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Glutamine dependency limits metabolic flexibility
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Summary

Metabolic flexibility, or the ability to adapt to environmental fluctuations, is key to the survival
and growth of all living organisms. In mammals, the pathways supporting cell proliferation in nutrient-
limiting conditions have not been fully elucidated, although cancers are known to display metabolic
dependencies that can be targeted for therapy. Here, we combine systematic nutrient and genome-
wide CRISPR/Cas9 screening to provide a comprehensive map of the signaling and metabolic
pathways that support cell proliferation in glutamine-limited conditions. We focus on pyruvate
anaplerosis and discover a mechanism by which the tumor suppressor FBXW7 controls a MYC-
dependent cluster of epigenetic repressors that bind the pyruvate carboxylase (PC) promoter, leading
to histone deacetylation, reduced PC expression and glutamine addiction. Our work sheds light on the
molecular mechanisms that support metabolic flexibility, and on the nutrients and pathways involved in

glutamine dependency, a hallmark of several cancers.
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Introduction

Mammalian cells have evolved to cope with fluctuating environments and conditions such as
malnutrition, infection or tumorigenesis can further perturb access to nutrients, making metabolic
flexibility crucial for ensuring viability!. Amino acids are among the nutrients that show the highest
variation both in our diet and across tissues?, and among them glutamine is the most abundant amino
acid in plasma and one of the most highly utilized amino acids in cells in culture3#. Besides its role as
an essential constituent of proteins, glutamine acts as a major contributor both in the tricarboxylic acid
(TCA) cycle, where it participates in ATP generation and amino acids synthesis, and in nitrogen

metabolism, serving as an amine donor in multiple metabolic reactions.

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*. This phenomenon,
sometimes referred to as “glutamine addiction” has been observed both in cell culture and in vivo, and
it is thought to be the result of high proliferation rates which exceed the capacity for its intracellular
biosynthesis®. In tumors, glutamine addiction is mainly driven by the oncogene c-MYC (MYC), which
promotes the expression of glutamine transporters and glutaminase®®, thereby converting glutamine
into glutamate and facilitating its entry into the TCA cycle. This process has been exploited for cancer
therapy based on glutaminase inhibition, although with only limited success in pre-clinical trials®, partly
due to the metabolic flexibility of cancer cells and the presence of alternative nutrients in the complex
tumor microenvironment. A better understanding of the molecular mechanisms that promote cell
survival in a glutamine-limited environment could help to identify novel approaches to limit cancer cell

proliferation.

Earlier studies have highlighted certain nutrients and metabolic pathways that can sustain
proliferation of glutamine-deprived cells, including pyruvate carboxylation, the malate-aspartate shuttle
and asparagine synthesis'®'2, as well as other pathways that become detrimental in the absence of
glutamine, such as proline synthesis'®. However, despite this important work, we still lack a global view
of the nutrients and metabolic pathways involved in cell survival when glutamine is scarce. Here, we
combine large-scale nutrient and genetic screens to provide a unified model of the metabolites and
molecular pathways that sustain viability upon glutamine starvation. We further reveal an epigenetic
mechanism whereby the tumor suppressor FBXW7 alleviates glutamine dependency by promoting
expression of pyruvate carboxylase (PC), thus favoring pyruvate anaplerosis and proliferation in

nutrient-limiting conditions.
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Results

Nutrient screening identifies molecules increasing proliferation in a glutamine-limited

environment

We sought to explore the mechanisms that maintain proliferation during glutamine deprivation,
and observed that glutamine depletion led to a rapid loss of proliferation and viability in K562
myelogenous leukemia cells, indicating strict dependency on glutamine availability (Figure 1A, B;
Figure S1A). Reasoning that the cell culture medium represents only a fraction of the molecules
available to cells in vivo, we designed a nutrient screen where we supplemented the medium with 371
carbon and nitrogen sources in order to identify nutrients able to compensate for glutamine depletion
(Figure 1C). We found a wide range of metabolites able to sustain proliferation to various extents,
including carboxylic acids such as a-ketoglutarate (a-KG) and a-ketobutyrate (a-KB), and amino acids
chemically related to glutamine, some of which had previously been observed in the context of
glutamine deprivation or glutaminase inhibition'>'* (Figure 1D, E; Table S$1). In our screen, we found
that pyruvate provided the most robust increase in proliferation in glutamine-deprived medium, a result

that we could validate in additional cell lines (Figure 1F; Figure S1B).

Since nutrient availability has been well-characterized as a limiting factor in solid tumors due to
poor vascularization'® we tested our findings using a three-dimensional spheroid model to determine
whether pyruvate could also increase cell proliferation in a more physiological model of glutamine
deprivation. We grew HEK293T cells in medium supplemented with either glutamine or pyruvate and
measured spheroid diameter at regular time intervals. As expected, we found that in the absence of
glutamine spheroids failed to grow and developed morphological characteristics consistent with cell
death, while growth of spheroids was restored in the presence of glutamine (Figure 1G, H).
Furthermore, addition of pyruvate also significantly rescued both the growth and appearance of

spheroids in glutamine-depleted medium, consistent with the results obtained using K562 cells.

We next examined which metabolic pathways were most affected by glutamine and pyruvate.
In cells with certain mitochondrial defects, pyruvate and the enzyme prosthetic LbBNOX are able to
correct the NADH/NAD* ratio and restore cell growth'®'”. However, we found that LbNOX had only a
minimal effect in our glutamine-restricted conditions, indicating that restoring the NADH/NAD" ratio is
not the primary effect of pyruvate under glutamine deprivation (Figure S1C). We therefore performed
steady-state metabolomics following glutamine restriction and found that it severely decreased the
abundance of all TCA cycle intermediates, as well as certain amino acids such as glutamate, aspartate
and asparagine (Figure 11; Table S2). The levels of metabolites related to glycolysis, nucleotide
synthesis, the pentose phosphate pathway, as well as other amino acids showed little to no variation in
the absence of glutamine. We then repeated this experiment using medium supplemented with pyruvate
and observed a significant rescue in all detected TCA cycle intermediates and in the same three amino
acids (Figure 11; Table S3), suggesting that the anaplerotic contribution of pyruvate to the mitochondrial

TCA cycle increased during glutamine deprivation.
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To test this hypothesis, we treated cells with the mitochondrial pyruvate carrier inhibitor UK5099
and observed that while cells grown in glutamine-rich medium did not show any decrease in
proliferation, the growth advantage conferred by pyruvate supplementation in the absence of glutamine
was almost completely abolished in the presence of this inhibitor (Figure 1J). Furthermore, to
investigate a possible effect of pyruvate in anaplerosis we performed '*C pyruvate-based isotope
labeling (Figure 1K) and found increased '*C incorporation in all detected TCA cycle intermediates in
absence of glutamine, as well as in glutamate, aspartate, asparagine and in glutamine itself (Figure
1L; Table S4). Combining the results from our nutrient screen and stable isotope-assisted profiling
experiment, we conclude that the contribution of pyruvate to the TCA cycle and to the synthesis of

selected amino acids increases during glutamine deprivation to restore cell proliferation.

Genetic screening reveals metabolic networks promoting pyruvate anaplerosis in absence of

glutamine

We next designed a genome-wide screen aimed at identifying the molecular pathways able to
maintain proliferation in glutamine-free, pyruvate-rich conditions. We infected K562 cells with the
Brunello lentiviral genome-wide CRISPR/Cas9 library with 76,441 single-guide RNAs (sgRNAs)
targeting 19,114 distinct human genes and 1,000 controls. After incubation for 10 days to allow for
CRISPR/Cas9-mediated gene knockout, we transferred the cells to a DMEM-based medium containing
glucose and pyruvate, either with or without glutamine. After 21 days we harvested the cells and
performed next-generation sequencing to determine the abundance of sgRNAs in each condition. We
analyzed the data using a Z score-based method'®, highlighting genes that were either required
(negative AZ score) or detrimental (positive AZ score) for growth of the glutamine-starved cells (Figure
2A; Table S5).

Our screen highlighted several pathways known to participate in central carbon metabolism,
including the malate-aspartate shuttle, the plasma membrane cystine/glutamate exchanger system
Xc biotin import and conjugation, pyruvate carboxylation, as well as signaling molecules from the
integrated stress response (ISR) (Figure 2B, C). To validate the robustness of our approach, we
confirmed experimentally that blocking ISR signaling downstream of the amino acid-sensing arm (genes
GCN1, GCN2) using ISRIB, a drug that reverses the effect of elF2a phosphorylation, was detrimental
to cell growth in the absence of glutamine, while inhibition of the system Xo (SLC3A2, SLC7A11)
involved in glutamate extracellular export, was beneficial (Figure 2C, D). We also focused on a subset
of genes involved in the malate-aspartate shuttle and found that our screen not only confirmed the
requirement for the mitochondrial arm of the shuttle (GOT2, MDH2, SLC25A13)', but it also revealed
that deleting the cytosolic arm (GOT1, MDH1, SLC25A11), involved in bringing intermediates back to
mitochondria, was beneficial in conditions of glutamine deprivation. This screen further confirmed an
important role for the ASNS gene'"'?, required for asparagine synthesis. These observations, along
with earlier literature, strongly suggested an important role for aspartate synthesis and cytosolic export,
as well as for synthesis of asparagine. We confirmed this hypothesis by providing these two amino

acids to cells grown in glutamine-deprived medium and expressing SLC71A3, a plasma membrane
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transporter required for aspartate import'®, upon which we observed a partial rescue in cell proliferation
(Figure 2E).

Notably, our screen identified a requirement for biotin-related genes for the growth of glutamine-
deprived cells. Biotin, also known as vitamin B7 or vitamin H, is the substrate for biotinylation, a post-
translational modification that occurs in 4 different classes of mitochondrial carboxylases, one of which,
pyruvate carboxylase (PC), was identified in our screen (Figure 2B, C). PC converts pyruvate and CO2
into oxaloacetate, and a beneficial role for pyruvate carboxylation in glutamine-limited environment has
previously been noted®. Importantly, our "*C pyruvate tracer analysis showed increased fraction of the
m+3 isotopologues of malate, aspartate and asparagine (Figure 1L), all of which are compatible with
increased PC activity in glutamine-limiting conditions. Consistent with this, we confirmed experimentally
that, in addition to PC, the biotin plasma membrane transporter (SLC5A6) and the biotin conjugating
enzyme (HLCS) were both required for the proliferation of cells in the absence of glutamine (Figure
2F). We further validated these observations using biotin supplementation in glutamine-deprived cells
and confirmed a requirement for both pyruvate and biotin to sustain K562 cell proliferation (Figure 2G)
and HEK293T spheroid formation (Figure 2H, I).

Together, our genetic and nutrient screens provide a wide range of factors whose depletion is
either deleterious, or in some cases beneficial, for the proliferation of cells in the absence of glutamine.
Importantly, the genes and nutrients we have identified highlight interconnecting pathways and, together
with earlier literature, point to a unified model where glutamine-restricted cells rely on import of pyruvate
into mitochondria (Figure 1J) and its conversion to oxaloacetate by the biotin-dependent carboxylase
PC, thereby supporting mitochondrial aspartate synthesis, its export via the malate-aspartate shuttle,

and asparagine synthesis in the cytosol (Figure 2J).
FBXW7 supports PC expression and pyruvate anaplerosis

While most hits from our genetic screen are involved in central carbon metabolism, the gene
that scored the highest in the absence of glutamine was the tumor suppressor FBXW?7 (Figure 3A).
FBXW?7 is a well-characterized substrate recognition component for the cytosolic SKP1-CUL1-F-box
E3 ubiquitin ligase complex, involved in degradation of the protein products of oncogenes such as c-
MYC, c-JUN, and cyclin E'®%2.

Since a role for FBXW?7 in central carbon metabolism was unexpected, we depleted FBXW?7 in
K562 cells using CRISPR/Cas9. We observed that while FBXW?7-depleted cells showed no proliferation
defects in glutamine-rich medium, they grew more slowly in the absence of glutamine, regardless of the
presence of pyruvate in the medium (Figure 3B). To investigate whether this difference was specifically
due to pyruvate metabolism, we supplemented the cell medium with a-KG and we found that this
metabolite was able to rescue cell proliferation independently of the presence of FBXW?7, pointing to a
defect in pyruvate metabolism, rather than a global defect in central carbon metabolism (Figure 3B).
Similarly, FBXW7-depleted HEK293T spheroids failed to grow in glutamine-free conditions, even after
pyruvate supplementation (Figure 3C, D). To clarify the fate of pyruvate in FBXW?7-depleted cells, we
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repeated our °C pyruvate tracer experiment and focused on malate and aspartate, whose relative
fractions of m+3 isotopologue increased in glutamine-limited conditions (Figure 1L). Importantly, while
we confirmed increased enrichment in m+3 isotopologue (following direct conversion of '*C pyruvate to
oxaloacetate) in the absence of glutamine, we found a significant reduction in the same pool in FBXW?7-
depleted cells, irrespective of the presence of glutamine, further suggestive of impaired pyruvate
metabolism (Figure 3E, F; Table S6).

As the primary function of FBXW?7 is known to be in protein degradation, we performed a global
cell proteomics analysis to understand how this tumor suppressor and glutamine deprivation affect the
proteome. We observed only a few changes in either condition, but importantly, we found that PC was
among the most significantly decreased proteins in FBXW7-depleted cells, again independently of the
presence of glutamine, and common to multiple cell lines (Figure 3G, H; Figure S2; Tables S7-9). PC
was one of the best hits of the screen (Figure 3A), and low PC expression is fully compatible with both
the defects in pyruvate metabolism and the impaired growth in the absence of glutamine seen in cells
lacking FBXW?7. To test for a causal role, we expressed a PC cDNA in FBXW7-depleted cells. We found
that PC overexpression not only conferred a growth advantage to cells during glutamine deprivation, it
also rescued the proliferation of FBXW?7-depleted cells to the same extent as in control cells, suggestive
of an epistatic effect (Figure 3H, I). Taking these results together, we propose that FBXW?7 supports the
proliferation of cells in the absence of glutamine by promoting PC expression and subsequently

pyruvate anaplerosis.
An FBXW7-MYC-MNT-SIN3A axis controls the expression of PC via histone deacetylation

Our observation that PC protein abundance is reduced in the absence of FBXW7 was
unanticipated, firstly because FBXW?7 is considered to be mainly involved in protein degradation, and
secondly because the two proteins are not localized in the same cellular compartment?325. To
investigate this further, we measured the transcript levels of PC and observed that they were
significantly decreased in FBXW?7-depleted cells (Figure 4A), mirroring the effect observed in
immunoblotting experiments (Figure 3H). Intriguingly, PC mRNA stability was not affected, suggesting

a decrease in its rate of transcription (Figure 4B).

We reasoned that additional factors involved in PC expression might also affect proliferation in
the absence of glutamine, and we mined our genome-wide CRISPR/Cas9 screen to identify
transcription-related factors. We found a cluster of epigenetic modifiers whose depletion is beneficial
for growth in the absence of glutamine (Figure 4C) that included MNT and its binding partners MAX,
MLX and SIN3A, as well as MLXIP, all of which are involved in transcriptional repression?®. Notably,
this “MNT cluster” lies downstream of c-MYC, an FBXW?7 target that can skew the proportion of MAX,
MNT and MLX dimers'®?%, and we confirmed that c-MYC accumulates in FBXW?7-depleted K562 cells
(Figure 4D). As MYC is in the top 1% essential genes in K56227, we first focused on the effects of its
overexpression, rather than depletion. To this aim, we employed the tamoxifen-inducible MycER mouse
embryonic fibroblast line, which has extensively been used to study MYC-dependent glutamine

dependency”'3. Importantly, we found that MYC overexpression reduced PC protein abundance
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(Figure 4E), mirroring the results obtained in FBXW7-depleted K562. Furthermore, depletion of MNT
or SIN3A (acting downstream of c-MYC) was sufficient to rescue expression of PC in a FBXW?7-depleted
background (Figure 4F), thus confirming regulation of PC by MYC and the MNT cluster.

Genes from the MNT cluster act as transcriptional repressors that bind genomic DNA and recruit
histone deacetylases (HDACs) to lysine 27 of histone 3 (H3K27)?2°, This prompted us to probe for
H3K27 acetylation, one of the main epigenetic alterations in cancers driven by FBXW?7 loss of function®.
We first analyzed the chromatin immunoprecipitation (ChlP) and sequencing data from the ENCODE
project®' and observed a clear signature for binding of c-MYC, MNT and SIN3A on the PC promoter in
K562 cells, as well as H3K27Ac peaks (Figure 4G). We next performed our own ChIP experiment using
a set of gPCR primers designed specifically to measure H3K27Ac on the PC promoter (Figure 4G, red
bar). We found that while the H3K27Ac profile of control genes with either high (GAPDH, ALDOA) or
low (MYOD) acetylation was unaffected, acetylation on the PC promoter was significantly reduced in
FBXW7-depleted cells (Figure 4H), again mirroring transcript and protein abundance. Taken together,
our data indicate that upon increased c-MYC expression in FBXW?7-depleted cells, an MNT-related
cluster of transcriptional repressors recruits HDACs on the PC promoter, leading to decreased H3K27

acetylation, low PC expression, impaired pyruvate anaplerosis, and glutamine dependency (Figure 4I).

Discussion

Glutamine is one of the most versatile and highly consumed amino acids. Here, we have
employed parallel nutrient and genetic screening to provide a comprehensive inventory of metabolites
and molecular pathways required for the proliferation of cells in glutamine-deprived environments.
Previous efforts had identified nutrients that could partially compensate for glutamine depletion, or
glutaminase inhibition, including carboxylic acids, aspartate and asparagine'®'?', Our systematic
approach has confirmed the role of some of these metabolites, and in addition provides a direct
comparison between hundreds of nutrients, covering most of the diversity found in the plasma or in the
tumor interstitial fluid®32. Our data highlight pyruvate and TCA cycle-related metabolites as the main
determinants for cell proliferation in absence of glutamine. While glutamine is considered both a carbon
and a nitrogen source, our findings indicate that its involvement in central carbon metabolism outweighs
its role as a nitrogen donor, possibly due to the presence of other nitrogen-containing molecules, such
as amino acids, in the environment. We confirmed the role of pyruvate in carbon metabolism using a
13C-labeled tracer, which showed significant incorporation of pyruvate-derived carbon in the TCA cycle
intermediates as well as in aspartate and asparagine, two amino acids essential for proliferation. In
agreement with earlier studies, we could show that supplementation with aspartate or asparagine was
sufficient to restore proliferation in glutamine-restricted cells'+'214,

To extend this analysis we took advantage of the observation that pyruvate-supplemented cells
are able to survive glutamine starvation to design a genome-wide CRISPR/Cas9 screen aimed at
identifying the genes involved in the proliferation of glutamine-restricted cells in the presence of
pyruvate. Integrating data from our nutrient and genetic screens with our '*C pyruvate tracer analysis

and earlier literature, we can now propose a unified model in which pyruvate rescues cell proliferation
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in glutamine-limiting conditions by serving as an anaplerotic substrate for PC, thus promoting
mitochondrial aspartate biogenesis, its subsequent export to the cytosol via the malate-aspartate
shuttle, and its utilization in asparagine, protein and nucleotide synthesis (Figure 2J). In support of this
model, we showed that while depleting the mitochondrial arm of the malate-aspartate shuttle, involved
in aspartate export, is detrimental in glutamine-limited conditions, depleting its cytosolic arm, involved
in bringing carbon back into mitochondria, is beneficial. Similarly, we report that inhibiting the plasma
membrane cystine/glutamate exchanger system Xc is beneficial to cell growth when glutamine is
limiting. This observation could be explained by conservation of intracellular glutamine-derived
glutamate and warrants caution in the use of system X¢ inhibitors that are currently being developed
for cancer therapy, as they could promote the survival of cells in the glutamine-limited tumor
microenvironment. Interestingly, our work also highlights the need for the vitamin biotin, and the
machinery for biotin import and conjugation to proteins, which provides an essential co-factor for PC.
Together, our findings extend previous work, and in addition provide a comprehensive resource focusing

on both the metabolites and the genes which mediate survival of glutamine-starved cells.

Our analysis also highlighted the tumor suppressor gene FBXW7 as a central regulator of
pyruvate metabolism. FBXW?7 is one of the most highly mutated genes in bile duct, blood, endometrium,
colon and stomach cancer®3*, and as an E3 ubiquitin ligase, it degrades the protein product of several
proto-oncogenes including ¢c-MYC, c-JUN and cyclin E'?2. FBXW7 also influences epigenetic
remodeling via H3K27Ac and H3K27me3 by acting upstream of MYC3°. FBXW?7 has been linked to
oxidative and liver metabolism3>%, but the mechanism behind these observations remained unclear.
Here, we report that FBXW7 mediates anaplerosis by promoting the expression of the mitochondrial
pyruvate carboxylase PC. FBXW7-depleted cells show glutamine addiction that cannot be rescued by
pyruvate supplementation, thus leading to decreased carbon flux to sustain aspartate and asparagine
synthesis. We confirmed that c-MYC accumulates in FBXW7-depleted cells, and we report here that
PC ftranscription decreases in parallel. c-MYC acts upstream of MNT and SIN3A, two epigenetic
repressors that bind the promoter of PC and that are known to recruit histone deacetylases to
chromatin®2®. Here, we showed decreased H3K27 acetylation of the PC promoter, lower PC
expression and reduced pyruvate utilization in the TCA cycle, thus limiting metabolic flexibility and
preventing survival upon glutamine starvation in FBXW?7-depleted cells. c-MYC is a known driver of
glutamine addiction that promotes expression of glutaminase and glutamine transporters®®. Despite
MYC accumulation and glutamine dependency of K562 cells, our proteomics analysis of FBXW7-
depleted cells did not identify changes in the expression of these glutamine-related genes, suggesting
cell-specific differences (Figure 3G; Tables S8, S9). Rather, we observed reduced PC levels, and
importantly showed that PC overexpression restores growth of FBXW?7-depleted cells, indicating that
PC is both necessary and sufficient to promote proliferation upon glutamine depletion. Our findings
provide a better understanding of metabolic pathways regulated by FBXW?7 and highlight PC as a novel
effector downstream of FBXW7/c-MYC involved in pyruvate carboxylation and glutamine addiction, two

related metabolic defects that could be targeted for therapy.


https://doi.org/10.1101/2024.10.24.619388
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.24.619388; this version posted October 25, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Altogether, our study highlights the power of nutrient-based screening coupled with genetic
perturbation strategies to provide a better understanding of the metabolic flexibility of mammalian cells
facing nutrient deprivation. Our results provide a unified model of the molecular mechanisms which
allow proliferation of glutamine-starved cells, as well as an important resource for further investigations
in the field. Glutamine depletion, and nutrient fluctuations in general, are constantly faced by
mammalian cells according to both diet and changing physiological states, such as tissue migration,
cell growth and differentiation. Investigating how cells cope with such heterogenous conditions will
increase our understanding of the factors supporting metabolic flexibility, and could provide applications
in pathological settings such as nutrient scarcity upon pathogen infection and malignant cell adaptation

to the cancer microenvironment.

Limitations of the study

The present work provides a systematic analysis of both nutrients and molecular pathways
required to sustain proliferation of cells in a glutamine-restricted environment. A common limitation of
genetic screens performed in a pooled format is cross-feeding (namely the transfer of nutrients between
cells via the culture medium) and competition between cells in the population. While we have validated
many of the hits from our screens, future work should include continuing the experimental validation of
the additional genes and metabolites highlighted by these approaches. Our work thus far has focused
on seven adherent and suspension cancer cell lines grown in two or three dimensions. In the future, it
will be important to validate our findings in primary cells and in cancer models. Our findings also
assigned a role for FBXW?7 in PC regulation and pyruvate metabolism, and while we focused on c-MYC
and its well-characterized MNT/SIN3A effectors?®, both FBXW7 and ¢c-MYC have a wide range of
targets. We do not exclude that additional layers of regulation may exist downstream of FBXW?7 and
upstream of PC that could contribute to pyruvate anaplerosis and cell proliferation in glutamine-deprived

conditions.
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Methods
Experimental models

K562 (ATCC, CCL-243), HEK293T (ATCC, CRL-3216), HeLa (ATCC, CCL-2), MCF7 (ATCC, HTB-22),
SW480 (ATCC, CCL-228) and UACC-257 (DCTD, CVCL_1779) 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. MycER mouse
embryonic fibroblasts were a kind gift from Raul Mostoslavsky (Harvard Medical School) and were
cultured in the same medium 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% CO:2 and regularly tested to ensure absence of mycoplasma.
Spheroid culture

HEK293T spheroids were seeded in DMEM supplemented with 25 mM glucose, 10% dialyzed FBS and
100 U/mL penicillin/streptomycin. Experimental media were supplemented with either 2 mM pyruvate
or 2 mM glutamine, as indicated. HEK293T were seeded on U-bottom Nunclon™ Sphera™ 96-Well
plates (ThermoFisher, 174925) and briefly centrifuged to allow cells to settle at the bottom of the well.
Samples were imaged with an EVOS™ FL imaging system (Life Technologies) every 3-4 days with a
4x objective. Spheroid diameter was quantified using Fiji (ImagedJ). 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 were seeded in DMEM containing 25 mM
glucose and supplemented with 10% dialyzed FBS and 100 U/mL penicillin/streptomycin. Test media
were prepared with the addition of either 2 mM of pyruvate, 1 uM of biotin, or both, as indicated in the

figure legends.
Proliferation assays

Cells were seeded at 0.1 million/ml in DMEM supplemented with 25 mM glucose, 10% dialyzed FBS
and 100 U/mL penicillin/streptomycin 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, with the exception of aspartate and asparagine, which were added at a final
concentration of 150 uM as previously described®’. 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). For
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drug treatments, 375 uM sulfasalazine or 100 nM ISRIB were added to the cell culture medium at the

beginning of the growth assay as indicated.
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,
were used to generate vectors for the negative control (sgCtrl) samples. Plasmids pLX304-GFP-V5
(Addgene, 193687) and pLX304-PC (DNAsu, HsCD00436386) were used for gene overexpression.
Lentiviruses were produced in HEK293T cultures, as previously described®® and K562 cells were
infected in the presence of 10 pg/ml polybrene (Sigma-Aldrich, TR-1003G). Successfully infected K562
were selected after 24 h using 2 pg/ml puromycin (pLentiCRISPR v2) or 100 ug/mL blasticidin (pLX304).
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 and primer

sequences are described in Table S10.
Genome-wide CRISPR/Cas9 screen

K562 were infected with the lentiviral Brunello library (Genome Perturbation Platform, Broad Institute)
containing 76,441 sgRNAs® in duplicates, as previously described®. Infection was performed at
multiplicity of infection 0.3, using 500 cells per sgRNA guide, and in the presence of 10 ug/ml polybrene
(Sigma-Aldrich, TR-1003G). Successfully infected cells were selected after 24 h using 2 pg/ml
puromycin. After 10 days, cells were plated at 0.1 million/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
pg/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).

Screen results were analyzed as previously outlined'® using normalized Z scores. In brief, raw sgRNA
read counts were normalized to reads/million and logz transformed. The mean logz(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. K562
RNA-sequencing data (sample GSM854403 in Gene Expression Omnibus series GSE34740) were
used to to filter out genes not expressed in K562. Z score was calculated from the mean logz(fold

change) using the statistics of the null distribution, defined by the 3726 genes with lowest expression.
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BioLog nutrient screen

Cells were seeded at 0.1 million/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 penicillin/streptomycin. Samples were
cultured for 4 days at 37°C, 5% COs2. 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. Supernatants were
cleared by spinning samples for 10 min at 14,000 g at 4°C. Protein concentration was quantified using
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). Membranes 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. Washes were performed
in TBS-T and membranes were imaged using fluorescence detection on an Odyssey CLx analyzer (Li-
Cor).

RNA extraction, cDNA synthesis and gPCR

Total RNA was extracted in phenol/chloroform using TRI reagent (Sigma-Aldrich, T3809), as described
by the manufacturer. Complementary DNA (cDNA) was synthesized using random primers and M-MLV
Reverse Transcriptase (Sigma-Aldrich, M1302-40KU) in the presence of RNAseOUT Recombinant
RNAse inhibitor (Invitrogen, 10777019) and random primers (ThermoFisher, N8080127). Quantitative
PCR (qPCR) was performed using Tagman probes (see STAR Methods table) and a CFx96 quantitative

PCR machine (Bio-Rad). All data were internally normalized to TBP expression using the AACt method.

For mRNA decay analysis, cells were treated with 1 ug/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 quantified by normalizing AACt values at each time

point to the initial AACt (t=0, untreated cells). Plot shows data points from two independent replicates.
Chromatin immunoprecipitation (ChIP)-qPCR

For chromatin isolation, 10 million cells were harvested per sample, washed in PBS and fixed in 1%
formaldehyde for 10 min at room temperature. Samples were quenched using 125 mM glycine, washed
in PBS, lysed in ChlIP Lysis buffer (50 mM Hepes-KOH pH 7.5, 140 mM NaCl, 1 mM EDTA pH 8, 1%
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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 ug IgG control
(Abcam, ab171870) or a-H3K27Ac (Abcam, ab4729). The next day, samples were incubated with
protein G beads (previously blocked in 10% bovine serum) for 2 h at room temperature. Beads were
washed using wash buffer (20 mM Tris-HCI 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 concentration (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 gPCR, primers were designed wusing 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). gPCR 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 AACt method. A list of primers used for ChIP-qPCR is
provided in Table S11.

Protein mass spectrometry

Protein mass spectrometry was performed at the Protein Analysis Facility at the University of Lausanne.
Samples were lysed in 250 yL 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*'. Based
on tryptophan fluorescence quantification*?, 100 ug of proteins at 2 pg/ul in miST buffer were heated 5
min at 95°C, diluted 1:1 (v:v) with water containing 4 mM MgClz and 250 Units/uL 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 ug
Trypsin/LysC mix (Promega, V5073) for 1 h at 37°C, then for 1 h with an additional 0.5 ug 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 centrifugation. After washing with isopropanol/1%TFA, peptides were

eluted in 200 pl 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 ul 2% acetonitrile with 0.5% TFA, and 5 pl were injected for
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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 pym ID, 100A, Reprosil Pur 1.9 pym particles, Dr. Maisch,
Germany) at a flow rate of 0.250 pl/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 method*® 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 one time 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 4.0 or more. After selection in one cycle, precursors were excluded from further
selection for 60 s. Mass resolution in all MS measurements was approximately 35’'000. The data-
independent acquisition (DIA) used essentially the same instrument parameters as the DDA method
reported previously**. 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 sequences). For identification, peptides of 7-52
AA length were considered, cleaved with trypsin/P and a maximum of 2 missed cleavages 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 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 less than 3 fragments were also
eliminated and only the best 6 fragments were kept per precursor. 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 library created 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.
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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*®. 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)*. Contaminant
proteins were removed, and quantity values were logz-transformed. After assignment to groups, only
proteins quantified in at least 3 samples of the single-hit group were kept. Volcano plots were generated
on Prism (GraphPad Software) after Benjamini-Hochberg false discovery rate (FDR) correction. All raw
MS data together with raw output tables are available via the Proteomexchange data repository

(www.proteomexchange.org).
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 15000 rpm at 4°C for 15 min, evaporated 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*’.

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*’#8, Metabolome coverage was maximized by using two liquid chromatography

modes coupled to positive and negative electrospray ionization MS“°.

Raw LC-MS/MS data was analyzed using Agilent Quantitative analysis software version B.07.00
(MassHunter Agilent technologies). Extracted lon 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 CV calculated across QC samples. Data was
discarded when peaks showed analytical variability with 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°. Both metabolite abundance and Pathway Impact Analysis results were plotted using
Prism (GraphPad Software).
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13C pyruvate isotopic profiling

8C 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 1290 UHPLC system (Agilent Technology),
as detailed elsewhere*®. Metabolite separation was achieved via an iHILIC-(P) Classic PEEK column
(100 x 2.1 mm, 5 ym 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-
equilibration, the initial chromatographic conditions were set during 9 min post-run (flow rate 300 pyL/min,
column temperature 30°C, injection volume 2 pl). 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 software (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® and EICs were used for relative metabolite quantification.
Natural isotype abundance was corrected in ProFinder®2. 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 algorithm®® followed by noise filtering (CV pooled
sample > 30%).

3C enrichment was calculated by taking into account the relative isotopologue abundances in two or
more conditions as previously described®*°°. Statistical significance was evaluated by applying
univariate analysis on log1o-transformed data, using a p value set arbitrarily to 0.05, followed by false

discovery rate correction (Benjamini-Hochberg).
Statistical analysis

Statistics are presented as mean + SD from one representative dataset from at least three biological
replicates, unless otherwise indicated. Statistical significance was calculated by 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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Figures and figure legends
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Figure 1. Nutrient screening ranks metabolites that allow proliferation of glutamine-deprived K562 cells.

(A, B) Cell count-based (A) or Prestoblue (B) growth assays of K562 cells in medium with or without glutamine

(GIn). p values: unpaired t-test. (C) Schematic representation of the nutrient-sensitized screen in high glucose (Glc)

medium without glutamine. (D) S-plot of nutrients promoting proliferation in glutamine-deprived medium. Glutamine

and glutamine-containing dipeptides not shown. (E) Validation of selected nutrients (all supplemented at 2 mM) in

glutamine-starved cells. Glu: glutamate; Ala: alanine; a-KB: a-ketobutyrate; a-KG: a-ketoglutarate. p values: one-

way ANOVA. (F) Growth assay in the presence of pyruvate (Pyr) with or without glutamine. p values: multiple

unpaired t-tests. (G) Diameter of HEK293T spheroids cultured in medium supplemented with either glutamine or

pyruvate. (H) Representative spheroid images on day 10 post-seeding. Scale bar = 1 mm. (I) Volcano plots showing

metabolite abundance in glutamine-deprived vs glutamine-rich medium (top left) or by pyruvate supplementation

in glutamine-free conditions (top right). TCA intermediates and metabolites related to alanine, glutamate, aspartate

(Asp) and asparagine (Asn) are labeled. Bottom: MetaboAnalyst Pathway Analysis of significantly altered

metabolites. (J) Proliferation assay in the absence or presence of the mitochondrial pyruvate carrier inhibitor

(UK5099). p values: multiple unpaired t-tests. (K) '3C pyruvate tracing strategy. (L) Results of *C pyruvate tracing

in glutamine-rich (2 mM) and glutamine-deprived medium, showing relative fractions of isotopologues within each

metabolite.

19


https://doi.org/10.1101/2024.10.24.619388
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.24.619388; this version posted October 25, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

A

25 mM glucose 2 mdM glutamw;e *Required gene eDetrimental gene - Did not score D p=0011
K562 2 mM pyruvate L [idetrimenta
@ T i d Stress R : £ 204 P<0001
@ ) required} g tress Resp y X, g
@ + genome-wide - S 1.5 ’7—:{_
CRISPR library " AA starvation =3
0 mM glutamine Cys 2.0
GCNTGCN2 SLCTATT =3¢ pM 2
NS S SLC3A2 Glu B 054
B O SystemX, © Malate-aspartate shuttie peiF2 / &,
o IR ® Biotin-related elrea 0.0+ T
~ 15y-GOT1 I Malate-aspartate shuttle | I Biotin-related I DMSO SAS ISRIB
"‘?Wﬁostg:sm OAA biotin E [GFP M sLCiA3
e Asn //GOTI VPHT s1c5a6 g PM 10 p<0.001
S 5 & SLC25A11 /‘\ bickin k
g SLC7AM1 ASNS"Asp Glu  a-KG Mal tapo-protein
Z o e ———— SLC25A1}( 3ELC25A11 HLCS( holo-protein
£ SLC25A13_, - GCN1 .
€ SLC25A12 Cd mito Asp Glu a-KG Mal PC
3 | MDH2 75 GenNz2  matrix \_
2 GOT2 &ow */
PC
2 10 ASNS OAA MDH2
3 SLC5A6 .
LI S e e S S S B S B e HLCS 150 uMAsp - - + - - -+ -
Genes expressed in K562 150 uUMAsn - - - + - - -+
-~ +Pyruvate +Biotin -+ -Pyruvate +Biotin "
F p<0.001 G H T +Pyruvate -Biotin -Pyruvate -Biotin biotin Cys
157 p<0.001 08 = 1500 PM  ()SLC5A6 SLC7A11/SLC3A2 J{ |—SAS
- = p<0.001 E v ) (G
€ = biotin_ - apo-protein |
= p <0.001 E o6 5
g 1.0 S S 1000 HECS _
;’ % 0.4 g h‘;’g'pmte'”
E-1 .001 °
8 05 3 p<000 2 500 ‘ \ O —UK5099
© ® 02 @ Asn
m 3 ﬂ 2 L T |
0.0 0.0 ﬁ L @ O+—T—T—T—TT T T ASNS SLGBBAT3 AN
10 12 14 16 1 A
':}{\\,06 o)‘?@cgo ZmMPyr - -+ 46 81012 14 16 18 20 P \Q As) COT2__1oaa X
PLS ¢ 1uMBiotin - + - + Time (days) KG P 1C \
£ GOT1 [Glu] [a-kg| \
I r Glu | |
vy \ MDH2 /
o OAA \ {
. ' MDHY, g casatt A
b E Mal Mal jy _

o

+Pyruvate +Biotin +Pyruvate -Biotin

;Pyruva!e +Biotin -Pyruvate -Biotin

* Required gene

« Detrimental gene glutamine

Figure 2. Genetic screening provides a unified model of pathways promoting pyruvate anaplerosis during

glutamine starvation.

(A) Genome-wide CRISPR/Cas9 screening strategy and analysis. (B) Essentiality score of genes promoting

(AZ<0) or inhibiting (AZ>0) proliferation upon glutamine depletion. ISR: integrated stress response. (C) Overview

of pathways required (AZ<2, red) or detrimental (AZ>2, blue) for growth in glutamine-limiting conditions. Genes

below the selected thresholds are labeled as “did not score”. PM: plasma membrane. (D) Proliferation of glutamine-
starved K562 cells treated with inhibitors of the X; antiporter (sulfasalazine, SAS) or the ISR (ISRIB). (E)

Proliferation of glutamine-starved K562 cells expressing the plasma membrane amino acid transporter SLC1A3 or

GFP as a control. Cells were grown in glutamine-deprived medium supplemented with pyruvate, aspartate or

asparagine. (F) Proliferation of glutamine-starved cells depleted of biotin-related genes. All conditions were

supplemented with 2 mM pyruvate. (G) Growth assay in glutamine-deprived medium upon addition of pyruvate,

biotin or both. (H) Quantification of spheroid diameter of glutamine-restricted HEK293T supplemented with biotin,

pyruvate or both. (I) Representative images for HEK293T spheroids grown in glutamine-deprived medium in the

same conditions as in (H), 20 days post-seeding. Scale bar = 1 mm. (J) Unified model of metabolic networks related

to proliferation in glutamine-deprived medium. All p values: one-way ANOVA.
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Figure 3. FBXW7 mediates pyruvate anaplerosis by promoting PC expression.

(A) Genome-wide CRISPR/Cas9 screen reveals FBXW?7 as the top hit required for proliferation upon glutamine
depletion. (B) Growth assay of control (sgCtrl) and FBXW7-depleted cells (sgFBXW?7) in media supplemented with
glutamine, pyruvate or a-KG. p values: multiple unpaired t-tests. (C) Quantification of spheroid diameter for control
and FBXW7-depleted HEK293T grown in media supplemented with either glutamine or pyruvate. (D)
Representative images of spheroids cultured as in (C) on day 10 post-seeding. Scale bar = 1 mm. (E) Schematic
representation of '3C pyruvate tracing for a subset of TCA intermediates. OAA: oxaloacetate; Mal: malate. (F)
m+3/m+2 ratio of '3C pyruvate-derived carbons for malate and aspartate in control and FBXW?7-depleted cells
grown in glutamine-rich or -deprived medium. (G) Volcano plots showing differential protein expression in
glutamine-rich (2 mM) versus glutamine-depleted medium (sgCtrl, left), and in FBXW7-depleted cells in glutamine-
rich (center) and glutamine-deprived (right) medium, compared to sgCtrl. (H) Immunoblot showing PC and FBXW7
expression in control and FBXW?7-depleted cells overexpressing PC cDNA, or a GFP control. (I) Growth assay of
samples shown in (H) cultured in medium supplemented with pyruvate, and with or without glutamine. p values:
one-way ANOVA.
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Figure 4. PC expression is repressed by c-MYC and MNT-/SIN3A-dependent histone deacetylation.

(A) gPCR for PC mRNA expression in control and FBXW7-depleted cells. p value: unpaired t-test. (B) mRNA decay
in actinomycin-treated samples. (C) c-MYC and the MNT cluster are hits in the glutamine-deprivation CRISPR/Cas9
screen. (D) Immunoblot displaying c-MYC expression in control and FBXW7-depleted cells. (E) Immunoblot
showing reduced PC expression in MycER mouse embryonic fibroblasts treated with 4-hydroxytamoxifen (4-OHT)
over the course of 3 days. (F) Immunoblot showing PC expression in MNT or SIN3A-depleted sgCtrl and sgFBXW7
cells. *=aspecific band. (G) ChlP-seq data (source: ENCODE) showing c-MYC, MAX, MNT and SIN3A predicted
binding sites as well as H3K27Ac peaks on the PC promoter. Red: region amplified by our gPCR assay used for
validation. (H) ChIP-gqPCR for H3K27Ac on GAPDH, ALDOA, MYOD and PC promoters. p values: multiple paired

t-tests. (I) Proposed model of PC transcriptional regulation.
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Figure S1. Proliferation of different cell lines in glutamine-deprived conditions upon pyruvate
supplementation or LBNOX overexpression.

(A) CellTiter-Glo growth assay of K562 cells in medium with or without glutamine (GIn). p values: unpaired t-test.
(B) Proliferation of HeLa and MCF7 cells cultured in medium supplemented with (+) or depleted of (-) glutamine or
pyruvate. p values: one-way ANOVA. (C) Growth of K562 cultured in medium supplemented with or deprived of

glutamine. Cells were either overexpressing LbNOX or cultured in medium supplemented with pyruvate. p values:
one-way ANOVA.
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Figure S2. Loss of FBXW7 leads to PC downregulation in multiple cell lines.

Immunoblot showing reduced PC expression in FBXW7-depleted SW480, UACC-257, HeLa and HEK293T cells.
Relative quantification of PC abundance (fluorescent antibody signal, normalized to B-actin) is displayed below
each lane.
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