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Glucoseis vital for life, serving as both a source of energy and carbon
building block for growth. When glucose is limiting, alternative nutrients
must be harnessed. To identify mechanisms by which cells can tolerate
completeloss of glucose, we performed nutrient-sensitized genome-wide
genetic screens and a PRISM growth assay across 482 cancer cell lines.

We report that catabolism of uridine from the medium enables the growth
of cellsin the complete absence of glucose. While previous studies have
shown that uridine can be salvaged to support pyrimidine synthesis in the
setting of mitochondrial oxidative phosphorylation deficiency’, our work
demonstrates that the ribose moiety of uridine or RNA can be salvaged to
fulfil energy requirements via a pathway based on: (1) the phosphorylytic
cleavage of uridine by uridine phosphorylase UPP1/UPP2into uracil and
ribose-1-phosphate (R1P), (2) the conversion of uridine-derived R1P into
fructose-6-P and glyceraldehyde-3-P by the non-oxidative branch of the
pentose phosphate pathway and (3) their glycolytic utilization to fuel ATP
production, biosynthesis and gluconeogenesis. Capacity for glycolysis
fromuridine-derived ribose appears widespread, and we confirmits activity
in cancer lineages, primary macrophages and mice in vivo. Aninteresting
property of this pathway is that R1P enters downstream of the initial, highly
regulated steps of glucose transport and upper glycolysis. We anticipate

that ‘uridine bypass’ of upper glycolysis could be important in the context of
disease and even exploited for therapeutic purposes.

We sought toidentify new genes and pathways that might serve as alter-
native sources of energy when glucose is limiting. We transduced K562
cells with a library comprising 17,255 barcoded open reading frames
(ORFs)?and compared proliferation in medium containing glucose
and galactose, a poor substrate for glycolysis (Fig. 1a). We used Dul-
becco’s modified Eagle’s medium (DMEM) that contained glutamine,
as well as pyruvate and uridine, for which oxidative phosphorylation

(OXPHOS)-deficient cells are dependent'’. After 21 d, we harvested cells
and sequenced barcodes using next-generation sequencing (Extended
DataFig.1aand Supplementary Table1). The mitochondrial pyruvate
dehydrogenase kinases 1-4 (encoded by PDK1-PDK4) are repressors of
oxidative metabolism, and all four isoforms were depleted in galactose
(Fig.1b). Unexpectedly, we found striking enrichmentin galactose for
ORFs encoding UPP1and UPP2, two paralogous uridine phosphorylases
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Fig.1|Uridine phosphorylase activity supports growth onuridine or

RNA. a, Schematic overview of the ORF proliferation screen. b, Volcano plot
representation of the screen hits after 21 d of growth in medium containing

25 mMglucose or 25 mM galactose, 0.2 mM uridine and 1 mM sodium pyruvate
(n=2).LFC, log, (fold change). Pvalues were calculated using a two-sided
Student’s t-test. Statistics were not adjusted for multiple comparisons.

¢, Reaction catalysed by UPP1and UPP2 proteins. d-f, Cell growth assays of K562
control cells and K562 cells expressing UPPI-FLAG or UPP2-FLAG in pyruvate-free
mediain the presence of: 25 mM glucose or 25 mM galactose or 0.2 mM uridine
(+U; n=3replicate wells, P<1.1x10™*and P< 4.7 x107; d), 10 mM of either
glucose, galactose or uridine (n=3,P<2.1x10% e) or SmM of the indicated

nucleosides (n=3, P<2.0 x107;f). Data are shown as the mean + s.e.m. with
two-sided ¢-test relative to control cells. g, Schematic of RNA highlighting its
ribose groups. h, Intracellular abundance of the four nucleoside precursors of
RNAin control or UPPI-FLAG-expressing K562 cells grown in sugar-free medium
supplemented with 0.5 mg mI™ purified yeast RNA after 24 h. Data are expressed
asfold changes of sugar-free medium (n =4, P<1.2 x10"®) and shown as the
mean + s.e.m. with two-sided ¢-test relative to control. i, Cell growth assays of
control or UPPI-FLAG-expressing K562 cells in sugar-free medium supplemented
with 0.5 mgml™ of purified yeast RNA (n=3, P< 2.6 x107). Data are shown as the
mean + s.e.m. with two-sided ¢-test relative to control cells. All growth assays,
metabolomics and screensincluded 4 mM L-glutamine and 10% dialysed FBS.

catalysing the phosphate-dependent catabolism of uridine into R1P
and uracil (Fig. 1b,c and Extended Data Fig. 1b,c).

To validate the screen, we stably expressed UPPI and UPP2 ORFs
in K562 cells and observed a significant gain in proliferation in galac-
tose medium (Fig. 1d). This gain was dependent on uridine being pre-
sent in the medium, while expression of UPP1/UPP2, or addition of
uridine, had no effect in glucose-containing medium. Importantly,
we found that UPPI-expressing cells also efficiently proliferated in
medium containing uridine in the complete absence of glucose or
galactose (‘sugar-free’), while control cells were unable to proliferate
(Fig. 1e and Extended Data Fig. 1d). The ability of UPPI cells to grow
in sugar-free medium strictly depended on uridine, and none of the
other sevennucleoside precursors of nucleic acids could substitute for
uridine (Fig. 1f).

Uridine-derived nucleotides are building blocks for RNA (Fig. 1g),
and RNA is an unstable molecule, sensitive to cellular and secreted
RNases. We tested if RNA-derived uridine could support growth in a
UPP1-dependent manner and supplemented glucose-free medium
with purified yeast RNA. Theintracellular abundance of all four ribonu-
cleosides accumulated following addition of RNA to the medium, with
significantly lower uridine levels in UPPI-expressing cells, suggesting
UPPI-mediated catabolism (Fig. 1h). Accordingly, UPPI-expressing
K562 cells proliferated in sugar-free medium supplemented with RNA

(Fig. 1i). We conclude that elevated uridine phosphorylase activity
confers the ability to grow in medium containing uridine or RNA, in
the complete absence of glucose.

We next addressed the mechanism of how uridine supports the
growth of UPPI-expressing cells. Previous studies have noted the
beneficial effect of uridine in the absence of glucose and proposed
mechanisms thatinclude the salvage of uridine for nucleotide synthesis
and its role in glycosylation*®, Others reported the beneficial role of
uridine phosphorylase in maintaining ATP levels and viability during
glucose restriction in the brain®". To further investigate the molecu-
lar mechanism of uridine-supported proliferation, we performed a
secondary genome-wide CRISPR-Cas9 depletion screen using K562
cellsexpressing UPP1I-FLAG grown onglucose or uridine (Fig. 2a,b and
Extended Data Fig. 2a).

We found that, although most essential gene sets were shared
between glucose and uridine conditions, three major classes of
genes were differentially essential in uridine as compared to glucose
(Fig. 2b, Extended Data Fig. 2b and Supplementary Table 1): (1) As
expected from pyrimidine salvage from uridine, all three enzymes
involvedin de novo pyrimidine synthesis (encoded by CAD, DHODH and
UMPS) were essential in glucose but dispensable in uridine. (2) Genes
central to the non-oxidative branch of the pentose phosphate pathway
(non-oxPPP; PGM2, TKT, RPE) showed high essentiality in uridine.
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Fig.2|Uridine-derived ribose contributes to the pentose phosphate pathway
and glycolysis. a, Schematic of agenome-wide CRISPR-Cas9 depletion screen
comparing the proliferation of UPPI-FLAG-expressing K562 cells in sugar-free
medium containing 10 mM glucose or uridine after 21d (n =2), in the absence
of supplemental pyruvate and uridine. b, Gene-level analysis of a genome-wide
CRISPR-Cas9 screenin glucose versus uridine reported as z-scores relative
tonon-cutting controls inglucose (z,,) and uridine (z,; n =10,442 expressed
genes, n = 2replicates). ¢, Differential sensitivity of UPPI-FLAG-expressing K562
cellstreated with the indicated sgRNAs targeting enzymes of upper glycolysis
(n=4,P<8.7x10™,P<3.2x107°,P<6.4x107),the PPP(n=4,P<5.7x1078,
P<7.6x1078,P<2.1x107% P<6.3x107) or the salvage of uridine for pyrimidine
synthesis (n=3) in glucose versus uridine, expressed as the fold change of
glucose and compared to control sgRNAs (n =11). Data are shown as the

mean +s.e.m. after 4-5 d. Pvalues were calculated using a two-sided Student’s
t-test relative to control sgRNAs. Statistics were not adjusted for multiple
comparisons. d, Lactate determination in medium containing 10 mM glucose,

De novo pyrimidine

galactose or uridine (sugar-free) after 3 h (n=3replicate wells, P< 7.8 x107).
Data are shown as the mean + s.e.m. with two-sided ¢-test relative to control cells.
e, Labelling with *C,-uridine ([1’,2’,3",4’,5’-2C;]uridine; labelled carbon atoms

in the ribose of uridine are indicated in magenta) and ®Cs-uridine tracer analysis
of representative intracellular metabolites from the PPP, glycolysis and the TCA
cyclein control or UPPI-FLAG-expressing K562 cells (n = 3). Data are shown as
the mean = s.e.m. and are corrected for natural isotope abundance. f, *C;-uridine
tracer analysis of liver metabolites 30 min after intraperitoneal injectionin
overnight fasted mice with 0.4 g per kg body weight shown as the percentage

of ®C-labelled intermediates compared to the total pool. Data are shown as the
mean + s.e.m. and are corrected for natural isotope abundance (n = 4 mice).

g, Schematic of uridine-derived ribose catabolism integrating gene essentiality
resultsin glucose versus uridine. GIn, glutamine; Asp, aspartate. All growth
assays and metabolomics experiments included 4 mM (DMEM) L-glutamine and
10% dialysed FBS. a.u., arbitrary units.

Amongthem PGM2, which encodes anenzyme that converts ribose-1-P
to ribose-5-P and connects the UPP1/UPP2 reaction to the PPP, was
highly essential in uridine, but almost fully dispensable in glucose.
Accordingly, uridine-grown cells were particularly sensitive to deple-
tionof PGM2, TKT and RPE, or to TKT inhibition, while they were insensi-
tive to the de novo pyrimidine synthesisinhibitor brequinar(Fig. 2cand
Extended DataFig. 3a,b). In contrast, genes of the oxidative branch of
the PPP (G6PD, PGLS, PGD) did not score differentially between glucose
and uridine. (3) As expected from their essentiality in glucose-limited
conditions*"?, genes encoding the mitochondrial respiratory chain
were generally more essential in uridine, although to a lesser extent
compared to the non-oxPPP, perhaps due to the low energy supply in
the absence of glucose.

In contrast to the previously proposed mechanisms*#, ablation of
genesinvolvedinuridine salvage for nucleotide synthesis (UCK1/UCK2,
TYMS) oringlycosylation had no effect on the growth of cellsinuridine
whencomparedtoglucose (Fig. 2c, Extended Data Fig. 3b,c and Supple-
mentary Table1). Central enzymes of glycolysis were essential bothin

glucose andinuridine, indicating that afunctional glycolytic pathway
isrequired for survival with uridine alone. However, our comparative
analysis revealed that several upper glycolytic enzymes (encoded by
ALDOA, GPI and HK2) were dispensable in uridine, and only essential
inglucose (Fig. 2b,c and Extended Data Fig. 3b). Not all steps of upper
glycolysis scored in either condition, potentially due to the multiple
genes with overlapping functions encoding glycolytic enzymes, a
common limitation in single gene-targeting screens. Nevertheless,
genes found to be dispensableinuridine included all steps upstream of
fructose-6-P (F6P) and/or glyceraldehyde-3-P (G3P), which connect the
non-oxPPPtoglycolysis, pointing to akey role for these two metabolites
insupporting proliferation on uridine.

Theessentiality of the non-oxPPP, with the dispensability of upper
glycolysis in uridine (Fig. 2b,c), prompted us to hypothesize that the
ribose moiety of uridine canenter glycolysis and serve as asubstrate for
biosynthesis and energy production. Lactate secretionand glycolytic
utilization of uridine, however, were excluded in earlier work*. None-
theless, given the importance of PPP enzymes and the dispensability
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of upper glycolysis, we reinvestigated this possibility and measured
lactate secretion in uridine-grown cells. Strikingly, we found that
UPPI-expressing cellsgrownin uridine secreted high amounts of lactate
(Fig. 2d). Accordingly, we found using liquid chromatography-mass
spectrometry (LC-MS) that uridine restored steady-state abundance
of most central carbon metabolism detected in the absence of glucose,
strongly suggesting some degree of lower glycolysis activity from
uridine (Extended Data Fig. 4a).

Todirectlytestif uridine-derived ribose could serve as asubstrate
for glycolysis, we designed a tracer experiment using isotopically
labelled uridine with five ribose carbons (**Cs-uridine) and LC-MS
(Fig. 2e). UPPI-expressing cells avidly incorporated *Cs-uridine, as
seen by the presence of C in all the intracellular intermediates of
the PPP and glycolysis analysed, including ribose-phosphate, upper
and lower glycolytic intermediates and lactate, while control cells
showed very little label incorporation. Tricarboxylic acid (TCA) cycle
intermediates, among them citrate, were also partially labelled (mostly
M +2), indicating potential incorporation of carbon from glycolysis
via pyruvate. To determine whether this labelling pattern extends
invivo, we nextinjected overnight fasted mice intraperitoneally with
a ®Cs-uridine tracer and measured incorporation in the liver and in
circulating metabolites after 30 min. Asin cell lines, we found *Cincor-
poration in ribose-phosphate and glycolysis in ®C,-uridine-treated
animals (Fig. 2fand Extended DataFig.4b-e). Incorporation efficiency
was smaller thanin cell culture, as expected from low-dose *Cs-uridine
injection, shorter treatment time and competition with other endog-
enous substrates in vivo, including unlabelled uridine. C,-uridine
incorporation also occurred in fed animals, albeit to a lesser extent,
and expression of liver Uppl and Upp2 did not change with feeding
(Extended Data Fig. 4b-f). We also found modest but significantincor-
poration of uridine-derived ®*Cinglucose, indicating gluconeogenesis
from uridine-derived carbons (Fig. 2f and Extended Data Fig. 4c,d).
Together, our results indicate that in cell lines and in animals in vivo,
uridine catabolism provides ribose for the PPP, and that the non-oxPPP
and the glycolytic pathway communicate via F6P and G3P to replen-
ish glycolysis thus entirely bypassing the requirement for glucose in
supporting lower glycolysis, biosynthesis and energy production in
sugar-free medium (Fig. 2g).

We next sought to determine whether any human cell lines exhibit
alatent ability to use uridine-derived ribose to grow on uridine when
glucose is absent without the need for over-expression. We screened
482 pooled barcoded adherent cancer cell lines spanning 22 solid
tumour lineages from the PRISM collection” in medium containing
10 mM glucose or uridine, in the absence of any supplemental sugar
(Fig. 3a, Extended Data Fig. 5 and Supplementary Table 1). Cells from
the melanomaand the gliomalineages grew remarkably wellinuridine
ascomparedtothe other lineages, whereas Ewing sarcoma cells grew
significantly less well (Fig. 3b). Celllines from the PRISM collection have
been extensively characterized at a molecular level™, so we searched
for genomic factors that correlate with the ability to grow on uridine
(Supplementary Table1). Genome wide, the top-scoring transcript, pro-
tein and genomic copy number variant was UPPI (Fig.3c-e), in strong
agreementwith our ORF screen (Fig. 1b). Expression of UPPI across the
CCLE collection was the highest in cell lines of skin origin (Extended
DataFig. 6a,b), where high uridine phosphorylase enzyme activity has
been documented”, and tended to be lowest in the bone lineage. UPP2
was almost never expressed in the CCLE collection (average transcripts
permillion (TPM) < 1; Extended Data Fig. 6a). In agreement with these
results, we confirmed significant, UPPI-dependent, proliferation and
uridine catabolism in melanoma cells grown in sugar-free medium
supplemented with uridine or RNA (Fig. 3f-h and Extended Data
Fig. 6¢c-e). We conclude that the endogenous expression of UPPI is nec-
essary and sufficient to support the growth of cancer cellson uridine.

We nextinvestigated the factors that promote UPP1 expression and
growthonuridinebyintegrating our results with CCLE datato prioritize

transcription factors, which highlighted MITF as astrong candidatein
melanoma cells, both at the protein and the transcript level (Fig. 3c,d
and Extended Data Fig. 6a,b). We found that MITF over-expression
promoted UPPI expression and uridine growth (Extended Data
Fig. 7a,b), while endogenous MITF binding was detected in the tran-
scription start site (TSS) and the promoter (=3.5 kb from the TSS) of
UPPI in a large-scale chromatin immunoprecipitation (ChIP) study®,
which we experimentally validated (Extended Data Fig. 7c,d). Accord-
ingly, siRNA-mediated depletion of MITF decreased UPPI expression
inmelanoma cells (Extended Data Fig. 7e).

Our solid tumour PRISM cancer cells collection did not include
cells of theimmune lineage, where UPPI is expressed at high levels'',
so we asked whether immune cells exhibit the capacity to metabolize
ribose from uridine either at baseline or in a transcriptionally regu-
lated manner. In the human monocytic THP1 cell line, in macrophage
colony-stimulating factor (M-CSF)-matured peripheral blood mono-
nuclear cells (PBMCs), and in primary mouse bone marrow-derived
macrophages (BMDMs), we found that differentiation into mac-
rophages and/or further polarization with immunostimulatory
molecules increased UPPI expression (Fig. 3i-k and Extended Data
Fig. 8a,b). In contrast, expression of pyrimidine salvage genes
(UCK1/UCK2) and BCs-uridine incorporation into UMP were not
affected, and even decreased, during this process (Extended Data
Fig.8c,d). Among the immunostimulatory molecules, RNA enhanced
UPPI expression, suggesting the existence of a feed-forward loop,
where RNA (and conceivably RNA-containing pathogens and debris)
may trigger UPPI expression and uridine salvage for building blocks
and energy production. Supporting this idea, stimulation of PBMCs
and BMDMs with a TLR7/TLR8 agonist (R848) lead to a significant,
IkB kinase (IKK)-dependent, increase in UPPI transcriptionin BMDMs
(Fig.3j,kand Extended Data Fig. 8e). Label incorporation fromuridine
ribose was also strongly increased in citrate and lactate after differen-
tiation of THP1and after BMDM stimulation with R848, whileit wasn't
furtherincreased in M-CSF-matured PBMCs, possibly due to high base-
line capacity for uridine catabolismin these cells (Fig. 3l and Extended
Data Fig. 8f,g). Together, our results indicate that macrophages have
the capacity to use uridine-derived ribose for glycolysis, and that UPPI
expression and uridine catabolism cansharply increase during cellular
differentiation and in response toimmunostimulating molecules, with
celltype and species differences.

We next sought to determine whether glycolysis from uridine is
under acuteregulationinthe same way as fromglucose. Active OXPHOS
tends to keep glucose uptake and glycolysis at lower levels, while acute
inhibition of OXPHOS leads to an immediate and strong increase in
glucose-supported glycolysis, as evidenced by arobustincreaseinthe
extracellular acidification rate (ECAR) following oligomycin treatment
(Fig.4a,b). Strikingly, we found no ECAR stimulation by OXPHOS inhibi-
tors, no difference in ®*Cs-uridine incorporation following antimycin
blockage of the electron transport chain, and no increase in uridine
import in OXPHOS-inhibited UPPI-expressing cells grown on uridine
(Fig. 4b,c and Extended Data Fig. 9a,b). Because glycolysis from both
uridine and glucose share acommon pathway from G3P (Fig. 2g), dif-
ferential regulation of glycolysis following OXPHOS inhibition must
occurintheupper part of the pathway. Consistent with this notion, we
observed no stimulation of ECAR in mannose-grown cells, a sugar con-
nected to glycolysis by F6P (Extended Data Fig. 9c). We conclude that
substrates such as uridine can enter glycolysisin a constitutive way, in
contrasttoglucose, by bypassing regulatory steps of upper glycolysis
such as glucose transport and initial phosphorylation.

Inline with this, we next performed a competition experiment to
evaluateifthe presence of glucose affectstheincorporation of uridine
incells. Incorporation of uridine in lactate was notably not affected by
competition with glucosein our experimental conditions, despite the
presence of alarge molar excess of glucose (Fig. 4c). Therefore, and in
agreement with abypass of regulatory steps of upper glycolysis, uridine
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Fig. 3| Capacity for glycolysis from uridine is governed by lineage and
transcriptional control of UPP1/UPP2 gene expression. a, Schematic of the
PRISM screen with 482 cancer cells lines grown for 6 d in sugar-free medium
complemented with 10 mM glucose or uridine (n =2). b, Lineage analysis (n =22
lineages) highlighting growth on uridine as compared to glucose. False discovery
rates (FDRs) were calculated using a Benjamini-Hochberg algorithm correcting
for multiple comparisons”. ¢,d, Correlation between uridine growth and
expression of transcripts (n = 8,123; ¢) and proteins (n = 3,216; d) across cancer
celllines. e, Correlation between gene copy number (n =5,950) and growth on
uridine across the cell lines, highlighting chromosome 7p. UPPI is encoded

on Chr7p12.3.f, Cell growth assay in sugar-free medium complemented with

10 mM glucose or uridine of a panel of melanoma (n = 9) and non-melanoma
(n=3,293T,K562 and HeLa) cell lines. Data are shown asthe mean +s.e.m. (n=4).
MDA, MDA-MB-435S. g, Cell growth assay of melanoma UACC-257 wild-type
(UPPI*") and knock-out (UPPI*) clones in sugar-free medium complemented
with10 mM of glucose or uridine. Data are shown as the mean + s.e.m. (n=3,
P<74x107%P<2.2x10™* P<5.3x107°) with two-sided t-test relative to UPPIV"

cells in the same medium. h, Cs-uridine tracer analysis reporting representative
intracellular metabolites from the PPP, glycolysis and the TCA cycle in UACC-
257 wild-type (UPPI"") and two knock-out (UPPI*®) clones after 5h (n =4,
P<1.2x107°P<22x107"2,P<2.6x10°% P<6.1x107° P<8.7x107° P<8.2x
1078).i-k, Expression of UPPI (UppI) and IL1B (/[1b) in human THP1 cells (n = 4,
P<1.7%x1073,P<1.9%x107% P<2.2x10"% P<1.4 x107;i), human M-CSF-matured
PBMCs (n=4donors,P<1.5x107% P<5.5%x107%,P<1.2x1072,P<8.4 x1075;j)

and BMDMs (n=3mice, P<1.6 X102, P<59%x1072% P<2.5%x1073,P<2.0x1072,
P<19x1073, P<4.4x10%K) after treatment with 100 nM phorbol myristate
acetate (PMA) for 48 h (THP1),100 ng mi lipopolysaccharides (LPS; THP1,
BMDMs), 1 mg ml™ purified yeast RNA (THP1, PBMCs, BMDMs) or 5 pug ml™ of
TLR7/TLR8 agonist (R848) for 24 h and as determined by quantitative PCR
(qPCR).1,®Cs-uridine tracer analysis reporting incorporation in media lactate
from BMDMs treated for 24 hwith 5 pg ml™ R848 and further grown for16 hin
glucose-free DMEM containing S mM “Cs-uridine and 5 pg mI™ R848 (n =3 mice,
P<14x1073,P<3.6 x10™,P< 6.8 x107°). Data are shown as the mean + s.e.m. with
two-sided ¢-test relative to untreated cells.

can be incorporated into cells even when lactate production from
glucose is saturated, suggesting constitutive import and catabolism.

Cellswith severe OXPHOS dysfunction classically have to be grown
onglucose, and uridine must be supplemented'. The traditional expla-
nation has been that glucose is required to support glycolytic ATP
production as OXPHOS is debilitated, and that uridine supplemen-
tation is required for pyrimidine salvage given that de novo pyrimi-
dine synthesis via DHODH requires coupling to a functional electron

transport chain'? (Extended Data Fig. 9d). Having observed energy
harvesting from uridine, we finally tested whether uridine-derived
ribose could also benefit OXPHOS-inhibited cells in the absence of
glucose. We found a significant UPPI-dependent rescue of viability in
galactose-grown cells treated with antimycin A (Fig. 4d), now reveal-
ing that supplemental uridine benefits mitochondrial dysfunctionin
two ways: (1) pyrimidine salvage when de novo pyrimidine synthesis
isimpossible, and (2) energy production in UPPI-expressing cells.
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Fig. 4| Glycolysis from uridine bypasses the regulated steps of upper
glycolysis and supports OXPHOS-deficient cells. a, Schematic of glycolysis
inhibition by OXPHOS. G6P, glucose-6-phosphate. b, Representative ECAR

in UPPI-expressing K562 cells grown in sugar-free medium with and without
supplementation of 10 mM of glucose, galactose or uridine, with n =30 replicate
wells. O, oligomycin; C, CCCP; A, antimycin A. Data are shown as the mean + s.d.

¢, ®C,-uridine tracer analysis reporting intracellular lactate in UACC-257
melanoma cells in glucose-free RPMI medium containing 5 mM ®C;-uridine and in
competition withincreasing amount of unlabelled glucose (0, 1, 5,10 and 25 mM)

Glucose Galactose

ortreated with100 nM antimycin A, allafter5h (n=4,P<1.7x10™,P<4.9x1073,
P<1.8%x1075,P<5.9x107%, P> 0.05). Data are shown as the mean + s.e.m. and

are corrected for natural isotope abundance. Pvalues were calculated using a
two-sided Student’s t-test. Statistics were not adjusted for multiple comparisons.
d, Percentage of dead cells in UPPI-expressing K562 cells grown in 5 mM glucose
or galactose supplemented with 5 mM uridine (U) and antimycin A (anti. A). Data
areshown as the mean + s.e.m. with two-sided ¢-test relative to control K562 cells
(n=4,P<3.9x107).

For decades it hasbeen known that cells with mitochondrial defi-
ciencies are dependent on uridine to support pyrimidine synthesis
given the dependence of de novo pyrimidine synthesis on DHODH,
whose activity is coupled to the electron transport chain'. Althoughiit
has been documented, it is less appreciated that uridine supplemen-
tation can support cell growth in the absence of glucose*'°. Here, we
show that, in addition to nucleotide synthesis, uridine can serve as a
substrate for energy production, biosynthesis and gluconeogenesis.
Mechanistically, we show that glycolysis from uridine-derived ribose
isinitiated with the phosphorylytic cleavage of uridine by UPP1/UPP2,
followed by shuttling of its ribose moiety through the non-oxPPP
and glycolysis, hence supporting not only nucleotide metabolism
but also energy production or gluconeogenesis in the absence of
glucose (Fig. 2g).

By comparing uridine to other nucleosides and using similar
tracer experiments to ours, Wice et al.” observed incorporation of
uridine-derived carbons in most cellular fractions in mammalian cell
cultureandinchicken embryos. However, they did not detect pyruvate
andlactateinuridine, and concluded that uridine does not participatein
glycolysis, butrather is required for nucleotide synthesis, and proposed
that energy is derived exclusively from glutamine in the absence of
glucose®’. Loffler et al. and Linker et al. reached the same conclusion*®.
Our observations based on agenome-wide CRISPR-Cas9 screening and
metabolic tracers (Fig. 2) agree with previous observations that cells
can proliferate in sugar-free medium if uridine is provided, and that
uridine is crucial for nucleotide synthesis—but differ mechanistically
on the role of glycolysis in this condition, as we were able to identify a
significantamount of labelling inglycolyticintermediates and secreted
lactate, as well as a high ECAR, all consistent with glycolytic ATP pro-
duction from uridine. It has previously been reported that uridine
protects cortical neurons and immunostimulated astrocytes from
glucose deprivation-induced cell death, in a way related to ATP, and it
was hypothesized that uridine could serve asan ATP source’. Our genetic
perturbation and tracer studies are consistent with this hypothesis.

The capacity to harvest energy and building blocks from uridine
appears to be widespread. Here, we report very high capacity for
uridine-derived ribose catabolism in melanoma and glioma cell lines
(Fig. 3a-h), in primary human and mouse macrophages (Fig. 3i-1),
and we also detect labelling patterns from uridine-derived ribose in
the liver and the whole organism in vivo (Fig. 2f and Extended Data

Fig. 4c-e). Our gain-of-function and loss-of-function studies suggest
that tissues expressing UPP1/UPP2 will have capacity for glycolysis
fromuridine-derived ribose. Based on gene expression atlases'®'’, we
predict uridine may be a meaningful source of energy in blood cells,
lung, brain and kidney, as well asin certain cancers. Uridine is the most
abundantandsoluble nucleoside in circulation® and it is possible that
uridine may serve as an alternative energy source in these tissues, or
forimmune and cancer metabolism, similar to what hasbeen proposed
for other sugars and nucleosides” . It is notable that the strongest
human metabolic quantitative trait loci for circulating uridine cor-
responds to UPPI (ref. 24), while uridine phosphorylase activity is the
main determinant of circulating uridine in mice®.

A fascinating aspect of glycolysis from uridine is its apparent
absence of regulation, atleast at shorter timescales. The ability of uri-
dineto serve asaconstitutiveinputinto glycolysis might have clinical
implications for human diseases, as uridine is present at high levels
in foods such as milk and beer**%, and previous in vivo studies have
shown that a uridine-rich diet leads to glycogen accumulation, glu-
coneogenesis, fatty liver and pre-diabetes in mice®*. We now report
thatglycolysis from uridine lacks at least two checkpoints as (1) itis not
controlled by OXPHOS (Fig.4a-c),and (2) it occurs even when lactate
productionfromglucoseis evidently saturated (Fig. 4c), or after food
intakeinvivo (Extended Data Fig. 4d,e). Although glycolysis from uri-
dineappearsto occur ataslower pace than from glucose, we speculate
that constitutive fuelling of glycolysis and gluconeogenesis from a
uridine-rich diet may contribute to human conditions such as fatty liver
disease and diabetes. Such a ‘uridine bypass’ is conceivable because
glycolysis is so strongly controlled in upper glycolysis, for example,
glucose transport®®, which we show is bypassed by uridine, because
the non-oxPPP and glycolysis are connected by F6P and G3P (Fig. 2g).
This ability of uridine to bypass upper glycolysis may be beneficial
in certain cases. For example, disorders of upper glycolysis, notably
GLUTI1 deficiency syndrome*, may benefit from uridine therapy and
frominduction of UPP1/UPP2 expression.

At longer timescales, UPPI expression and capacity for ribose
catabolism fromuridine appear to be determined by cellular differen-
tiation and further activation by extracellular signals. Here we focused
onthemonocyticlineage and found that (1) in THP1cells, UPPI1 expres-
sion and activity sharply increased during differentiation and polari-
zation, (2) high baseline rates of glycolysis from uridine are observed
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in M-CSF-matured PBMCs and (3) treatment with immunostimulat-
ing molecules acutely promote both UPPI expression and uridine
catabolismin BMDM s (Fig. 3i-1). Whereas we didn’t investigate whether
uridineis required for macrophage activation, we noticed that all the
agonists tested ultimately lead to nuclear factor kappa B (NF-kB) activa-
tion, which binds in the UPPI promoter'”*. It is thus likely that NF-kB
may serve asatranscription factor for UPP1. Supporting this assertion,
we found that blocking NF-kB signalling with upstream IKK inhibitors
abolished R848-induced Uppl expression (Extended Data Fig. 8e).

Uridine phosphorylase and ribose salvage by UPPI appears to
lie downstream of a number of signalling pathways with potential
relevance to disease. We have demonstrated that uridine breakdown
ispromoted by MITF, atranscription factor associated withmelanoma
progression, which we show binds upstream of UPPI to promote its
expression (Extended Data Fig. 7). Inan accompanying study, Nwosu,
Ward et al., demonstrate that UPP1 expression is under the control of
KRAS-MAPK signalling®. It is notable that both MITF and NF-kB can
act downstream of KRAS-MAPK***® and that some pancreatic cell
lines with high uridine phosphorylase activity highlighted by Nwosu,
Ward et al.** unpublished data, also scored in our PRISM screen (Sup-
plementary Table1).

Finally, we found that RNA in the medium can replace glucose
to promote cellular proliferation (Fig. 1i and Extended Data Fig. 6e).
RNAisahighly abundant molecule, ranging from 4% of the dry weight
of amammalian cell to 20% of a bacterium®. Recycling of ribosomes
through ribophagy, for example, plays animportant role in supporting
viability during starvation*. Cells of our immune system also ingest
large quantities of RNA during phagocytosis, and we experimentally
showed that the expression of UPPI increases with macrophage acti-
vation (Fig. 3i-k), including when cells are stimulated with RNA itself,
suggesting the existence of a positive feedback loop. Uridine seems to
be the only constituent of RNA that can be efficiently used for energy
production, atleastin K562 cells (Fig.1h). Whereas the salvage of RNA
to provide building blocks during starvation haslong been appreciated
for nucleotide synthesis, to our knowledge, its contribution to energy
metabolism has not been considered in the past, except for some
fungi that can grow on minimum media with RNA as their sole carbon
source*’. We speculate that, similar to glycogen and starch, RNA itself
may constitute as large stock of energy in the form of a polymer, and
thatit may be used for energy storage and to support cellular function
during starvation, or during processes associated with high energy
costs such astheimmune response.

Methods

Cell lines

K562 (CCL-243),293T (CRL-3216), HeLa (CCL-2), A375(CRL-1619), A2058
(CRL-11147), SH4 (CRL-7724), MDA-MB-435S (HTB-129), SK-MEL-5 (HTB-
70), SK-MEL-30 (HTB-63) and THP1 (TIB-202) cell lines were obtained
from the American Type Culture Collection (ATCC). UACC-62, UACC-
257 and LOX-IMVI cells were obtained from the Frederick Cancer
Division of Cancer Treatment and Diagnosis (DCTD) Tumor Cell Line
Repository. All cell lines were re-authenticated by STR profiling at
ATCC before submission of the manuscript and compared to ATCC
and Cellosaurus (ExPASy) STR profiles in 2020, with the exception of
THP1 (TIB-202) and U937 (CRL-1593.2), which were purchased from
ATCC for the experiments. Cells lines from the PRISM collection were
obtained from The PRISM Lab (Broad Institute) and were not further
re-authenticated. MDA-MB-435S cells were previously assumed to be
ductal carcinoma cells and recent gene expression analysis assigned
them to the melanomallineage (ATCC).

Cell culture and cell growth assays

Cell line stocks were routinely maintained in DMEM (Hela, 293T,
K562,A375,A2058, SK-MEL-5, MDA-MB-435S) containing 1 mM sodium
pyruvate (Thermo Fisher Scientific) with 25 mM glucose, 10% FBS

(Thermo Fisher Scientific), 50 ug ml™ uridine (Sigma), 4 mM
L-glutamine and 100 U ml™ penicillin-streptomycin (Thermo Fisher
Scientific); orin RPMI (SH4, UACC-62, UACC-257, SK-MEL-30, LOX-IMVI,
THP1) with 11.1 mM glucose, 10% FBS (Thermo Fisher Scientific), 2 mM
L-glutamine and 100 U ml™ penicillin-streptomycin (Thermo Fisher
Scientific) under 5% CO, at 37 °C. All growth assays, metabolomics,
screens and bioenergetics experiments were performed in medium
containing dialysed FBS. For growth experiments, an equal number
of cells was counted, washed in PBS and resuspended in no-glucose
DMEM (Thermo Fisher Scientific), or no-glucose RPMI (Teknova)
complemented with 10% dialysed FBS (Thermo Fisher Scientific),
100 U ml™ penicillin-streptomycin (Thermo Fisher Scientific) and
5-10 mM of glucose, galactose, uridine or mannose (all from Sigma)
dissolved in water, or with an equal volume of water alone. For RNA
and other nucleoside complementation assays, 0.5 mg ml™ purified
RNA from Torula yeast (Sigma) or the selected nucleosides (Sigma)
were weighted and directly resuspend in DMEM. In all cases, cells were
counted with aVi-Cell Counter (Beckman) after 3to 5 d of growth and
only live cells were considered. Cell viability in glucose and galactose
was determined using the same Vi-Cell Counter assay. Measurements
were taken from distinct samples.

Openreading frame screen

For ORF screening, K562 cells were infected with a lentiviral-carried
ORFeome v8.1library” (Genome Perturbation Platform, Broad Institute)
containing 17,255 ORFs mapping to 12,548 genes, in duplicate. Cells
were infected at a multiplicity of infection of 0.3 and at 500 cells per
ORFinthe presence of 10 pg ml™ polybrene (Millipore). After 72 h, cells
were transferred to culture medium containing 2 pg ml™ puromycin
(Thermo Fisher Scientific) and incubated for an additional 48 h. On the
day of the screen, cells were plated in screening medium containing
no-glucose DMEM supplemented with 10% dialysed FBS,1 mM sodium
pyruvate (Thermo Fisher Scientific), 50 pg ml™ uridine (Sigma) and
100 U ml™ penicillin-streptomycin (Thermo Fisher Scientific) and
25 mM of either glucose or galactose (Sigma) at a concentration of
10° cells per ml and with 500 cells per ORF. Cells were passaged every
3 dand 500 cells per ORF were harvested after 0,9 and 21 d of growth.
Total genomic DNA was isolated from cells using a NucleoSpin Blood
kit (Clontech) using the manufacturer’s recommendations. Barcode
sequencing, mapping and read count were performed by the Genome
Perturbation Platform (Broad Institute). For screen analysis, log,
(normalized read counts) were used, and P values were calculated
using a two-sided ¢-test. The presence of lentiviral recombination
within the ORFeome library was not tested and as such genes that
dropped outshould be considered with caution, as these may represent
unnatural proteins*.

Stable gene over-expression

cDNAs corresponding to GFP, UPP1-FLAG and UPP2-FLAG were cloned
in pWPI/Neo (Addgene). Lentiviruses were produced according to
Addgene’s protocol. Twenty-four hours after infection, cells were
selected with 0.5 mg mI™ G418 (Thermo Fisher Scientific) for 48 h.

Polyacrylamide gel electrophoresis and immunoblotting

Cells grown in routine medium were harvested, washed in PBS and
lysed for 5 min on ice in RIPA buffer (25 mM Tris pH 7.5,150 mM NacCl,
0.1% SDS, 0.1% sodium deoxycholate, 1% NP40 analogue, 1 x protease
(Cell Signaling) and a 1:500 dilution of Universal Nuclease (Thermo
Fisher Scientific)). Protein concentration was determined from total
cell lysates using a DC protein assay (Bio-Rad). Gel electrophoresis
was done on Novex Tris-Glycine gels (Thermo Fisher Scientific) before
transfer using the Trans-Blot Turbo blotting system and nitrocellulose
membranes (Bio-Rad). Allimmunoblotting was performed in Inter-
cept Protein blocking buffer (Li-cor) or in 5% milk powder in TBST
(TBS +0.1% Tween-20). Washes were done in TBST. Specific primary
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antibodies were diluted at a concentration of 1:100-1:5,000 in block-
ing buffer. Fluorescent-coupled secondary antibodies were diluted at
aratio of1:10,000 in blocking buffer. Membranes were imaged with an
Odyssey CLx analyzer (Li-cor with Image Studio Lite v4.0) or by chemi-
luminescence. The following antibodies were used: FLAG M2 (Sigma,
F1804), Actin (Abcam, ab8227), TUBB (Thermo, MA5-16308), UPP1
(Sigma, SAB1402388), MITF (Sigma, HPA003259), TYR (Santa Cruz
sc-20035), MLANA (CST, 64718), HK2 (CST, 28675), GPI (CST, 94068),
ALDOA (CST, 8060), TKT (CST, 64414), RPE (Proteintech, 12168-2-AP),
PGM2 (Proteintech, 11022-1-AP), UCK2 (Proteintech, 10511-1-AP), TYMS
(Proteintech,15047-1-AP), S6 ribosomal protein (Santa Cruz, sc-74459)
and phosphor-S6 (Santa Cruz, sc-293144). Two commercially available
antibodiesto UPP2 were tested (Sigma, SAB4301661; Abcam, ab153861),
but no specificband could be detected.

PRISM sscreen

A six-well plate containing a mixture of 482 barcoded adherent can-
cer cell lines (PR500)" grown on RPMI (Life Technologies, 11835055)
containing10% FBS was prepared by The PRISM Lab (Broad Institute)
seeded at a density of 200 cells per cell line. On day O, the culture
medium was replaced with no-glucose RPMI medium (Life Technolo-
gies, 11879020) containing 10% dialysed FBS and 100 U mI™ penicil-
lin-streptomycin and supplemented with 10 mM of either glucose
oruridine (n =3replicate wells each). The medium was replaced with
fresh medium on days 3 and 5. On day 6, all wells reached confluency
and cells were lysed. Lysates were denatured, (95 °C) and total DNA
from all replicate wells was PCR amplified using KAPA polymerase
and primers containing Illumina flow cell-binding sequences. PCR
products were confirmed to show single-band amplification using gel
electrophoresis, pooled, purified using the Xymo Select-a-Size DNA
Clean & Concentrationkit, quantified using a Qubit 3 Fluorometer, and
thensequenced viaHiSeq (50 cycles, single read, library concentration
of 10 pM with 25% PhiX spike-in) as previously described*. Barcode
abundance was determined from sequencing, and unexpectedly low
counts (for example, from sequencing noise) were filtered out from
individual replicates so as not to unintentionally depress cell line
counts in the collapsed data. Replicates were then mean-collapsed,
and log fold change and growth rate metrics were calculated accord-
ing to equations (1) and (2):

log, fold change = log, (n,/ng) (4))

log, (ng/ny)

- @)

Growthrate =
where n,and ngare counts fromthe uridine and glucose supplemented
conditions, respectively, n,and n;are counts from the initial and final
timepoints, respectively, and ¢is the assay length in days. Data analysis
and correlation analysis were performed by The PRISM Lab following
apublished workflow®.

RNA extraction, reverse transcription and qPCR

qPCR was performed using the TaqMan assays (Thermo Fisher Sci-
entific). RNA was extracted from total cells grown in routine media
with a RNeasy kit (Qiagen) and digested with DNase | before murine
leukaemia virus reverse transcription using random primers (Promega)
and a CFx96 qPCR machine (Bio-Rad) using the following TagMan
assays: Hs01066247_m1 (human UPPI), Mm00447676_m1 (mouse
Upp1),MmO01331071_m1(mouse Upp2), Hs01117294_m1 (human MITF),
Hs01075618_m1 (human UCK1), Hs00989900_ml (human UCK2),
MmO00550050_m1(mouse Hmgcs2), Hs00427620_m1 (human 7BP) and
MmO00782638_s1(mouse Rplp2), Mm00434228 ml (mouse II-1B) and
MmO01277042_m1(mouse Tbp). Anassay for human UPP2 (Hs00542789_
m1l) was tested but no amplification could be detected. Human PBMCs
and mouse BMDM data were normalized to 7TBP, and liver mouse data

were normalized to Rplp2, both using the AACt method. qPCR primers
for ChIP are described below.

Chromatinimmunoprecipitation

MDA-MB-435S cells were washed once with PBS and fixed with 1%
formaldehyde in PBS for 15 min at room temperature. Fixation was
stopped by adding glycine (final concentration of 0.2 M) for 5 min
at room temperature. Cells were harvested by scraping with ice-cold
PBS. Cell pellets were resuspended in SDS lysis buffer (50 mM Tris-HCI,
pH8.1,10 mMMEDTA, 1% SDS, protease inhibitor (Pierce Protease Inhibi-
tor, EDTA-Free (Thermo Fisher Scientific))), incubated for 10 min at
4 °C,andsonicated to generate DNA fragments (around 500 base pairs)
with a Qsonica Q800R2 system. Samples were centrifuged to remove
debris and diluted tenfold in immunoprecipitation dilution buffer
(16.7 mM Tris-HCI, pH 8.1,1.2 mM EDTA, 0.01% SDS, 1.1% Triton-X100,
167 mM NaCl, protease inhibitor).

Chromatin (-50 pg) was pre-cleared with normal rabbit IgG (EMD
Millipore) and protein A/Gbeads (Protein A/G UltraLink Resin (Thermo
Fisher Scientific)) in low-salt buffer (20 mM Tris-HCI, pH 8.1, 2 mM
EDTA, 0.1% SDS, 150 mM NacCl, protease inhibitor) containing 0.25 mg
mlsalmonsperm DNA and 0.25 mg ml™ BSA for2 hat 4 °C.Pre-cleared
chromatin was incubated with 5 pl of anti-MITF (D5G7V (Cell Signal-
ing Technology)) or 5 pg of normal rabbit IgG overnight at 4 °C (-1:10
vol:weight dilution). Samples were incubated with protein A/G beads
for another 2 h at 4 °C. Immune complexes were washed sequentially
twice with low-salt buffer, twice with high-salt buffer (20 mM Tris-HCI,
pH 8.1,2 mM EDTA, 0.1% SDS, 500 mM NaCl, protease inhibitor), LiCl
buffer (250 mM LiCl, 1% NP40, 1% sodium deoxycholate, 1 mM EDTA,
10 mM Tris-HCI, pH 8.1, protease inhibitor) and twice with Tris-EDTA.
After washes, immune complexes were eluted from beads twice with
elution buffer (1% SDS, 10 mM dithiothreitol, 0.1 M NaHCO,) for 15 min
atroomtemperature. Samples were de-crosslinked by overnightincu-
bation at 65 °C and treated with proteinase K (Qiagen) for1h at 56 °C.
DNA was purified with QIAquick PCR purification kit (Qiagen).

qPCR using KAPA SYBR FAST One-Step RT-qPCR Kit Universal
(KAPA Biosystems) was performed to check MITF enrichments using
the following primers: UPPI-TSS (5"-TGACCTTGGGTTAGTCCTAGA-3")
and (5-AGCAGCCAGTTCTGTTACTC-3’); UPP1-3.5kb (5’-AGCAA
CCTGGGAAAGTGATG-3’) and (5’-CGCCAACTCTCACTCATCATA
TAG-3’); TYR promoter (5-GTGGGATACGAGCCAATTCGAA
AG-3’) and (5’-TCCCACCTCCAGCATCAAACACTT-3’); ACTB gene
body (5’-CATCCTCACCCTGAAGTACCC-3’) and (5’-TAGAAG
GTGTGGTGCCAGATT-3)

Gene-specific CRISPR-Cas9 clone knockouts
To generate UPPI*° single-cell clones in MDA-MB-435S and UACC-
257 cells, a sgRNA targeting UPPI (TTGGATTTAAAAGTCTGACG) was
ordered as complementary oligonucleotides (Integrated DNA Tech-
nologies) and cloned in pLentiCRISPRv2 (Addgene). Purified DNA
was co-transfected with a GFP-expressing plasmid in the cell lines of
interest using Lipofectamine 2000 (Thermo Fisher Scientific). After
48 h, cells were sorted using an MoFlo Astrios EQ Cell sorter and indi-
vidual cells were seeded in a 96-well plate containing routine culture
media for clone isolation. UPPI depletion in single-cell clones was
assessed by protein immunoblotting using antibodies to UPP1. The
region corresponding to the sgRNA targeting site in the UPPI gene
was sequenced in MDA-MB-435S using TGGGAGCAACAGGGGTTAAG
and TCAAGCATTTGTGGGTTGGTC primers and showed a homozy-
gous 1-bp deletion in clone 1, heterozygous 4-bp and 9-bp deletions
in clone 2, and heterozygous 1-bp and 2-bp insertions in clone 3. The
9-bp deletion in clone 2 is expected to produce a truncated protein
(hypomorphicallele).

To deplete the expression of ALDOA, GPI, HK2, PGM2, TKT, RPE,
UCK1,UCK2and TYMS, two sgRNAs were cloned into pLENTICRISPRv2.
UPP1-expressing K562 cells were transduced with lentiviruses carrying
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these sgRNAs, selected with puromycin and the pooled population was
analysed after 7-10 d. sgRNA sequences were: ALDOA _sgl AATGGCGA-
GACTACCACCCA; ALDOA_sg2 AGGATGACACCCCCAATGCA; GPIL_sgl

TGGGAGGACGCTACTCGCTG; GPI_sg2 TGACCCTCAACACCAAC-
CAT; HK2_sgl CATCAAGGAGAACAAAGGCG; HK2_sg2 TTACTTTCAC-
CCAAAGCACA; PGM2_sgl

TGATTCTAGGAGCGTGAACA; PGM2_sg2 AATCCCCTGACTGA-
TAAATG; TKT_sgl GAAACAAGCTTTCACCGACG; TKT_sg2 CCTGCC-
CAGCTACAAAGTTG; RPE_sgl ATATCTATCTGATTAGCCCA; RPE_sg2
CCCCAGAGTCTAGCATCCGG; UCK1_sgl TGTGTCACAAAATCATAGGT;
UCK1_sg2 CCGCTCACCCCTATCAGGAA; UCK2_sgl TCTGCTCCGAG-
GTAAGGACA; UCK2_sg2 TACTGTCTATCCCGCAGACG; TYMS sgl TTC-
CAAGGGAGTGAAAATCT; TYMS_sg2 ATGTGCGCTTGGAATCCAAG.

siRNA treatment

UACC-257 and MDA-MB-435S cells were transfected withanon-targeting
siRNA (N-001206-14-05) or an siRNA targeting MITF (M-008674-0005;
Dharmacon) using Lipofectamine RNAiIMAX according to the manu-
facturer’sinstruction. Cells were analysed 72 h after transfection and
robust MITF knock-down was confirmed by qPCR.

Immune cellisolation and differentiation

Human THP1 cultured cell lines were differentiated in routine
medium containing 100 nM PMA (Sigma). After 2 d, the medium
was changed for medium containing 100 ng mI™ LPS (O111:B4, Sigma,
L4391) or 1 mg ml™ Torula yeast RNA (Sigma) and incubated for two
additional days.

Mouse BMDMs were extracted from hips, femurs and tibias of three
13-week-old C57BL/6) male mice and plated in DMEM supplemented
with 50 ng mI™M-CSF (ImmunoTools, 12343115),10% heat-inactivated
FBS, 1% penicillin-streptomycin and 1% HEPES. After 3 d, the medium
was replenished with M-CSF-supplemented DMEM. On day 6, cells were
detached, counted and replated at2 x 106 ml™ per well of asix-well plate.
Three hours after plating, cells were further treated with 0.1 pg pl™ LPS
O111:B4 (Sigma L4391),1 mg mI™ RNA (SigmaR6625) or 5 ug mI ™ R848
(Invivogentlrl-r848) for 24 h. Cells treated with the IKK inhibitor BMS-
345541(Merck 401480) were pre-treated with 5 UM BMS-345541for1.5 h
and then polarized with R848 and BMS-345541for 24 h.

Human PBMCs were isolated from buffy coats of blood donors
from a local transfusion centre. Buffy coats were centrifuged on a
Lymphoprep (Stemcell, 07851) gradient followed by CD14" purification
with CD14 microbeads (Miltenyi, 130050201), according to manufac-
turer’s instruction. Isolated CD14" cells were plated in RPMI medium
supplemented with 50 ng ml™ M-CSF (ImmunoTools, 11343113), 10%
heat-inactivated FBS, 1% penicillin-streptomycin and 1% HEPES.
After 3 d, the medium was replenished with M-CSF-supplemented
DMEM. On day 6, cells were detached, counted and replated at
1.5-2 x10°mI™ per well of a six-well plate. PBMC polarization was per-
formed as with BMDMs.

Genome-wide CRISPR-Cas9 screening

A secondary genome-wide CRISPR-Cas9 screening was performed
using K562 cells expressing UPPI-FLAG and alentiviral-carried Brunello
library (Genome Perturbation Platform, Broad Institute) contain-
ing 76,441 sgRNAs*, in duplicate. Cells were infected with multiplic-
ity of infection of 0.3 and at 500 cells per sgRNA in the presence of
10 pg ml™ polybrene (Millipore). After 24 h, cells were transferred
to culture medium containing 2 pg ml™ puromycin (Thermo Fisher
Scientific) and incubated for anadditional 48 h. On day 7, the cells were
plated in no-glucose DMEM containing 10% dialysed FBSand 100 U ml™
penicillin-streptomycin and supplemented with 10 mM of either glu-
coseor uridine ataconcentration of 10° cells per mland with 1,000 cells
per sgRNA. Cells were passaged every 3 d for 2 weeks and, on day 21,
1,000 cells per sgRNA were harvested. DNA isolation was performed
as for the ORFeome screen.

CRISPR screen analysis was performed using anormalized z-score
approach where raw sgRNA read counts were normalized to reads
per million and then log, transformed using the following formula:
log,(reads fromanindividual sgRNA / total reads in the sample 10° +1)*,
The log, (fold change) of each sgRNA was determined relative to the
pre-swap control. For each gene in each replicate, the mean log, (fold
change) in the abundance of all four sgRNAs was calculated. Genes
with low expression (log, (fragments per kilobase of transcript per
million mapped reads) < 0) according to publicly available K562
RNA-sequencing data (sample GSM854403 in Gene Expression Omni-
bus series GSE34740) were removed. log, (fold changes) were aver-
aged by taking the mean across replicates. For each treatment, a null
distribution was defined by the 3,726 genes with lowest expression.
To score each gene within each treatment, its mean log, (fold change)
across replicates was z-score transformed, using the statistics of the
null distribution defined as above.

Metabolite profiling (steady state)

For steady-state metabolomics of glycolytic and PPP intermediates,
an equal number of cells expressing GFP or UPP1-FLAG were washed
in PBS and pre-incubated for 24 hin no-glucose DMEM supplemented
with10% dialysed FBS (Thermo Fisher Scientific), 100 U ml™ penicillin-
streptomycin (Thermo Fisher Scientific) and 5 mM of glucose, galac-
tose or uridine (all from Sigma) dissolved in water, or with an equal
volume of water alone. Cells were then re-counted and 2 x 10° cells
were seeded in fresh medium of the same formulation and incubated
for two additional hours before metabolite extraction. Cells were
pelleted and immediately extracted with 80% methanol, lyophilized
andresuspendedin 60% acetonitrile for intracellular LC-MS analysis.

BC,-uridine tracer on cultured cells

For tracer analysis on cultured cells, an equalnumber of cells expressing
GFPor UPPI-FLAG were washed in PBS and pre-incubated in no-glucose
DMEM or RPMImedium supplemented with10% dialysed FBS (Thermo
Fisher Scientific),100 U ml™ penicillin-streptomycin (Thermo Fisher
Scientific) and 5 mM unlabelled uridine (all from Sigma) dissolved
in water. After 24 h, the medium was changed for the same medium
with the exception that ®*C-labelled uridine ([1,2’,3’,4’,5"-*C;] uridine,
NUC-034, Omicron Biochemicals) was used. Cells were incubated for
five additional hours before metabolite extraction. Cells were then
harvested, the medium was removed and saved, and cellular pellets
were resuspendedina9:1ratio (75% acetonitrile; 25% methanol:water)
extraction mixture, spun at 20,000g for 10 min, and the supernatant
was transferred to a glass sample vial for LC-MS analysis.

Animal experiments

Allanimal experiments in this paper were approved by the Massachu-
setts General Hospital, the University of Massachusetts Institutional
Animal Care and Use Commiittee, or the Swiss Cantonal authorities, and
all relevant ethical regulations were followed. All animals used were
male C57BL/6) mice purchased from The Jackson Laboratory, aged 8-13
weeks. All cages were provided with food and water ad libitum. Food
and water were monitored daily and replenished as needed, and cages
were changed weekly. A standard light-dark cycle of 12-h light exposure
was used. Animals were housed at 2-5 per cage. The temperature was
21° +1°C with 55% +10% humidity.

BC,-uridine tracer in mice

Forinvivotracing analysis, 8- to 12-week-old C57BL/6) male mice were
fasted overnight or fed ad libitum and injected intraperitoneally with
0.2 M BC-labelled uridine diluted in PBS to 0.4 g per kg body weight.
After 30 min, blood and livers were collected from the mice under
isoflurane anaesthesia. Liver was flash frozen in liquid nitrogen before
subsequent analysis, and blood was collected in EDTA plasma tubes,
spunand plasmawas stored for further analysis. For plasmametabolite
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analysis, 117 pl of acetonitrile and 20 pl of LC-MS-grade water was
added to 30 pl of plasma, the mixture was vortexed and left onice for
10 min. The samples were then spunat21,000gfor 20 min,and 100 pl of
the supernatant was transferred to aglass sample vial for downstream
LC-MS analysis.

Intracellular LC-MS analysis

For labelled and unlabelled LC-MS analysis of intracellular metabo-
lites, 5 pl of sample was loaded on a ZIC-pHILIC column (Milipore).
Buffer A was 20 mM ammonium carbonate, pH 9.6 and buffer B was
acetonitrile. For each run, the total flow rate was 0.15 ml min™ and
the samples were loaded at 80% B. The gradient was held at 80% B for
0.5 min, then ramped to 20% B over the next 20 min, held at 20% B for
0.8 min, ramped to 80% B over 0.2 min, then held at 80% B for 7.5 min
for re-equilibration. Mass spectra were continuously acquired on a
Thermo Q-Exactive Plus run in polarity switching mode with a scan
range of 70-1000 m/z and a resolving power of 70,000 (@200 m/z).
Data were acquired using Xcalibur (v.4.1.31.9, Thermo Fisher). Data
were analysed using TraceFinder (v.4.1, Thermo Fisher) and Progenesis
(v.2.3.6275.47961) software, and labelled data were manually corrected
for naturalisotope abundance.

Media/plasma LC-MS analysis

Media and plasma samples were subjected to the following LC-MS
analysis: 10 pl of sample was loaded on a BEH Amide column (Waters).
Buffer Awas20 mM ammonium acetate, 0.25% ammonium hydroxide,
5% acetonitrile, pH 9.0, while buffer B was acetonitrile. Samples were
loaded on the column and the gradient began at 85% B, 0.22 ml min™,
held for 0.5 min, then ramped to 35% B over 8.5 min, then ramped to
2% B over 2 min, held for 1 min, then ramped to 85% B over 1.5 min and
held for 1.1 min. The flow rate was then increased to 0.42 ml min™and
held for 3 min for re-equilibration. Mass spectra were collected on a
Thermo Q-Exactive Plus run in polarity switching mode with a scan
range of 70-1,000 m/z and a resolving power of 70,000 (@200 m/z).
Data were acquired using Xcalibur (v.4.1.31.9, Thermo Fisher). Data
were analysed using TraceFinder (v.4.1, Thermo Fisher) and Progenesis
(v.2.3.6275.47961) software, and labelled datawere manually corrected
for naturalisotope abundance.

Oxygen consumption and extracellular acidification rates by
Seahorse XF analyzer

Approximately 1.25 x 10° K562 cells were plated on a Seahorse platein
Seahorse XF DMEM medium (Agilent) supplemented with 10 mM glu-
cose, galactose, mannose or uridine, or with an equal volume of water
alone, and 4 mM glutamine (Thermo Fisher Scientific). FBS was omit-
ted. Oxygen consumption and ECARs were simultaneously recorded
by aSeahorse XFe96 analyzer (Agilent) using the Mito Stress Test pro-
tocol, inwhich cells were sequentially perturbed by 2 uM oligomycin,
1M CCCP and 0.5 pM antimycin (Sigma). Data were analysed using
the Seahorse Wave Desktop Software (v.2.6.3, Agilent). Data were not
corrected for carbonic acid derived from respiratory CO,.

Lactate determination

Lactate secretion in the culture medium was determined using a
glycolysis cell-based assay kit (Cayman Chemical). An equal number
of K562 cells expressing GFP or UPPI-FLAG were washed in PBS and
pre-incubated for 24 h in no-glucose DMEM medium supplemented
with10% dialysed FBS (Thermo Fisher Scientific), 100 U ml™ penicillin-
streptomycin (Thermo Fisher Scientific) and 5 mM glucose, galactose
or uridine (all from Sigma) dissolved in water, or withan equal volume
of water alone. Cells werethenre-counted and seeded in fresh medium
ofthe same formulation and incubated for three additional hours. Cells
were then spun down and lactate concentration was determined on the
supernatants (spent media).

Gene Ontology analysis

Gene Ontology (GO) analysis was performed using GOrillawith default
settings and using a ranked gene list as input*®. Only GO terms consti-
tuted of <500 genes and scoring at FDR < 0.001 with a minimum of
two genes were considered significant and are displayedin the figures.
The complete unfiltered data can be found in Supplementary Table 1.

Gene-specific cDNA cloning and expression

cDNAs of interest were custom designed (Genewiz or IDT) and cloned
into pWPI-Neo or pLV-lenti-puro using BamHI and Spel (New England
Biolabs).

Statistics and reproducibility

Alldata are expressed as the mean * s.e.m., with the exception of oxy-
graphicdatathatare expressed as the mean + s.d. Allreported sample
sizes (n) represent biological replicate plates or a different mouse.
All attempts at replication were successful. All Student’s t-tests were
two sided. Statistical tests were performed using Microsoft Excel and
GraphPad Prism 9.

Reporting summary
Furtherinformationonresearch designisavailable inthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

All data generated or analysed during this study are included in the
article and its Supplementary Information. Results of the ORFeome,
the CRISPR-Cas9 and the PRISM screens are availablein Supplementary
Table 1. Data from the Cancer Cell Line Encyclopedia are available at
https://depmap.org/portal/.Source data are provided with this paper.
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Extended Data Fig. 1| Additional analysis of the ORF screen. (a) Replicate
plot and Pearson correlation (R) of n = 2 replicate ORF screens in glucose and
galactose highlighting UPPI and UPP2 ORFs shown as log, TPM +1, or log, fold
of day 0. (b) Representation of all six UPP ORFs, expressed as read per million
inthe global population of glucose or galactose-grown cells and as a function
oftime (n=2). TRCNO000470579 encodes a splice variant of UPPI that is
N-terminal truncated and lacks the uridine binding site (NM_001287428.2).
(c) Top 10 ontologies associated with the ORFs enriched and depleted in
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galactose relative to glucose. The complete gene ontology analysis is reported in
the Supplementary Data Table 1. (d) Protein immunoblot of K562 cells expressing
UPPI-FLAG grown for 16 hin sugar-free media supplemented with 10 mM of
glucose or uridine and immunolabelled with antibodies to total S6 ribosomal
protein and phosphorylated S6 ribosomal protein (p-S6). Representative of n =2
experiments. Total S6 loading control was performed on the same gel. All growth
assays and screens included 4mM L-glutamine and 10% dialyzed FBS.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Additional metabolomics analysis. (a) Steady-state
abundance of representative intracellular metabolites from the pentose
phosphate pathway (PPP) and glycolysis in sugar-free media complemented
with10 mM glucose, 10 mM galactose or 10 mM uridine, in the presence of 4mM
L-glutamine and 10% dialyzed FBS (n = 3 replicate wells, P<2.2x1075,P<8.1x107*,
P<4.7x107,P<1.4x107*). Data are shown as mean + SEM with two-sided t-test
relative to control cells. (b) *Cs-uridine tracer analysis of liver and blood uridine
30 minafter intraperitoneal injection in fed or overnight fasted mice with

0.4 g/kg ®Cs-uridine (n =3 replicate wells, P<2.3x107%, P<2.9x10™,P<1.4x107?,
P<9.3x107%). Dataare shown as mean + SEM (c) *C,-uridine tracer analysis of
liver ribose-phosphate (ribose-P) and circulating lactate and glucose 30 min after

intraperitoneal injection in overnight fasted and (d) in fed animals with 0.4 g/kg
BC;-uridine. Data are shown as mean + SEM and are corrected for natural isotope
abundance (n =4 miceineach group). () *C;s-uridine tracer analysis of liver
ribose-phosphate, blood lactate and blood glucose 30 min after intraperitoneal
injection in fed mice with 0.4 g/kg Cs-uridine shown as the percentage

of *C-labeled intermediate compared to the total pool. Data are shown as

mean + SEM and are corrected for natural isotope abundance (n =4 mice). See
also (f) qPCR determination in the liver of ad libitum fed mice, or fasted for12 h
or 24 h, with probes to Uppl, Upp2 and Hmgc2. Hmgc2 transcripts are expected to
increase with fasting. Data are shown as mean + SEM (n =3 mice in each group).
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Extended Data Fig. 5| PRISM screen replicate analysis. Replicate plot and correlation analysis of n = 3 replicate PRISM screens in glucose and uridine highlighting
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Extended DataFig. 6 | UPP1, UPP2 and MITF expression across the CCLE
collection and in melanoma. (a) UPP1, UPP2 and MITF expression across

the complete CCLE collection (n =30 lineages). (b) Proteinimmunoblot of a
panel of melanoma (n = 9) and non-melanoma (n = 3,293T, K562 and HeLa)
celllines grown and showing expression of UPP1as well as MITF, TYR and
MLANA, three melanoma markers. MDA: MDA-MB-435S. (c) Top: Immunoblot
of UACC-257 melanoma cells with wild-type (UPPI*") and knock-out (UPPI*®).
Bottom: Immunoblot of MDA-MB-435S melanoma cells in wild-type (UPPI""),
knock-out (UPPI*°) and hypomorphic (UPPI™") clones (see methods). (d) Cell
growth assay of MDA-MB-435S clones in sugar-free media containing dialyzed

FBS complemented with 10 mM of either glucose or uridine and dialyzed FBS.
Negative doublings indicate cell death. Data are shown as mean + SEM with
two-sided t-test relative to UPPI"" cells in the same media (n = 3 replicate wells,
P<29x107%P<1.3%x107% P<3.1x107). (e) Cell growth assay of three melanoma
celllines with high UPPI expression in sugar-free media complemented with

10 mM of glucose or 0.5 mg/mL of RNA. Data are shown as mean + SEM with two-
sided t-test relative to UPPI"" and were not corrected for multiple comparison
(n=3replicatewells,P<4.5x1073,P<1.3x10™* P<1.5x10. TUBB and Actin
loading controls were performed on the same gels. All growth assays and screens
included 4mM L-glutamine and 10% dialyzed FBS.
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Extended DataFig.7 | MITF promotes UPP1 expression and growth on
uridine in melanoma cells. (a) Protein immunoblot and (b) cell growth assay of
LOX-IMVIin sugar-free media supplemented with 10 mM of glucose or 10 mM of
uridine. LOX-IMVIis amelanoma cell line with low endogenous MITF expression
and over-expressing MITF or a control gene. Data are shown as mean + SEM
(n=3,P<6.6x107). Pvalues were calculated using a two-sided student T test.
Statistics were not adjusted for multiple comparison. (¢) MITF occupancy in
UPPI1 transcription start site (TSS) and promoter (aregion 3.5 kb away from the
TSS), as determined by ChIP-Seq in COLO829 melanoma cells™. (d) ChIP-qPCR
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validation of MITF binding in UPPI promoter and TSS in MDA-MB-435S
melanoma cells. TYR is aknown transcriptional target of MITF, ACTB is not. Data
areshownasmean+SEM (n=3,P<11x107",P<2.4%x1072 P<2.9x107?) with
two-sided t-test relative to control IgG. (e) qPCR analysis of five melanoma cells
after treatment with MITFsiRNA (n=3,P<7.0x1073,P<9.6 x10™*, P<1.3%x107?,
P<3.6x107°). Data are shown as mean + SEM with two-sided t-test relative to the
indicated control. TUBB loading controls were performed on the same gels. All
growth assays and screens included 2 mM (RPMI) or 4 mM (DMEM) L-glutamine
and 10% dialyzed FBS.
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Extended Data Fig. 8 | UPP1 expression and uridine catabolism for energy
productionin the monocytic lineage. (a) Proteinimmunoblot of human

THP1 monocytic cells treated with 100 nM PMA alone for 48 h followed by the
addition of 100 ng/mL LPS or 1 mg/mL purified yeast RNA for another 48 hand
immunoblotted with antibodies to UPP1and TUBB. Western blot quantification is
shown as fold of untreated cells (monocytes). (b) Proteinimmunoblot of human
MCSF-matured PBMC treated with 5 pg/ml R848 for 24 hand immunoblotted
withantibodies to UPP1and Actin (n =3 donors). Western blot quantification
isshown as fold of untreated cells and relative to each donor. (¢) Expression of
UCK1and UCK2in THP1 cells as determined by qPCR after treatment asin (a).
Dataare shown as mean + SEM with n = 4. (d) ®Cs-uridine tracer analysis of UMP
inTHP1cells treated as in (a) with the exception that glucose-free RPMI media
containing 5 mM C;-uridine was used. Data are shown as mean + SEM with
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n=4.(e) Expression of Uppl and /[1bin BMDM as determined by qPCR after co-
treatment for 24 hwith 5 pg/ml R848 and 5 pg/ml BMS-345541, an IKK inhibitor.
Data are shown as mean + SEM with two-sided t-test relative to untreated (n =3
mice, P<1.8x1072, P<4.5x107%). (f) ®Cs-uridine tracer analysis of citrate and
lactate in THP1 cells treated as in (a) with the exception that glucose-free RPMI
media containing 5 mM*C,-uridine was used for the last 6 h. Data are shown as
mean + SEM with two-sided t-test relative to PMA-treated cellswithn=4,P<4.7
x10™,P<1.5%x1072 P<1.2x1072, P<2.2x1072 (g) BCs-uridine tracer analysis of
medialactate in human MCSF-matured PBMC cells treated as in (b) with the
exception that glucose-free RPMI media containing 5 mM ®C,-uridine was used
was used for the last 6 h. Data are shown as mean + SEM, withn =4 donors. TUBB
and Actin loading controls were performed on the same gels. All metabolomics
included 2 mM (RPMI) or 4 mM (DMEM) L-glutamine and 10% dialyzed FBS.

Nature Metabolism


http://www.nature.com/natmetab

Letter https://doi.org/10.1038/s42255-023-00774-2
Control UPP1-FLAG Control d
300 4 o ¢ A 307 o ¢ A o7+ C A
150 -
‘ ; ‘ ‘ ‘ (1l OXPHOS-competent Uridine
E | ' ‘ E : l
£200w11 2001 L1004 +4 G CAD UMPS o
£ o '3 g - Asp — Dihydroorotate ~ Orotate — —> UMP — Pyrimidine
o = 0 sugar .
% 100 100 A £ 50 Glucose HCO; —
g w 2 oose ~—
hat w Uridine
0 - . . 0 N — . 0 e : . CoQ,, CoQ,, —»> complex Il — OXPHOS
0 25 50 75 0 25 50 75 0 25 50 75
Time (minutes) Time (minutes) Time (minutes)
b c
Glucose Mannose Control _GI
1.5 ucose OXPHOS-incompetent
~ l l 150 4 o N Mannose p Uridine
5 ;
< Glucose-6-P  Mannose-6P = i A 1
£ 10 Sl Gin CAD UMPS o
s \4 / I T Il Asp — Dihydroorotate UMP — Pyrimidine
g Fructose-6-P E 1 HCO;
5 05 | 50 - DHODH
P o
£ o
: | s P X
0.0 Lactate4/l 0 -O ;_ 0 -7
5 5 75
QY OXPHOS Time (minutes)
S

Extended Data Fig. 9 | Additional bioenergetics measurementin uridine

or mannose-grown cells. (a) Representative oxygen consumption rate (OCR)
and extracellular acidification rate (ECAR) in control and UPPI-expressing
K562 cells grown in sugar-free media or in media supplemented with 10 mM

of glucose, galactose or uridine, allin the presence of glutamine and dialyzed
FBS (n=30replicate wells). O: oligomycin. C: CCCP. A: antimycin A. Dataare
shownas mean + SD with n > 6 replicate wells. (b) Total consumption of uridine

in UACC-257 melanoma cells treated with antimycin A (100 nM) in the same
media. Data are shown as mean + SEM with n = 4. (c) Representative extracellular
acidification rate (ECAR) in cells in 10 mM of glucose or mannose and treated as
in (a). (d) Schematic representation of de novo pyrimidine synthesis and uridine
auxotrophy during OXPHOS inhibition. CoQ: co-enzyme Q. Ox: oxidized. Red:
reduced. All experiments included 4mM L-glutamine and 10% dialyzed FBS.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
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< A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Xcalibur (v. 4.1.31.9, Thermofisher), Li-COR Odyssey, Seahorse

Data analysis Microsoft Excel for Office 365 MSO, R (v 3.6.2), Tracefinder (v 4.1, Thermofisher) and Progenesis (2.3.6275.47961,
nonlinear dynamics), Image Studio Lite (v4.0), Seahorse Wave (v2.6.3), GOrilla (http://cbl-gorilla.cs.technion.ac.il).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data generated or analyzed during this study are included in this published article (and its supplementary information files). Results of the ORFeome, the CRISPR/
Cas9 and the PRISM screens are available in the Supplementary Table. Data from the Cancer Cell Line Encyclopedia is available at https://depmap.org/portal.
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Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender Use the terms sex (biological attribute) and gender (shaped by social and cultural circumstances) carefully in order to avoid

confusing both terms. Indicate if findings apply to only one sex or gender; describe whether sex and gender were considered in
study design whether sex and/or gender was determined based on self-reporting or assigned and methods used. Provide in the
source data disaggregated sex and gender data where this information has been collected, and consent has been obtained for
sharing of individual-level data, provide overall numbers in this Reporting Summary. Please state if this information has not
been collected. Report sex- and gender-based analyses where performed, justify reasons for lack of sex- and gender-based
analysis.

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic

Recruitment

Ethics oversight

information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study
design questions and have nothing to add here, write "See above."

Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences

|:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size

Data exclusions

Replication

Randomization

Blinding

Statistical tests were not used to predefine sample size. For cell growth assays and metabolomics sample sizes of 3-4 were chosen to
demonstrate moderate differences in commonly measured metabolic parameters, and because these are typical sample sizes reported for
such experiments in the literature (see for example Shi et al., Nature Communications 2022). ORFeome and CRISPR/Cas9 screens were
performed in biological duplicate, a common number of replicates for large-scale screens (see for example Yang et al., Nature Methods 2011 ;
Doench et al., Nature Biotechnologies 2016). The PRISM screen was performed in biological triplicate, a common number of replicates for
PRISM screens (see for example Corsello et al., Nature Cancer 2020.)

No sample was excluded.

All attempts at replication were successful. All data points represent either experiments performed on an individual mouse (for in vivo data)
or on different plates.

Mass spectrometry runs involved randomization of sample order. Randomization was not relevant in the other experiments that were all
performed in vitro.

Blinding was not relevant for the experiments since all were performed with cell lines or indistinguishable animals.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods
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Antibodies &
3
Antibodies used The following antibodies were used: FLAG M2 (Sigma, F1804), Actin (Abcam, ab8227), TUBB (Thermo, MA5-16308), UPP1 (Sigma, 3
SAB1402388) and MITF (Sigma, HPA003259), TYR (Santa Cruz sc-20035), MLANA (CST, 64718), HK2 (CST, 28675), GPI (CST, 94068), Q
ALDOA (CST, 8060), TKT (CST, 64414), RPE (Proteintech, 12168-2-AP), PGM2 (Proteintech, 11022-1-AP), UCK2 (Proteintech, 10511-1- <
AP), TYMS (Proteintech, 15047-1-AP), MITF antibody (D5G7V (Cell Signaling Technology)), S6 ribosomal protein (Santa Cruz,
sc-74459), phosphor-S6 (Santa Cruz, sc-293144). Two commercially-available antibodies to UPP2 were tested (Sigma, SAB4301661
and Abcam, ab153861), but not specific band could be detected in immunoblotting.
Validation All antibodies were raised against human proteins or peptides. HK2, GPI, ALDOA, TKT, RPE, PGM2, UCK2, UPP1 and TYMS antibodies

were validated by targeted gene knock-out. FLAG and MITF antibody were validated by over-expressed of a FLAG-tagged protein. TYR
was validated by over-expression of the protein by the supplier. MLANA was validated by immunodepletion by the supplier. MITF
D5G7V, S6 ribosomal protein, TUBB and Actin were validated by the supplier (immunoblotting). Phosphor-S6 was validated by
phosphatase treatment and immunoblotting by the supplier.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) K562 (CCL-243), 293T (CRL-3216), Hela (CCL-2), A375 (CRL-1619), A2058 (CRL-11147), SH4 (CRL-7724), MDA-MB-435S
(HTB-129), SK-MEL-5 (HTB-70), SK-MEL-30 (HTB-63), U937 (CRL-1593.2) and THP1 (TIB-202) were obtained from ATCC.
UACC-62, UACC-257 and LOX-IMVI were obtained from the Frederick Cancer Division of Cancer Treatment and Diagnosis.

Cells from the PRISM library ( AGS_STOMACH, KYSE510_OESOPHAGUS, SNB75_CENTRAL_NERVOUS_SYSTEM,
KP2_PANCREAS, SNU1214_UPPER_AERODIGESTIVE_TRACT, OVISE_OVARY, KYSE180_OESOPHAGUS,
NCIH747_LARGE_INTESTINE, LN18_CENTRAL_NERVOUS_SYSTEM, JMSU1_URINARY_TRACT, UBLC1_URINARY_TRACT,
SNU308_BILIARY_TRACT, SKNAS_AUTONOMIC_GANGLIA, NCIH1299_LUNG, SNU886_LIVER, MELJUSO_SKIN,
KYSE30_OESOPHAGUS, TM87_SOFT_TISSUE, CAL29_URINARY_TRACT, WM2664_SKIN,
GAMG_CENTRAL_NERVOUS_SYSTEM, RKN_SOFT_TISSUE, HSC2_UPPER_AERODIGESTIVE_TRACT, HEP3B217_LIVER,
OVK18_OVARY, LI7_LIVER, ACCMESO1_PLEURA, 22RV1_PROSTATE, SW48_LARGE_INTESTINE, OE21_OESOPHAGUS,
MSTO211H_PLEURA, JIMT1_BREAST, NCIH23_LUNG, SF295_CENTRAL_NERVOUS_SYSTEM, CFPAC1_PANCREAS,
HEC265_ENDOMETRIUM, OSRC2_KIDNEY, TM31_CENTRAL_NERVOUS_SYSTEM, HT1376_URINARY_TRACT,
639V_URINARY_TRACT, SCABER_URINARY_TRACT, RH30_SOFT_TISSUE, SW1271_LUNG,
DETROITS62_UPPER_AERODIGESTIVE_TRACT, RERFLCAD2_LUNG, SW1573_LUNG,
PECAPJ15_UPPER_AERODIGESTIVE_TRACT, SCC25_UPPER_AERODIGESTIVE_TRACT, HCC1438_LUNG,
A172_CENTRAL_NERVOUS_SYSTEM, MELHO_SKIN, LK2_LUNG, YKG1_CENTRAL_NERVOUS_SYSTEM,
VMCUB1_URINARY_TRACT, TE5_OESOPHAGUS, CAOV3_OVARY, HOS_BONE, SKHEP1_LIVER,
GOS3_CENTRAL_NERVOUS_SYSTEM, CAL54_KIDNEY, SNUC4_LARGE_INTESTINE, SF539_CENTRAL_NERVOUS_SYSTEM,
NCIH2347_LUNG, HCC1195_LUNG, IPC298_SKIN, HSC3_UPPER_AERODIGESTIVE_TRACT, LC1SQSF_LUNG,
HCCS56_LARGE_INTESTINE, CORL105_LUNG, DANG_PANCREAS, EFO27_OVARY, CAMA1_BREAST, PC3_PROSTATE,
0OC314_OVARY, ISHIKAWAHERAKLIOO2ER_ENDOMETRIUM, BXPC3_PANCREAS, SNU1066_UPPER_AERODIGESTIVE_TRACT,
LMSU_STOMACH, NCIH841_LUNG, MDAMB436_BREAST, CL34_LARGE_INTESTINE, BCPAP_THYROID, TE4_OESOPHAGUS,
SNU1076_UPPER_AERODIGESTIVE_TRACT, YH13_CENTRAL_NERVOUS_SYSTEM, NCIH460_LUNG, HT55_LARGE_INTESTINE,
HUH28_BILIARY_TRACT, SH10TC_STOMACH, H4_CENTRAL_NERVOUS_SYSTEM, NCIH650_LUNG, PANC1005_PANCREAS,
KALS1_CENTRAL_NERVOUS_SYSTEM, SNU1041_UPPER_AERODIGESTIVE_TRACT, DAOY_CENTRAL_NERVOUS_SYSTEM,
COLO792_SKIN, S117_THYROID, T24_URINARY_TRACT, BICR6_UPPER_AERODIGESTIVE_TRACT, HA1E_KIDNEY,
DU145_PROSTATE, SW1353_BONE, NCIH2452_PLEURA, SNU1105_CENTRAL_NERVOUS_SYSTEM, SISA1_BONE,
BC3C_URINARY_TRACT, MKN1_STOMACH, TE1_OESOPHAGUS, 2313287_STOMACH, SW620_LARGE_INTESTINE,
CAPAN2_PANCREAS, HDQP1_BREAST, MON_SOFT_TISSUE, TCCPAN2_PANCREAS, NCIH292_LUNG, ISTMES1_PLEURA,
NCIH1437_LUNG, SKMEL30_SKIN, SW1088_CENTRAL_NERVOUS_SYSTEM, LS411N_LARGE_INTESTINE, A2780_OVARY,
OE33_OESOPHAGUS, SNU449_LIVER, VMRCRCW_KIDNEY, NCIH358_LUNG, SNU840_OVARY, HCC1143_BREAST,
JHH4_LIVER, SKMES1_LUNG, ISTMES2_PLEURA, SW900_LUNG, TE10_OESOPHAGUS, RL952_ENDOMETRIUM,
RERFLCMS_LUNG, MDAMB231_BREAST, KNS81_CENTRAL_NERVOUS_SYSTEM, CORL23_LUNG, TOV112D_OVARY,
YD38_UPPER_AERODIGESTIVE_TRACT, GI1_CENTRAL_NERVOUS_SYSTEM, PANCO327_PANCREAS, NCIH596_LUNG,
SBC5_LUNG, IGR37_SKIN, KMBC2_URINARY_TRACT, 253J_URINARY_TRACT, COV434_OVARY, EFO21_OVARY,
SNU213_PANCREAS, COLO800_SKIN, BT549_BREAST, SNU869_BILIARY_TRACT, MFE319_ENDOMETRIUM,
RERFLCAD1_LUNG, DV90_LUNG, TEN_ENDOMETRIUM, KNS62_LUNG, DBTRGOSMG_CENTRAL_NERVOUS_SYSTEM,
8MGBA_CENTRAL_NERVOUS_SYSTEM, LCLCI03H_LUNG, FADU_UPPER_AERODIGESTIVE_TRACT, HS944T_SKIN,
PATU8988S_PANCREAS, SKMEL24_SKIN, TE8_OESOPHAGUS, IGR1_SKIN, UACC62_SKIN, NCIH446_LUNG,
TE11_OESOPHAGUS, SW837_LARGE_INTESTINE, NCIH2126_LUNG, SNU61_LARGE_INTESTINE, HEC59_ENDOMETRIUM,
KP4_PANCREAS, PC14_LUNG, IM95_STOMACH, CAL120_BREAST, RCM1_LARGE_INTESTINE, NCIH1838_LUNG,




Authentication

Mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

PATU8902_PANCREAS, PANCO0203_PANCREAS, SNU466_CENTRAL_NERVOUS_SYSTEM,
BECKER_CENTRAL_NERVOUS_SYSTEM, SNU407_LARGE_INTESTINE, JHUEM2_ENDOMETRIUM, HCC1419_BREAST,
MKN45_STOMACH, HT29_LARGE_INTESTINE, RD_SOFT_TISSUE, WM88_SKIN, HARA_LUNG, ECGI10_OESOPHAGUS,
BICR16_UPPER_AERODIGESTIVE_TRACT, BFTC905_URINARY_TRACT, NCIH2170_LUNG, TUHRATKB_KIDNEY,
ASPC1_PANCREAS, NCIN87_STOMACH, OUMS23_LARGE_INTESTINE, NCIH226_LUNG, CAL12T_LUNG, NCIH520_LUNG,
LUDLU1_LUNG, SNU245_BILIARY_TRACT, HCC1428_ BREAST, CAL62_THYROID, RMGI_OVARY, NUGC3_STOMACH,
KURAMOCHI_OVARY, HUPT3_PANCREAS, NCIH28_ PLEURA, KP3_PANCREAS, DKMG_CENTRAL_NERVOUS_SYSTEM,
OAW42_OVARY, EWS502_BONE, HUH7_LIVER, 769P_KIDNEY, SW1710_URINARY_TRACT, KYSE520_OESOPHAGUS,
HT1080_SOFT_TISSUE, KMRC3_KIDNEY, PK45H_PANCREAS, 647V_URINARY_TRACT, TE6_OESOPHAGUS,
NB1_AUTONOMIC_GANGLIA, L33_PANCREAS, NCIH2023_LUNG, SNU423_LIVER, SKUT1_SOFT_TISSUE, NCIH1373_LUNG,
LOXIMVI_SKIN, CAKI1_KIDNEY, COLO668_LUNG, NCIH2009_LUNG, SNU601_STOMACH, NCIH1792_LUNG,
KYSE70_OESOPHAGUS, SNU1077_ENDOMETRIUM, LU99_LUNG, MIAPACA2_PANCREAS, UACC257_SKIN, ABC1_LUNG,
IGROV1_OVARY, COLO783_SKIN, QGP1_PANCREAS, NCIH1568 LUNG, SKMEL3_SKIN, CAL51_BREAST,
HCT116_LARGE_INTESTINE, NCIH2052_PLEURA, BICR56_UPPER_AERODIGESTIVE_TRACT, MKN74_STOMACH,
GCIY_STOMACH, HS294T_SKIN, PSN1_PANCREAS, TCCSUP_URINARY_TRACT, IALM_LUNG, NCIH1703_LUNG,
TT_OESOPHAGUS, GB1_CENTRAL_NERVOUS_SYSTEM, ESS1_ENDOMETRIUM, HPAC_PANCREAS, A673_BONE,
PANCO403_PANCREAS, HCC95_LUNG, HCC38 BREAST, MPP89_PLEURA, SIMA_AUTONOMIC_GANGLIA, NCIH1651_LUNG,
SNU398_LIVER, NCIH1915_LUNG, TT2609C02_THYROID, TE14_OESOPHAGUS, PANC0813_PANCREAS, CIM_SKIN,
EN_ENDOMETRIUM, FTC133_THYROID, TE9_OESOPHAGUS, KMRC20_KIDNEY, ACHN_KIDNEY, JHH1_LIVER,
LNCAPCLONEFGC_PROSTATE, MHHES1_BONE, HCC1806_BREAST, RT4_URINARY_TRACT, KYSE140_OESOPHAGUS,
5637_URINARY_TRACT, A101D_SKIN, NCIH2444 LUNG, BHT101_THYROID, RERFLCKJ_LUNG, MFE280_ENDOMETRIUM,
8305C_THYROID, SNU668_STOMACH, CCFSTTG1_CENTRAL_NERVOUS_SYSTEM, HCC515_LUNG, NCIH1339_LUNG,
NCIH1975_LUNG, PECAPJ41CLONED2_UPPER_AERODIGESTIVE_TRACT, 253JBV_URINARY_TRACT,
HEC151_ENDOMETRIUM, HGC27_STOMACH, HCC827_LUNG, NCIH661_LUNG, MCF7_BREAST, MESSA_SOFT_TISSUE,
SNU1079_BILIARY_TRACT, LN229 CENTRAL_NERVOUS_SYSTEM, HEC1A_ENDOMETRIUM, PK59_PANCREAS,
SNU410_PANCREAS, HUCCT1_BILIARY_TRACT, GCT_SOFT_TISSUE, MDAMB468_BREAST, SW1990_PANCREAS,
BICR31_UPPER_AERODIGESTIVE_TRACT, SNU761_LIVER, EBC1_LUNG, LOVO_LARGE_INTESTINE, MEWO_SKIN,
WM793_SKIN, ZR751_BREAST, NCIH2077_LUNG, SNUC2A_LARGE_INTESTINE, SKMEL5_SKIN, NCIH1944_LUNG,
BEN_LUNG, OV7_OVARY, HCC1937_BREAST, SNU719_STOMACH, 7860_KIDNEY, SNGM_ENDOMETRIUM, JHOC5_OVARY,
NCIH522_LUNG, PATU8988T_PANCREAS, SKNEP1_BONE, OVCAR8_OVARY, NCIH838_ LUNG, A549_LUNG,
ONCODG1_OVARY, NCIH1623_LUNG, OE19 OESOPHAGUS, HEC1B_ENDOMETRIUM, HCC78_LUNG, MG63_BONE,
MKN7_STOMACH, G402_SOFT_TISSUE, SH4_SKIN, SKOV3_OVARY, NUGC4_STOMACH, OC316_OVARY,
RKO_LARGE_INTESTINE, JHH5_LIVER, LOUNH91_LUNG, OVTOKO_OVARY, TT_THYROID, T3M10_LUNG,
LS1034_LARGE_INTESTINE, MDAMB435S_SKIN, HS729_SOFT_TISSUE, SW780_URINARY_TRACT,
YD8_UPPER_AERODIGESTIVE_TRACT, PECAPJ49_UPPER_AERODIGESTIVE_TRACT, JHH6_LIVER, NCIH1581_LUNG,
HS939T_SKIN, NCIH1793_LUNG, SKES1_BONE, PK1_PANCREAS, BT474_BREAST, SNU1196_BILIARY_TRACT,
SW579_THYROID, SKNBE2_AUTONOMIC_GANGLIA, HCC1359_LUNG, T98G_CENTRAL_NERVOUS_SYSTEM,
U118MG_CENTRAL_NERVOUS_SYSTEM, A375_SKIN, KU1919_URINARY_TRACT, HS766T_PANCREAS, HCC4006_LUNG,
YAPC_PANCREAS, KMRC1_KIDNEY, CALU6_LUNG, WM983B_SKIN, RERFLCAI_LUNG, CHL1_SKIN, BFTC909_KIDNEY,
SNU685_ENDOMETRIUM, AN3CA_ENDOMETRIUM, T47D_BREAST, JHOS2_OVARY, HCT15_LARGE_INTESTINE,
NCIH2122_LUNG, U251MG_CENTRAL_NERVOUS_SYSTEM, CADOES1_BONE, HLF_LIVER, UO31_KIDNEY,
J82_URINARY_TRACT, SW480_LARGE_INTESTINE, UMUC1_URINARY_TRACT, HCC15_LUNG, CALU1_LUNG, MCAS_OVARY,
KYSE270_OESOPHAGUS, U20S_BONE, HCC44_LUNG, COV362_OVARY, SKMEL2_SKIN, COLO679_SKIN,
G292CLONEA141B1_BONE, NCIH727_LUNG, YD10B_UPPER_AERODIGESTIVE_TRACT, JHH7_LIVER, NCIH1648 LUNG,
HEC6_ENDOMETRIUM, PANC1_PANCREAS, SNU81_ LARGE_INTESTINE, NCIH2030_LUNG, LS513 LARGE_INTESTINE,
KYSE150_OESOPHAGUS, NCIH1573_LUNG, NCIH2110_LUNG, HS852T_SKIN, HMC18_BREAST, NCIH2228 LUNG,
NCIH1650_LUNG, HT144_SKIN, NCIH2172_LUNG, CAL78_BONE, KYSE410_OESOPHAGUS, NCIH2087_LUNG,
ONS76_CENTRAL_NERVOUS_SYSTEM, 8505C_THYROID, HEC108_ENDOMETRIUM, NCIH1693_LUNG,
YD15_SALIVARY_GLAND, COLO680ON_OESOPHAGUS, 42MGBA_CENTRAL_NERVOUS_SYSTEM, FTC238_THYROID,
COLO741_SKIN, JHOM1_OVARY, SF126_CENTRAL_NERVOUS_SYSTEM, RVH421_SKIN, RT112_URINARY_TRACT,
PLCPRF5_LIVER, MFE296_ENDOMETRIUM, NCIH1355_LUNG, OV56_OVARY, GP2D_LARGE_INTESTINE,
KNS60_CENTRAL_NERVOUS_SYSTEM, NCIH1048_LUNG, MALME3M_SKIN, MDAMB175VII_BREAST, NCIH1563_LUNG,
CAL27_UPPER_AERODIGESTIVE_TRACT, TOV21G_OVARY, NCIH322_LUNG, RMUGS_OVARY, SUIT2_PANCREAS,
HEC251_ENDOMETRIUM, HUH6_LIVER, KNS42_CENTRAL_NERVOUS_SYSTEM, G401_SOFT_TISSUE, EFM192A BREAST,
HEYA8_OVARY, RCC10RGB_KIDNEY, SQ1_LUNG, LXF289 LUNG, ES2_OVARY, A704_KIDNEY, LS180_LARGE_INTESTINE,
KELLY_AUTONOMIC_GANGLIA, A2058 SKIN, KO29AX_SKIN, NCIH1435_LUNG, SNU46_UPPER_AERODIGESTIVE_TRACT,
VMRCRCZ_KIDNEY, DMS273_LUNG, SW948 LARGE_INTESTINE, WM1799_SKIN, SKLU1_LUNG, G361_SKIN ) were obtained
from the Broad-Novartis cancer cell line encyclopedia prior to PRISM barcoding and are described in Corsello et al., Nature
Cancer 2020.

All cell lines were re-authenticated by STR profiling at ATCC or Genetica prior submission of the manuscript and compared to
ATCC and Cellosaurus (ExPASy) STR profiles, with the exception of THP1 and U937 that were acquired from ATCC for these
experiments and were not re-identificated.

All cell lines were tested for mycoplasma contamination bi-monthly which was negative.

MDA-MB-435S are sometimes wrongly assumed to be breast cancer cells. Recent gene expression analysis (ATCC) re-
assigned MDA-MB-435S to the melanoma lineage (ATCC) and here MDA-MB-435S were used as such.
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Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

All animals used were male C57BL6/J mice purchased from Jackson labs, aged 8-13 weeks. All cages were provided with food and
water ad-libitum. Food and water were monitored daily and replenished as needed, and cages were changed weekly. A standard
light-dark cycle of —12h light exposure was used. Animals were housed 2-5 per cage. Temperature was 21° + 1°C with 55% + 10%
humidity.

This study did not involve wild animals.
Sex was not considered in this study. Only male mice were used. The choice of male was random.
This study did not involve field-collected samples.

All animal protocols were approved by the MGH IACUC and the Swiss Cantonal authorities.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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