 61870010

Fetal bovine serum FisherScientific Cat# 17479633

Fetal bovine serum, dialyzed Sigma-Aldrich Cat# F0392

Penicillin/streptomycin Bioconcept Cat# 4-01F00-H

D-(+)-Glucose Sigma-Aldrich Cat# G7021

Sodium pyruvate ThermoFisher Cat# 11360070

L-glutamine Amimed Cat# 5-10K00-H

L-glutamic acid monosodium hydrate Sigma-Aldrich Cat# G5889

L-alanine Sigma-Aldrich Cat# A7469

D-alanine Sigma-Aldrich Cat# A7377
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Diethyl succinate Sigma-Aldrich Cat# 112402

2-ketobutyric acid Sigma-Aldrich Cat# K401

Dimethyl 2-oxoglutarate Sigma-Aldrich Cat# 349631

Thymidine Sigma-Aldrich Cat# T1895

L-aspartic acid Sigma-Aldrich Cat# A8949

L-asparagine monohydrate Sigma-Aldrich Cat# A4284

Uridine Sigma-Aldrich Cat# U3003

Biotin Sigma-Aldrich Cat# B4639

β-mercaptoethanol PAN-Biotech Cat# P07-05020

Puromycin Invivogen Cat# ant-pr-1

Blasticidin Sigma-Aldrich Cat# SBR00022

4-hydroxytamoxifen MedChemExpress Cat# HY-16950

UK5099 MedChemExpress Cat# HY-15475

Sulfasalazin Sigma-Aldrich Cat# S0883

Bafilomycin MedChemExpress Cat# HY-100558

PFI7 Structural Genomics

Consortium

Free sample

ISRIB Sigma-Aldrich Cat# SML0843

Actinomycin D Sigma-Aldrich Cat# A9415

Polybrene Sigma-Aldrich Cat# TR-1003G

Murine IL-2 recombinant protein, PeproTech® ThermoFisher (Gibco) Cat# 212-12

cOmplete™ ULTRA protease inhibitor tablets Roche Cat# 05892970001

Pierce™ Universal Nuclease Life Technologies Cat# 88702

Sodium deoxycholate Sigma-Aldrich Cat# D6750

IGEPAL® CA-630 (NP40 analog) Sigma-Aldrich Cat# I8896

TRI reagent Sigma-Aldrich Cat# T3809

M-MLV Reverse Transcriptase Sigma-Aldrich Cat# M1302-40KU

RnaseOut Recombinant RNase Inhibitor Invitrogen Cat# 10777019

Random hexamers ThermoFisher Cat# N8080127

RNAse A Takara Bio Cat# 740505

Proteinase K Sigma-Aldrich Cat# SRE0005

Phenol-chloroform-isoamyl alcohol Sigma-Aldrich Cat# 77617

IRDye® 680RD Streptavidin LICORbio Cat# 926-68079

Critical commercial assays

NucleoSpin Blood kit Machery Nagel Cat# 740954.20

DC Protein Assay Bio-Rad Cat# 5000111

Pierce High pH Reversed-Phase

Peptide Fractionation Kit

ThermoFisher Cat# 84868

PM-M1 BioLog Cat# 13101

PM-M2 BioLog Cat# 13102

PM-M3 BioLog Cat# 13103

PM-M4 BioLog Cat# 13104

BioLog MA dye BioLog Cat# 74351

PrestoBlue™ Cell Viability Reagent Life Technologies Cat# A13262

CellTiter-Glo® 2.0 Cell Viability Assay Promega Cat# G9242

CD8a+ T cell isolation kit, mouse Miltenyi Biotec Cat# 130-104-075
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

13C- and 15N-glutamine isotopic profiling in K562;
13C-pyruvate isotopic profiling in primary CD8+ T cells

This study MTBLS13799

13C-pyruvate isotopic profiling in K562 This study 14002048

Multiple pathway targeted analysis

of polar metabolites

This study 14002048

Mass spectrometry data This study PXD057389

Spheroid imaging data This study https://www.doi.org/10.17632/328g7zyt9d.1

K562 RNAseq Slavoff et al.81 GSE34740

Transcription factor ChIP-seq in K562 ENCODE68 MYC(ENCFF801QJW),

MNT(ENCFF611RGV),

SIN3A(ENCFF085NLG)

H3K27ac ChIP-seq in K562 ENCODE68 ENCFF381NDD

Experimental models: Cell lines

Human: K562 American Type Culture

Collection (ATCC)

Cat# CCL-243; RRID: CVCL_0004

Human: HEK293T ATCC Cat# CRL-3216; RRID: CVCL_0063

Human: HeLa ATCC Cat# CCL-2; RRID: CVCL_0030

Human: MCF-7 ATCC Cat# HTB-22; RRID: CVCL_0031

Human: SW480 ATCC Cat# CCL-228; RRID: CVCL_0546

Human: UACC-257 Frederick Cancer Division of

Cancer Treatment and

Diagnostic (DCTD)

RRID: CVCL_1779

Human: U-2 OS ATCC Cat# HTB-96; RRID: CVCL_0042

Human: A375 ATCC Cat# CRL-1619; RRID: CVCL_0132

Mouse: MC38 Sigma-Aldrich Cat# SCC172; RRID: CVCL_B288

Mouse: B16-F10 ATCC Cat# CRL-6475; RRID: CVCL_0159

Mouse: MycER mouse embryonic fibroblast Wise et al.9; Linder et al.19 N/A

Oligonucleotides

sgRNAs, see Table S9 Integrated DNA Technologies N/A

ChIP primers, see Table S9 Integrated DNA Technologies N/A

Random hexamers ThermoFisher Cat# N8080127

TaqMan Gene Expression Assay,

human PC, FAM-MGB

Life Technologies Cat# Hs01085875_g1

Taqman Gene Expression Assay,

human TBP, VIC-MGB

Life Technologies Cat# Hs00427620_m1

Recombinant DNA

pLX304-GFP-V5 Kim et al.82 Addgene, Cat# 193687; RRID: Addgene_193687

pLX304-PC Wiemann et al.83 DNAsu, Cat# HsCD00436386

pWPI-Neo-GFP-3xFLAG Jourdain et al.84 Addgene, Cat# 201639; RRID: Addgene_201639

pWPI-SLC7A11-HA Jourdain et al.84 Addgene, Cat# 201643; RRID: Addgene_201643

pMXS-SLC1A3 Birsoy et al.30 Addgene, Cat# 72873; RRID: Addgene_72873

pLVX-TetOne-Puro-GFP-3xFLAG This study N/A

pLVX-TetOne-Puro-LbNOX Titov et al.31 and Choe et al.85 Addgene, Cat# 234984; RRID: Addgene_234984

pTwist-Lenti-CMV-BSD-GFP-3xFLAG This study Twist Bioscience

pTwist-Lenti-CMV-BSD-PC-WT This study Twist Bioscience

pTwist-Lenti-CMV-BSD-PC-K1144R This study Twist Bioscience

pTwist-Lenti-CMV-Puro-FBXW7-WT This study Twist Bioscience

pTwist-Lenti-CMV-Puro-FBXW7-R465C This study Twist Bioscience
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pTwist-Lenti-CMV-Puro-FBXW7-R505C This study Twist Bioscience

pTwist-Lenti-CMV-Puro-FBXW7-R479Q This study Twist Bioscience

psPAX2 Didier Trono Addgene, Cat# 12260; RRID: Addgene_12260

pMD2.G Didier Trono Addgene, Cat# 12259; RRID: Addgene_12259

lentiCRISPR v2 Sanjana et al.86 Addgene, Cat# 52961; RRID: Addgene_52961

Human sgRNA library Brunello

(lentiCRISPR v2)

Sanson et al.87 Addgene, Cat# 73179; RRID: Addgene_73179

Software and algorithms

Prism GraphPad Software https://www.graphpad.com/

Fiji Schindelin et al.88 https://imagej.net/software/fiji/

IGV Robinson et al.89 https://igv.org/

GSEA Subramanian et al.90 https://www.gsea-msigdb.org/gsea/index.jsp

MetaboAnalyst Pang et al.29 https://www.metaboanalyst.ca/

Spectronaut Biognosys Schlieren https://biognosys.com/software/spectronaut/

IDPicker algorithm Ma et al.91 https://proteowizard.sourceforge.io/idpicker/

MaxLFQ algorithm Cox et al.92 https://www.maxquant.org/

Perseus Tyanova et al.93 https://maxquant.net/perseus/

MassHunter Quantitative Analysis Agilent Technologies https://www.agilent.com/en/product/

software-informatics/mass-

spectrometry-software

ProFinder Agilent Technologies https://www.agilent.com/en/product/

software-informatics/mass-

spectrometry-software/data-

analysis/mass-profiler-

professional-software

R R Core Team94 http://cran.r-project.org/

LOWESS/Spline normalization algorithm Tsugawa et al.95 http://prime.psc.riken.jp

Xcalibur ThermoFisher https://www.thermofisher.com/us/en/

home/industrial/mass-spectrometry/

liquid-chromatography-mass-

spectrometry-lc-ms/lc-ms-software/

lc-ms-data-acquisition-software/

xcalibur-data-acquisition-

interpretation-software.html

Compound Discoverer ThermoFisher https://www.thermofisher.com/ch/

en/home/industrial/mass-spectrometry/

liquid-chromatography-mass-

spectrometry-lc-ms/lc-ms-software/

multi-omics-data-analysis/compound-

discoverer-software.html?cid=

E.25CMD.CD103.25418.01

Skyline University of Washington https://skyline.ms/home/software/

Skyline/project-begin.view

Other

U-bottom Nunclon™
Sphera™ 96-Well plates

ThermoFisher Cat# 174925

Nunc™ MicroWell™ 96-Well plates Nunc Cat# 137101

8-16% Novex™ WedgeWell™
Tris-Glycine gels

ThermoFisher Cat# XP08160BOX

Dynabeads Protein G ThermoFisher Cat# 10007D

Dynabeads Protein A ThermoFisher Cat# 10001D
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

K562 (ATCC, CCL-243), HEK293T (ATCC, CRL-3216, referred to as 293T), HeLa (ATCC, CCL-2), MCF7 (ATCC, HTB-22), SW480

(ATCC, CCL-228), UACC-257 (DCTD, CVCL_1779), U-2 OS (ATCC, HTB-96), A375 (CRL-1619), MC38 (CRL-2640) and B16-F10

(CRL-6475) were maintained under standard cell culture conditions in DMEM containing 25 mM glucose, 1 mM sodium pyruvate,

2 mM glutamine, and supplemented with 10% fetal bovine serum (FBS) and 100 U/mL penicillin/streptomycin. MC38 cells were addi-

tionally supplemented with 0.1 mM NEAA, 10 mM Hepes and 50 μg/ml gentamycin. MycER mouse embryonic fibroblasts were a kind

gift from Raul Mostoslavsky (Harvard Medical School) and were cultured in DMEM supplemented with glucose, pyruvate, glutamine,

FBS and penicillin/streptomycin as indicated above. Myc expression was induced by supplementing the cell culture medium with

200 nM 4-hydroxytamoxifen (4-OHT) (MedChemExpress, HY-16950). All cells were cultured at 37◦C, 5% CO2 and regularly tested

to ensure the absence of mycoplasma.

Primary cells

Primary murine CD8+ T cells were isolated from wild-type mice (C57BL/6J) that were bred and housed at the animal facility at CHUV/

UNIL Laboratory Center of Epalinges (Centre Laboratoire d’Epalinges, CLE, license n. VD3788). Spleens were extracted from three

10 weeks-old males, and splenocytes were activated on plate-bound 0.5 μg/ml hamster anti-mouse CD3 clone eBio500A2

(ThermoFisher, 16-0033-86) and 1μg/ml hamster anti-mouse CD28 clone 37.51 (ThermoFisher, 16-0281-82). CD8+ T cells were pu-

rified 48 h post-stimulation using the mouse CD8a+ T cell Isolation Kit (MACS Miltenyi Biotec, 130-104-075), following manufacturer’s

instructions. Primary CD8+ T cells were cultured in RPMI medium with L-glutamine and sodium bicarbonate (Sigma-Aldrich, 1640)

supplemented with 10% heat-inactivated FBS, 100 U/mL penicillin/streptomycin, 1 mM sodium pyruvate, 50 μM

β-mercaptoethanol (PAN Biotech, P07-05020) and 100 U/mL murine IL-2 (ThermoFisher/Gibco, 212-12). Cells were cultured at at

37◦C, 5% CO2.

METHOD DETAILS

Spheroid culture

5,000 HEK293T cells per well were seeded on U-bottom Nunclon™ Sphera™ 96-Well plates (ThermoFisher, 174925) in 200 μL of

glucose-free and glutamine-free DMEM supplemented with 25 mM glucose, 10% dialyzed FBS, and 100 U/mL penicillin/strepto-

mycin. Experimental media were supplemented with either 2 mM pyruvate or 2 mM glutamine, as indicated. The plates were then

briefly centrifuged to allow cells to settle at the bottom of the well. Spheroids formed spontaneously and samples were imaged every

3-4 days with an EVOSTM FL imaging system (Life Technologies) with a 4x objective or with an Incucyte® S3 Live-Cell Analysis Sys-

tem (Sartorius) with a 4x objective. Spheroid diameter was quantified using Fiji (ImageJ). For biotin and pyruvate supplementation,

HEK293T cells were first cultured in standard DMEM (25 mM glucose, 1 mM pyruvate, 2 mM glutamine) supplemented with 100 U/mL

penicillin/streptomycin and 10% dialyzed FBS for two weeks to deprive cells of biotin. After 14 days, HEK293T cells were seeded in in

glucose-free and glutamine-free DMEM containing 25 mM glucose and supplemented with 10% dialyzed FBS and 100 U/mL peni-

cillin/streptomycin and treated as above. Test media were prepared with the addition of either 2 mM of pyruvate, 1 μM of biotin, or

both, as indicated in the figure legends. Raw spheroid imaging data was deposited on Mendeley Data: https://10.17632/

328g7zyt9d.1).

Proliferation assays

To measure proliferation, cells were cultured in DMEM lacking glucose, glutamine, pyruvate and phenol red (Gibco, A14430) supple-

mented with 10% dialyzed FBS, 100 U/mL penicillin/streptomycin and 25 mM glucose. Cells were seeded at 1 x 105/mL in black

Nunc™ MicroWell™ 96-Well plates (NUNC, 137101) for the Prestoblue assay, or in flat-bottom 12-well plates for standard cell and

viability count. Test media were supplemented with 2 mM glutamine, 2 mM pyruvate, or 2 mM of all other amino acids or carboxylic

acid as indicated, except for aspartate and asparagine, which were added at a final concentration of 150 μM as previously

described.25 Proliferation was measured after 4-5 days either by trypan-blue mediated count (Vi-cell blu counter, Beckman Coulter),

or by adding the Prestoblue dye (Life Technologies, A13262) and measuring fluorescence (excitation: 560 nm, emission: 590 nm), or

by using the CellTiter-Glo dye (Promega, G9242) and measuring luminescence, with the last two performed using a BioTek Synergy

plate reader (Agilent). ‘‘Relative growth’’ was quantified by normalizing proliferation to the internal control sample (complete media,

untreated cells, or sgCtrl as indicated in the figure legends). For drug treatments, the following inhibitors were added to the cell culture

medium at the beginning of each growth assay: 375 μM sulfasalazine; 100 nM ISRIB; 5 μM bafilomycin; 50 nM PFI-7. All proliferation

assays reported in the main figures were performed with the Prestoblue assay.

Cloning and lentiviral infection

Gene-specific guides (sgRNA) were selected from the two best sequences as scored in the CRISPR-Cas9 screen and were ordered

as complementary oligonucleotides (Integrated DNA Technologies, IDT). sgRNAs were cloned into the pLentiCRISPR v2 vector

(Addgene, 52961) using the BsmBI site. Two guides targeting olfactory receptors not expressed in K562, OR2M4 and OR11A1,
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were used to generate vectors for the negative control (sgCtrl) samples. Lentiviruses were produced in HEK293T cultures as previ-

ously described,81 and K562 cells were infected in the presence of 10 μg/ml polybrene (Sigma-Aldrich, TR-1003G). Successfully in-

fected K562 were selected after 24 h using 2 μg/mL puromycin or 100 μg/mL blasticidin. Cells were counted 3 days post-selection

and maintained in standard cell culture medium as described above for 10-12 days before analysis to ensure gene knockout and

target protein degradation, or 7 days for overexpression, both of which were confirmed by immunoblotting. sgRNA sequences

are described in Table S9.

Genome-wide CRISPR-Cas9 screen

We infected K562 cells in duplicates with the Brunello lentiviral genome-wide CRISPR-Cas9 library (Genome Perturbation Platform,

Broad Institute) containing 76,441 single-guide RNAs (sgRNAs) targeting 19,114 distinct human genes and 1,000 controls82,83 as pre-

viously described.84 Infection was performed at a multiplicity of infection of 0.3, using 500 cells per sgRNA guide, and in the presence

of 10 μg/mL polybrene (Sigma-Aldrich, TR-1003G). Successfully infected cells were selected after 24 h using 2 μg/mL puromycin.

After 10 days to allow for CRISPR-Cas9-mediated gene knockout, cells were plated at 1 x 105/mL (equivalent to 1000 cells per sgRNA

for the glutamine-rich condition, and 2000 cells per sgRNA for the glutamine-depleted condition) in DMEM medium supplemented

with 10% dialyzed FBS, 100 U/mL penicillin/streptomycin, 25 mM glucose, 50 μg/mL uridine, and either 2 mM glutamine or water as a

negative control. Cells were cultured for 3 weeks and harvested on day 31 post-infection. The NucleoSpin Blood kit (Machery Nagel,

740954.20) was used to extract total genomic DNA, which was subsequently used for barcode sequencing, mapping, and read count

at the Genome Perturbation Platform (Broad Institute). This screen was performed in parallel two other screens published by our

group.85,86

Screen results were analyzed as previously outlined26 using normalized Z scores. In brief, raw sgRNA read counts were normalized

to reads/million and log2 transformed. The mean log2(fold change) was calculated based on read counts in the pre-swap control (day

7 post-infection) and averaging the abundance of four sgRNAs. Results were averaged based on the mean across two replicates. The

DepMap 24Q2 dataset87 was used to filter out genes not expressed in K562 (Transcripts per million, TPM < 1) and to define the mean

and standard deviation of the null distribution (for each medium condition) and to define Z scores based on this distribution. We calcu-

lated the essentiality of each gene by computing the differences between the Z-score in glutamine-depleted (Z-Gln) and glutamine-

rich (Z+Gln) media (ΔZ = Z-Gln – Z+Gln). We scored genes showing ΔZ < 0 as ‘‘required’’ and ΔZ > 0 as ‘‘detrimental’’ for growth in

glutamine-deprived conditions.

BioLog nutrient screen

Cells were seeded at 1 x 105/mL in the PM-M1, PM-M2, PM-M3, and PM-M4 BioLog plates (Biolog, PM-M1: 13101, PM-M2: 13102,

PM-M3: 13103, PM-M4: 13104) in DMEM containing 25 mM glucose and supplemented with 10% dialyzed FBS and 100 U/mL peni-

cillin/streptomycin. Samples were cultured for 4 days at 37◦C, 5% CO2. Cell growth was measured using the BioLog MA dye (Biolog,

74351) by quantifying absorbance at 590 nm using a SpectraMax ID3 plate reader (Molecular Devices).

Immunoblotting

Cells were washed in ice-cold PBS and flash-frozen on dry ice as pellets. Samples were lysed in RIPA buffer (25 mM Tris pH 7.5,

150 mM NaCl, 0.1% SDS, 0.1% sodium deoxycholate, 1% NP40 analog) supplemented with cOmplete™ ULTRA protease inhibitor

tablets (Roche, 05892970001) and Pierce™ Universal Nuclease (Life Technologies, 88702) by incubation on ice for 20 min. Superna-

tants were cleared by spinning samples for 10 min at 14,000 g at 4◦C. Protein concentration was quantified using the DC Protein

Assay (Bio-Rad). Lysates were loaded on 8-16% Novex™ WedgeWell™ Tris-Glycine gels (ThermoFisher, XP08160BOX) and run at

200 V for 1 h. Samples were transferred to nitrocellulose membranes using a wet transfer chamber overnight at 4◦C (60 V). Mem-

branes were blocked in 5% milk diluted in TBS + 0.1% Tween (TBS-T) and incubated with a 1:500-1:1000 dilution of primary antibody

for 1.5 h at room temperature (or overnight at 4◦C), then with a secondary antibody at 1:10,000 dilution for 1 h at room temperature. All

antibodies were diluted in 5% milk in TBS-T. For streptavidin probing, membranes were blocked in 5% bovine serum albumin (BSA)

in TBS-T and incubated with 1:5000 IRDye® 680RD Streptavidin (LICORbio, 926-68079) for 40 min at room temperature. All washes

were performed in TBS-T, and membranes were imaged using fluorescence detection on an Odyssey CLx analyzer (LICORbio).

RNA extraction, cDNA synthesis and qPCR

Total RNA was extracted in phenol/chloroform using TRI reagent (Sigma-Aldrich, T3809), as described by the manufacturer. Com-

plementary DNA (cDNA) was synthesized using random primers (ThermoFisher, N8080127) and M-MLV Reverse Transcriptase

(Sigma-Aldrich, M1302-40KU) in the presence of RNAseOUT Recombinant RNAse inhibitor (Invitrogen, 10777019). Quantitative

PCR (qPCR) was performed using Taqman probes (see key resources table) and a CFx96 quantitative PCR machine (Bio-Rad).

All data were internally normalized to TBP expression using the ΔΔCt method.

For mRNA decay analysis, cells were treated with 1 μg/mL actinomycin D (Sigma-Aldrich, A9415) and harvested at the indicated

time points. Total RNA extraction, cDNA synthesis, and qPCR were performed as described above. Relative mRNA decay was quan-

tified by normalizing ΔΔCt values at each time point to the initial ΔΔCt (t=0, untreated cells).
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Chromatin immunoprecipitation (ChIP)-qPCR

For chromatin isolation, 1 x 107 cells were harvested per sample, washed in PBS, and fixed in 1% formaldehyde for 10 (H3K27Ac), 20

(MAX, SIN3A) or 30 (MNT) min at room temperature. Samples were quenched using 125 mM glycine, washed in PBS, lysed in ChIP

Lysis buffer (50 mM Hepes-KOH pH 7.5, 140 mM NaCl, 1 mM EDTA pH 8, 1% Triton X-100, 0.1% sodium deoxycholate, and 0.1%

SDS), and sonicated using a Bioruptor (Diagenode) to obtain 100-300 bp fragments. Lysates were cleared by centrifugation at

maximum speed for 10 min at 4◦C, and an aliquot from each was retained as the input sample.

For chromatin immunoprecipitation, lysates were incubated overnight at 4◦C with 5 μg IgG control (Abcam, ab171870) or 5 μg of

ChIP antibodies anti-MAX (Novus Biotechne, NBP1-88624), anti-MNT (Bethyl, A303-627A), anti-SIN3A (Novus Biotechne, NB600-

1263), or anti-H3K27Ac (Abcam, ab4729). The next day, samples were incubated with protein G (MNT, SIN3A, H3K27Ac) or protein

A (MAX) beads (previously blocked in 10% bovine serum) for 2 h at room temperature. Beads were washed using wash buffer (20 mM

Tris-HCl pH 8, 150 mM NaCl, 2 mM EDTA pH 8, 1% Triton X-100, 0.1% SDS). The final wash was performed with a higher salt con-

centration (500 mM NaCl) to improve the signal-to-noise ratio. After elution, samples were treated with RNAse A (Takara Bio, 740505)

for 1 h at 37◦C and proteinase K (Sigma-Aldrich, SRE0005) first for 1 h at 55◦C, then overnight at 65◦C to remove contaminants. DNA

cleanup was performed using phenol-chloroform-isoamyl alcohol (Sigma-Aldrich, 77617) as described by the manufacturer.

For qPCR, primers were designed using the NCBI genome data viewer (https://www.ncbi.nlm.nih.gov/gdv/) and the Integrative

Genomic Viewer (IGV) software, GRCh38.p14 Primary Assembly. Oligonucleotides were obtained via Integrated DNA Technologies

(IDT). qPCR was performed using primers for the promoter of the PC gene, as well as primers for genes showing low (MYOD) or high

(GAPDH, ALDOA) levels of H3K27Ac in K562 cells as controls. Data was normalized to the signal in the input sample using the ΔΔCt

method. A list of primers used for ChIP-qPCR is provided in Table S9.

Protein mass spectrometry

Protein mass spectrometry was performed at the Protein Analysis Facility at the University of Lausanne. Samples were lysed in

250 μL miST lysis buffer (1% Sodium deoxycholate, 100 mM Tris pH 8.6, 10 mM DTT), heated for 10 min at 75◦C, and digested

following a modified version of the iST method.88 Based on tryptophan fluorescence quantification,89 100 μg of proteins at 2 μg/μl

in miST buffer were heated for 5 min at 95◦C, diluted 1:1 (v:v) with water containing 4 mM MgCl2 and 250 Units/μL benzonase (Merck,

70746), and incubated for 15 min at room temperature to digest nucleic acids. Reduced disulfides were alkylated by adding one

fourth of the vol. of 160 mM chloroacetamide (32 mM final) and incubating for 45 min at room temperature in the dark. Samples

were adjusted to 3 mM EDTA and digested with 1 μg Trypsin/LysC mix (Promega, V5073) for 1 h at 37◦C, then for 1 h with an additional

0.5 μg of proteases. To remove sodium deoxycholate, two sample volumes of isopropanol containing 1% TFA were added to the

digests, and the samples were desalted on a strong cation exchange (SCX) plate (Oasis MCX; Waters Corp., Milford, MA) by centri-

fugation. After washing with isopropanol/1%TFA, peptides were eluted in 200 μl of 80% MeCN, 19% water, 1% (v/v) ammonia, and

dried by centrifugal evaporation.

Aliquots (1/8) of each sample were pooled and separated into 6 fractions by off-line basic reversed-phase (bRP) using the Pierce

High pH Reversed-Phase Peptide Fractionation Kit (ThermoFisher). The fractions were collected in 7.5, 10, 12.5, 15, 17.5, and 50%

acetonitrile in 0.1% triethylamine (∼pH 10). Dried bRP fractions were redissolved in 50 μL 2% acetonitrile with 0.5% TFA, and 5 μL

were injected for LC-MS/MS analyses. LC-MS/MS analyses were carried out on a TIMS-TOF Pro (Bruker, Bremen, Germany) mass

spectrometer interfaced through a nanospray ion source (‘‘captive spray’’) to an Ultimate 3000 RSLCnano HPLC system (Dionex).

Peptides were separated on a reversed-phase custom packed 45 cm C18 column (75 μm ID, 100Å, Reprosil Pur 1.9 μm particles,

Dr. Maisch, Germany) at a flow rate of 0.250 μL/min with a 2-27% acetonitrile gradient in 93 min followed by a ramp to 45% in

15 min and to 90% in 5 min (total method time: 140 min, all solvents contained 0.1% formic acid). Identical LC gradients were

used for DDA and DIA measurements.

For creation of the spectral library, data-dependent acquisitions (DDA) were carried out on the 6 bRP fractions sample pool using a

standard TIMS PASEF method90 with ion accumulation for 100 ms for each survey MS1 scan and the TIMS-coupled MS2 scans. Duty

cycle was kept at 100%. Up to 10 precursors were targeted per TIMS scan. Precursor isolation was done with a 2 Th or 3 Th window

below or above m/z 800, respectively. The minimum threshold intensity for precursor selection was 2500. If the inclusion list allowed

it, precursors were targeted more than once to reach a minimum target total intensity of 20’000. Collision energy was ramped linearly

based uniquely on the 1/k0 values from 20eV (at 1/k0=0.6) to 59 eV (at 1/k0=1.6). Total duration of a scan cycle, including one survey

and 10 MS2 TIMS scans, was 1.16 s. Precursors could be targeted again in subsequent cycles if their signal increased by a factor of

4.0 or more. After selection in one cycle, precursors were excluded from further selection for 60 s. Mass resolution in all MS mea-

surements was approximately 35’000. The data-independent acquisition (DIA) used essentially the same instrument parameters

as the DDA method reported previously.91 Per cycle, the mass range 400-1200 m/z was covered by a total of 32 windows, each

25 Th wide and a 1/k0 range of 0.3. Collision energy and resolution settings were the same as in the DDA method. Two windows

were acquired per TIMS scan (100 ms) so that the total cycle time was 1.7 s.

Raw Bruker MS data were processed with Spectronaut 16.2 (Biognosys, Schlieren, Switzerland). A library was constructed from

the DDA bRP fraction data by searching the annotated human proteome SWISSPROT database of January 7th, 2022 (20’375 se-

quences). For identification, peptides of 7-52 AA length were considered, cleaved with trypsin/P and a maximum of 2 missed cleav-

ages were allowed. Carbamidomethylation of cysteine (fixed), methionine oxidation and N-terminal protein acetylation (variable) were

the modifications applied. Mass calibration was dynamic and based on a first database search. The Pulsar engine was used for
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peptide identification. Protein inference was performed with the IDPicker algorithm. Spectra, peptide and protein identifications were

all filtered at 1% false discovery rate (FDR) against a decoy database. Specific filtering for library construction removed fragments

corresponding to less than 3 AA and fragments outside the 300-1800 m/z range. Only fragments with a minimum base peak intensity

of 5% were kept. Precursors with fewer than 3 fragments were also eliminated, and only the best 6 fragments were kept per precur-

sor. No filtering was done on the basis of charge state, and a maximum of 2 missed cleavages was allowed. Shared (non-proteotypic)

peptides were kept. The created library contained 110’276 precursors mapping to 83’238 stripped sequences, of which 79’395 were

proteotypic. These corresponded to 7,502 protein groups (7,613 proteins). Of these, 806 were single hits (one peptide precursor). In

total, 649,960 fragments were used for quantitation. Peptide-centric analysis of DIA data was done with Spectronaut 16.2 using the

library described above. Single-hit proteins (defined as being matched by one stripped sequence only) were kept in the Spectronaut

analysis. Peptide quantitation was based on XIC area, for which a minimum of 1 and a maximum of 3 (the 3 best) precursors were

considered for each peptide, from which the median value was selected. Quantities for protein groups were derived from inter-run

peptide ratios based on the MaxLFQ algorithm.92 Global normalization of runs/samples was done based on the median of peptides.

Overall, 105,024 precursors were quantified in the dataset, mapping to 7,190 protein groups. 96,612 precursors (6,889 protein

groups) had full profiles, i.e., were quantified in all samples. The average number of data points per peak was 7.4.

Subsequent analyses were done with the Perseus software package (version 1.6.15.0).93 Contaminant proteins were removed,

and quantity values were log2-transformed. After assignment to groups, only proteins quantified in at least 3 samples of the sin-

gle-hit group were kept. Volcano plots were generated on Prism (GraphPad Software) after Benjamini-Hochberg false discovery

rate (FDR) correction. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the

PRIDE94 partner repository with the dataset identifier PXD057389.

Multiple pathway metabolomics analysis of polar metabolites

Metabolomics analysis was performed at the Metabolomics Platform at the University of Lausanne. Cell pellets were extracted with

80% methanol, sonicated and homogenized (Precellys Cryolys). Lysates were centrifuged at 15,000 rpm at 4◦C for 15 min, evapo-

rated to dryness and reconstituted in methanol, based on total protein content (quantified by prior BCA assay). Samples were

analyzed by liquid chromatography coupled to mass spectrometry (LC-MS/MS) following previously described methods.95

For metabolite relative quantification, ultra-high performance liquid chromatography coupled to tandem mass spectrometry

(UHPLC-MS/MS) was used, and a Triple Quadrupole mass spectrometer (6495 iFunnel Agilent) in multiple reaction monitoring

(MRM) mode was employed for targeted measurement, as previously detailed.95,96 Metabolome coverage was maximized by using

two liquid chromatography modes coupled to positive and negative electrospray ionization MS.97

Raw LC-MS/MS data were analyzed using Agilent Quantitative analysis software version B.07.00 (MassHunter Agilent Technolo-

gies). Extracted Ion Chromatogram (EIC) areas were used for monitored MRM transitions for relative metabolite quantification. All

tables containing peak areas of detected metabolites were processed and filtered based on the coefficient of variation (CV) calcu-

lated across quality control (QC) samples. Data was discarded when peaks showed analytical variability with a CV above 30%. False

discovery rate (FDR) correction was performed using the Benjamini, Krieger and Yekutieli method. Metabolites with FDR < 1% were

loaded on MetaboAnalyst 6.0 for Pathway Impact Analysis using the Homo sapiens KEGG pathway library.28 Both metabolite abun-

dance and Pathway Impact Analysis results were plotted using Prism (GraphPad Software). All data is accessible via the Zenodo

repository with dataset identifier 14002048.

NADH and NAD+ quantification

DMEM lacking glucose, glutamine, phenol red and sodium pyruvate (Gibco, A14430) was supplemented with 10% dialyzed

FBS, 100 U/mL penicillin/streptomycin and 25 mM glucose. K562 cells were seeded at 5-6 x 105/ml and supplemented with

both 2 mM L-glutamine and 2 mM sodium pyruvate, only glutamine or pyruvate, or neither. Cells were cultured for 24 h and

the medium was refreshed 5 h before sample collection. Cell pellets were prepared by flash-freezing pellets in liquid nitrogen,

and intracellular metabolites were extracted by adding a mixture of 40% methanol, 40% acetonitrile, 20% LC-MS grade water

containing 0.1 M formic acid. Samples were vortexed briefly, incubated on ice for 10 min and neutralized by adding 124 mM

ammonium bicarbonate.

NADH and NAD+ quantification was performed at Northeastern University (Boston, MA). Cell extracts were maintained at 4 ◦C in

the autosampler prior to analysis. LC–MS experiments were performed on a Vanquish UHPLC system coupled to an Orbitrap Exploris

480 mass spectrometer (ThermoFisher). Chromatographic separations were carried out on a ZIC-pHILIC column (2.1 x 150 mm;

Sigma-Aldrich, 1.50460.0001). The ZIC-pHILIC method was initiated at a flow rate of 0.15 mL min⁻¹, with the column temperature

held at 30 ◦C and the initial mobile-phase B composition at 80% for 0.5 min. From 0.5 to 20.5 min, the gradient was maintained

at 20% mobile-phase B at the same flow rate and held until 21.3 min. The column was then re-equilibrated at 0.15 mL min⁻¹ and

80% mobile-phase B from 21.3 to 21.5 min.

The mass spectrometer was operated in SIM mode at a resolution of 60,000 with an m/z scan range of 600–850 in negative ion

mode. The H-ESI ion source was used with static spray voltages of 3200 V (positive) and 2800 V (negative). Gas settings were as

follows: sheath gas, 35 arb; auxiliary gas, 5 arb; sweep gas, 1 arb. The ion transfer tube temperature was set to 320 ◦C, and the vapor-

izer temperature was set to 175 ◦C.
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NADH and NAD⁺ chromatographic traces for each replicate were evaluated in Freestyle (ThermoFisher) to assess peak-shape

quality, and peak areas were extracted in Freestyle for downstream quantification.

13C-pyruvate isotopic profiling

K562 and primary murine CD8+ T cells (7 days post-stimulation) were seeded at 5 x 105/mL in their respective media (supplemented

with either 2 mM glutamine or water, for glutamine deprivation studies) and cultured for 16 h under standard culture conditions (37 ◦C,

5% CO₂) to allow for adaptation. Cells were then re-seeded at 5 x 105/mL in glucose-rich DMEM (K562) or RPMI (T cells) containing 10

% dialyzed FBS, 100 U/mL penicillin/streptomycin (K562) or 10 % dialyzed FBS, 100 U/mL penicillin/streptomycin, 50 μM

β-mercaptoethanol (PAN Biotech, P07-05020) and 100 U/mL murine IL-2 (ThermoFisher/Gibco, 212-12) (T cells), and either supple-

mented with 2 mM glutamine (glutamine-rich conditions) or water (glutamine deprivation). 2mM 13C-pyruvate (13C3-pyruvic acid, Om-

icron Biochemicals) was added to all samples, and cells were cultured at 37 ◦C, 5% CO₂ for 5 h (K562) or 4 h (T cells). Samples were

centrifuged and frozen in liquid nitrogen before further processing.

For K562 cells, 13C-pyruvate isotopic profiling was performed at the Metabolomics Platform at the University of Lausanne. Cell

extracts were prepared and quantified as above (see ‘‘Multiple pathway targeted analysis of polar metabolites’’) and analyzed using

Hydrophilic Interaction Liquid Chromatography coupled to high resolution mass spectrometry (HILIC-HRMS) in negative ionization

mode with a 6550 Quadrupole Time-of-Flight (Q-TOF) system interfaced with a 1290 UHPLC system (Agilent Technology), as detailed

elsewhere.97 Metabolite separation was achieved via an iHILIC-(P) Classic PEEK column (100 x 2.1 mm, 5 μm particle size, HILICON

AB, Umea, Sweden) column. Mobile phase composition was A = 20 mM ammonium acetate and 20 mM NH4OH in water at pH 9.7

and B = 100% ACN. Linear gradient elution: 90% B (0-1.5 min) to 50% B (8-11 min) down to 45% B (12-15 min). For column re-equil-

ibration, the initial chromatographic conditions were set during 9 min post-run (flow rate 300 μL/min, column temperature 30◦C, in-

jection volume 2 μL). ESI conditions were the following: dry gas temperature 290◦C and flow 14 L/min, fragmentor voltage 380 V,

sheath gas temperature 350◦C and flow 12 L/min, nozzle voltage 0 V, and capillary voltage -2000 V. Acquisition was set over the

full m/z range 50-1000 at the MS acquisition rate of 2 spectra/s. All ion fragmentation (AIF) MS/MS analysis was performed on pooled

QC samples (collision energy 0, 10, 30 eV).

An in-house database containing 600 polar metabolites was employed for metabolite annotation, using the Profinder B.08.00 soft-

ware (Agilent Technologies) and targeted data mining in isotopologue extraction mode. The METLIN standard spectral library was

used to validate putative metabolite identity via the MS/MS fragmentation pattern,98 and EICs were used for relative metabolite quan-

tification. Natural isotype abundance was corrected in ProFinder.99 All tables and peak areas of detected metabolites were exported

to R (http://cran.r-project.org/), and signal intensity drift correction was performed with the LOWESS/Spline normalization algo-

rithm,100 followed by noise filtering (CV pooled sample > 30%).
13C enrichment was calculated by taking into account the relative isotopologue abundances in two or more conditions as previ-

ously described.101,102 Statistical significance was evaluated by applying univariate analysis on log10-transformed data, using a

p-value set arbitrarily to 0.05, followed by false discovery rate correction (Benjamini-Hochberg). 13C-pyruvate isotopic data in

K562 are accessible via the Zenodo repository with dataset identifier 14002048, while 13C-pyruvate isotopic data in primary CD8+

T cells are accessible via the MetaboLights repository with dataset identifier MTBLS13799.

For primary murine CD8+ T cells, 13C-pyruvate isotopic tracer profiling was performed at Northeastern University (Boston, MA), and

the extracts were analyzed using the ZIC-pHILIC LC–MS method described above (see NADH and NAD+ quantification). Quantifica-

tion was performed using Skyline (University of Washington).

13C-glutamine and 15N-glutamine isotopic profiling
13C-glutamine and 15N-glutamine isotopic profiling was performed at Northeastern University (Boston, MA). K562 cells were main-

tained under standard culture conditions (37 ◦C, 5% CO₂) and cultured in DMEM lacking D-glucose, L-glutamine, and phenol red,

supplemented with 10% FBS (ThermoFisher), 1% of a 25 μg/mL stock antibiotic–antimycotic solution (Cytiva), 25 mM glucose

(ThermoFisher), and 2 mM sodium pyruvate (ThermoFisher).

For tracer studies, 2 mM unlabeled glutamine (Corning), 13C-glutamine (99% 13C5; Cambridge Isotope Laboratories) or 15N-gluta-

mine (98% 15N2; Cambridge Isotope Laboratories) were prepared in cell culture-grade water. A time-course experiment was con-

ducted with the following sampling intervals: 0, 0.5, 1, 2, 4, 8, and 24 h for the unlabeled control, and 0.5, 1, 2, 4, 8, and 24 h for

the 13C- and 15N-tracer groups. For each time point, three biological replicates were seeded in freshly prepared cell tracer medium

at a density of 5 x 105/mL.

For metabolite extraction, 800 μL of cell suspension was collected from each well at the designated time point and pelleted at 400 g

for 5 min at room temperature. Samples were extracted with 300 μL of ice-cold extraction solvent (40% methanol, 40% acetonitrile,

20% LC–MS grade water) containing 0.1 M formic acid. Samples were kept on ice for 10 min, then neutralized with 124 mM ammo-

nium bicarbonate. Extracts were subsequently analyzed using the ZIC-pHILIC LC-MS method, as described for NADH/NAD+ quan-

tification. Quantification data was performed by Skyline (University of Washington). All data are accessible via the MetaboLights re-

pository with dataset identifier MTBLS13799.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Values are presented as mean ± SD (technical repeats) of one representative experiment from at least three biological replicates,

except for mRNA decay, MAX and SIN3A ChIP experiments, which show one representative dataset from two biological replicates.

Fitted curves for 13C-glutamine and 15N-glutamine tracing experiments were calculated by non-linear regression (one-phase asso-

ciation model). Statistical significance was calculated by two-sided Student’s t-test or ANOVA as specified in the figure legends, and

exact p-values are shown when lower than p < 0.05. All graphs were generated using Prism 10 (GraphPad Software).
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Figure S1. Individual isotopologues for 15N- and 13C-glutamine tracers and additional assays used to 
quantify cell viability and proliferation, related to Figure 1. 
(A, B) Individual isotopologues for 15N-glutamine (A) and 13C-glutamine (B) for glutamine, glutamate, aspartate, 

asparagine, IMP, AMP, UMP, UDP-GlcNac, α-KG, succinate, malate and citrate curves shown in Figure 1. Results 
from 13C-glutamine labeling of pyruvate and acetyl-CoA are provided at the bottom. (C) CellTiter-Glo-based (left) 

and cell count-based (right) growth assays of K562 cells in medium with or without glutamine (Gln). p-values: 

unpaired t-test. Relative growth is calculated as fold change of cell proliferation in medium containing glutamine. 
All data are represented as mean ± SD. 
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Figure S2. NADH/NAD+ quantification, proliferation of LbNOX-overexpressing K562, and 13C-pyruvate 
tracer in primary CD8+ T cells, related to Figure 2. 
(A) NADH/NAD+ quantification in wild-type K562 cells cultured in medium that was either enriched or deprived of 

glutamine (Gln) or pyruvate (Pyr) as indicated. AU: alternative units. (B) Proliferation of K562 cells in medium either 

enriched or deprived of glutamine. Cells were either expressing LbNOX or cultured in the presence of pyruvate. 
Relative growth refers to fold change based on proliferation of control cells cultured in glutamine-rich medium (2 

mM), with no pyruvate or LbNOX added. (C) 13C-pyruvate tracing strategy in primary murine CD8+ T cells. (D) 
Metabolites enriched in 13C-pyruvate in glutamine-rich and glutamine-deprived medium, showing relative fractions 

of isotopologues within each metabolite. Pyr: pyruvate; α-KG: α-ketoglutarate; Asp: aspartate; Glu: glutamate; Gln: 
glutamine. All data are represented as mean ± SD. All p-values: one-way ANOVA. 
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Figure S3. Additional data for CRISPR-Cas9 screen reproducibility and validation, related to Figure 3. 
(A) CRISPR reproducibility plots. FC: fold change. TPM: Transcripts per million. Gln: glutamine. (B) Gene 
essentiality score (ΔZ = Z-Gln – Z+Gln) for additional hits identified in the CRISPR-Cas9 screen. Genes required to 

promote proliferation of glutamine-starved cells (supplemented with pyruvate) are labeled in red (ΔZ<-2), while 

genes that scored below our threshold (detrimental ΔZ>2; required: ΔZ<-2) are labeled in grey. (C) Immunoblots 
showing ATF4 (left) and SLC7A11 (right) expression upon depletion of glutamine (Gln), pyruvate (Pyr) or both. 
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Figure S4. Loss of FBXW7 leads to PC downregulation in multiple cell lines, related to Figure 5. 
(A) Immunoblot showing PC and FBXW7 expression across 6 human cancer cell lines depleted of FBXW7 using 

CRISPR-Cas9. (B) Growth assay of FBXW7-depleted cell lines in medium enriched with 2 mM pyruvate and 
depleted of glutamine. Relative growth shows values as fold change of growth of the same cell line in glutamine-

rich medium. All data are represented as mean ± SD. p-values: multiple unpaired t-tests. 
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Figure S5. Additional data on the MYC extended network, related to Figure 6. 
(A) Summary of the MYC extended network, adapted from PMIDs: 28230739; 34572909. Genes that scored as 

essential for promoting proliferation upon glutamine (Gln) restriction are highlighted by red ellipses. Genes that 

scored below threshold did not affect proliferation and shown within grey ellipses.  (B) Proteomic analysis of MNT, 
MAX, MLX and MLXIP abundance in glutamine-enriched compared to glutamine-deprived sgCtrl and sgFBXW7 

cells. Relative protein abundance is calculated as a fold change of protein abundance in sgCtrl cells in glutamine-

rich medium. All data are represented as mean ± SD. 
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