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W Check for updates

Tumors areintrinsically heterogeneous and it is well established that

this directs their evolution, hinders their classification and frustrates
therapy'~. Consequently, spatially resolved omics-level analyses are gaining
traction*”’. Despite considerable therapeutic interest, tumor metabolism

has been lagging behind this development and there is a paucity of data
regarding its spatial organization. To address this shortcoming, we set out

to study the local metabolic effects of the oncogene c-MYC, a pleiotropic
transcription factor that accumulates with tumor progression and influences
metabolism'*". Through correlative mass spectrometry imaging, we show
that pantothenic acid (vitamin B;) associates with MYC-high areas within both
human and murine mammary tumors, where its conversion to coenzyme A
fuels Krebs cycle activity. Mechanistically, we show that this isaccomplished
by MYC-mediated upregulation of its multivitamin transporter SLC5A6.
Notably, we show that SLC5A6 over-expression alone can induce increased
cell growth and a shift toward biosynthesis, whereas conversely, dietary
restriction of pantothenic acid leads to areversal of many MYC-mediated
metabolic changes and results in hampered tumor growth. Our work thus
establishes the availability of vitamins and cofactors as a potential bottleneck
intumor progression, which can be exploited therapeutically. Overall,

we show that a spatial understanding of local metabolism facilitates the
identification of clinically relevant, tractable metabolic targets.

Alltumors, including breast cancers, show profound clonal heteroge-
neity’. These clones in turn have to adapt to the ever-changing tumor
microenvironment, frequently characterized by fluctuating oxygen
and nutrient supply”. This requires tumor cells to constantly rewire
their metabolic pathways and consequently many tumors show a high
degree of metabolic flexibility**”. Intrinsic oncogene-driven metabolic
programsare thusintegrated with environmental cues to shape the net
local metabolism of tumor cells.

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

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

Insitu segmentation of multiclonal mammary
tumors

To address this problem, we initially resorted to an inducible and
traceable model of MYC heterogeneity in breast cancer, which we had
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previously developed and characterized'. In brief, this model allows
us to create triple-negative mammary tumors, driven by WNT1, but
optionally also containing a MYC-ER™ construct, which expresses sup-
raphysiological levels of the MYC-ER fusion protein andis activated by
administration of tamoxifen. We term the tumors WM, reflecting the
two oncogenesinvolved. The clones without MYC-ER™ (WM'¥) express
tdTomato asatracer, whereas the ones with MYC-ER™ (WM"e") express
enhanced green fluorescent protein (eGFP). Mixing the two clones
generates biclonal tumors (WM™) (Extended Data Fig.1a). Throughout
the study, MYC-ER™ activation was performed acutely for a duration
of only 3 d unless otherwise stated.

Metabolomic characterization of the three WM tumor types con-
firmed previous observations seen when acutely switchingonMYCin
tumors, including an increase in the levels of several amino acids, as
well as phosphatidylethanolamine (PE)/phosphatidylcholine (PC) and
phosphatidylglycerol (PG) (Fig. 1a and Extended DataFig. 1b,c)"""’. Met-
abolic pathway analysis of WM"" tumors showed significantincreases
in pathways related to cellular growth, including serine and glycine
metabolism, pyrimidine biosynthesis as well as aminoacyl-tRNA bio-
synthesis (Fig. 1b). With few exceptions, the metabolite levels foundin
WM™*tumors range in between the ones from the pure clonal tumors
(Fig.1a and Extended Data Fig. 1c), reflecting the partial contribution
of the individual clonal populations. This highlights the difficulty
in analyzing bulk tissue data of multiclonal tumors and the need for
spatially resolved metabolomic data to disentangle the individual
metabolic contributions and find possible vulnerabilities of the con-
stituent clones.

We thus set out to define the metabolites and metabolic pathways
most closely associated with the individual WM clones in situ. To this
end we devised a strategy of multimodal correlative imaging that
combined desorption electro-flow focusing ionization (DEFFI)*° mass
spectrometric imaging (MSI) with fluorescence microscopy (Fig. 1c).
Comparing metabolites co-detected in liquid chromatography-mass
spectrometry (LC-MS) and DEFFI-MSI, we saw a good concordance
between the methods for anumber of metabolites with regards to their
respective distribution in the WM"e" and WM"" tumors (for example
Figure 1d,e). Notably, the WM™ tumors frequently showed a pattern
of zonation, which followed their clonal landscape (Fig. 1d,f). To seg-
ment the tumorsinanunbiased way, we adopted arecently published
method ofion colocalization analysis that combines groups of ionsinto
so-called modules based on their similar spatial behavior throughout
the entire acquired image*-*>. We identified six ion modules, of which,
based on their distribution, one correlated with WM"e" (module ‘Tur-
quoise’) and one with WM'" (module ‘Brown’) tumors (Fig. 1f, Extended
Data Fig. 1d,e and Supplementary Table 1). The two modules, once
projected onto the tumor tissues of the WM™ tumors, reflect the
clonallandscape, highlighting the clonal specificity of our automated
segmentation. Comparing the molecular features in the identified
modules, we noticed that in the WM"e" module, in accordance with
our data from the bulk analysis (Extended Data Fig. 1b), PGs and PE/
PCs constituted the largest group of metabolites and that there was
significant spatial correlation within, as well as between compound
classes, a number of which were validated via tandem MS (MS/MS)
in both methodologies (Fig. 1g (connecting lines), Supplementary
Table1and Extended Data Table 1). Furthermore, in keeping with the
literature, eicosanoids represented a prominent lipid class in the WmMe"
module?. Overall, these data underscore the robustness of our imaging
and segmentation approach.

Pantothenic acid correlates with MYC-high

tumor areas

To identify metabolites that are central to Myc-mediated metabolic
rewiring, we reasoned thatacombination between the bulk metabolic
analysis and the MSI data would give us the most relevant candidates.
We thus extracted all statistically significantly changed metabolites

identified by the bulk metabolic pathways analysis (Fig. 1b) and inter-
rogated how well they correlated with the WM"8"and WM'*" tumors
aswell as their affiliation to the WM"e" associated module ‘Turquoise’.
By far the strongest correlation was observed for pantothenic acid
(vitamin B5; henceforth PA), the chemical structure of which was con-
firmed by MS/MS using both a chemical standard and tumor tissues
(Extended Data Fig. 2a,b). PA is the precursor for coenzyme A (CoA),
athiol that serves as an activator of carboxylic groups by forming thi-
oesters (Extended Data Fig. 2¢). As such, it is required for anumber
of key metabolic pathways, including the Krebs cycle and both fatty
acid biosynthesis and oxidation®**. Of note, in our correlative MSI,
PA had a high overlap with the WM"#" clones in the WM™ tumors
(Fig.2a), which also coincided withan upregulation of PA as well as its
main downstream product, CoA-SH, in WM"e" tumors as measured by
bulk LC-MS analysis (Fig. 2b,c). We thus decided to further study the
involvement of the PA-CoA axis in MYC-mediated metabolism.

To investigate the clinical relevance of this finding, we first used
a panel of human patient-derived xenografts (PDXs) subcutaneously
transplanted into immunocompromised mice?. PDXs with the high-
est MYClevels orastrong MYCtranscriptional profile showed a robust
increase in PA levels (Extended Data Fig. 2d,e). To further understand
therelationship between MYC expression and PAin situ, we adapted the
aforementioned correlative MSlapproach to combine DEFFlimaging
withimmunohistochemistry (IHC). Indeed, correlative MSI confirmed
that intertumorally and intratumorally, areas of high MYC displayed
increased levels of PA (Fig. 2d, Extended Data Fig. 2f~h and Supplemen-
tary Fig. 2). Notably, DEFFI revealed that higher signal intensity of PA
also strongly correlated with areas of high MYC expressionin primary
humanbreast cancer biopsies (Fig. 2e, Extended Data Fig. 2i,j and Sup-
plementary Fig. 3) supporting the clinical significance and the general
validity of our observed connection between MYC and PA metabolism.

Increased levels of metabolites as seen in WM"e" areas can be a
cell-autonomous event, orinsome cases they can be governed by field
effects, such as a better overall vascularization due to MYC-mediated
angiogenesis'®. To ascertain that the accumulation of PA in WMMe"
areas of tumorsisindeed driven by the WM"e" cells, we devised a new,
ultra-high-resolution, correlative MSI technique that combines fluo-
rescence microscopy, electron microscopy (EM) and nanoscale sec-
ondary ion mass spectrometry (NanoSIMS)%, allowing for subcellular
localization of metabolite incorporation (Fig. 2f). After administra-
tion of ['*C,,*N]PA, the fluorescence image of the WM™ sections was
overlaid with the respective EM and NanoSIMS images (Fig. 2g). As
expected, mitochondria, which harbor about 70% of a cell’s CoA (cel-
lular concentration 10-50 pM)?, were clear hotspots of PA-derived
BN incorporation, but also the nucleoli showed a substantial signal,
whichis consistent with recent reports of significant HDAC activity in
nucleoli (Extended Data Fig. 2k)*. Notably, WM"e" cells incorporated
significantly more PA-derived °N compared to WM'"" cells, strongly
suggesting that the increased levels of PA observed in WM"€" areas of
WM™* tumors are due to a cell-autonomous increase in uptake of PA,
whichisthenusedto synthesize downstream metabolites such as CoA
(Fig.2h and Extended Data Fig. 2I).

MYC-high areas expand the pools of Krebs cycle
intermediates

PA, as the precursor of CoA, has a central role in allowing carbons
from glycolysis to enter the Krebs cycle, as well as for the Krebs cycle
itself in the conversion of a-ketoglutarate to succinate. As glucose
and glutamine are two of the main carbon sources contributing to
this cycle®*”, we wanted to gain a better insight into the spatial distri-
bution of their utilization in our tumor models. We thus infused WM
tumors with either [*C]glucose or [*C]glutamine (Extended Data
Fig.4a,c) and traced theirisotopically labeled downstream metabolites
in situ through correlative DEFFI-MSI and fluorescence microscopy.
Asanticipated, glutamine catabolism in WM"&" tumors was increased
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Fig.1|Insitu segmentation of multiclonal mammary tumors. a, Polar and
apolar fractions of WM"e", WM'® and WM™ tumors were analyzed with LC-MS
(10 mg dry tissue from each sample was taken for the extraction) and plotted ona
radial plot using the R package volcano3D. The radial angle p represents relative
affiliation of metabolites to the individual samples and the distance from center
the relative amounts. Colors indicate statistically significant affiliation to one

or two samples. Significance was calculated with an unpaired two-tailed ¢-test
(WM"e" n=4; WM, n=4; WM™, n =8 tumors from independent animals).

b, Metabolic pathways analysis of the datain a showing several significantly
changed pathways and numbers of identified members against the pathway size.
¢, Schematic of tissue processing and DEFFlimaging. d,e, Levels and distribution
oftwo selected ions as measured by DEFFI (d) or LC-MS (e) show concordance
between the methodologies. Significance was calculated with an unpaired two-
tailed t-test (WM"e", n = 4; WM™, n = 4; WM™, n = 8 tumors from independent
animals (WM"&"versus WM'®¥, P= 0.00234; WM"&" versus WM™*, P=0.0089
(left); WMMeh versus WM™, P= 0.0047; WM"e" versus WM™*, P=0.0154 (right)).
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f, Post-DEFFI fluorescent microscopy of WM"e", WM'** and WM™ tumors show
clonal distribution (top). lon colocalization analysis of DEFFl acquired images

of WM"e", WM and WM™ tumors reveal a WM"&" module (green) and a WM™
module (red) (bottom). g, Circos plot representing all metabolites found in the
WM"g"module. Nodes represent the metabolites in the module. Node size is
proportional to module membership, which represents a given metabolite’s
strength of the colocalization index and is calculated as Pearson’s correlation
between the spatial intensities of the corresponding metabolite and the module’s
eigenmetabolites. Arc lines connect node pairs corresponding to colocalized
metabolites with Pearson’s correlation >0.7. The nodes are color-grouped
according to metabolite class based on Human Metabolome Database putative
annotations (|m/z error| <10 ppm). All box-and-whisker plots represent the
following: line, median; box, interquartile range (IQR); whiskers, 1.5 x IQR limited
by largest/smallest non-extreme value (NEV). In all DEFFI-MSI experimentsn =3
tumors fromindependent animals for each WM tumor type. Pvalues indicated by
*<0.05,**0.001, **<0.0001, ***<0.00001.
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Fig.2|Pantothenic acid correlates with MYC expression in mammary
tumors. a, Post-DEFFI fluorescent microscopy of WM"", WM™ and WM™
tumors shows clonal distribution (note, this is the same image as Fig. 1f, repeated
forillustrative purposes) (top). Single-ion DEFFIimage of PA (n = 3 for each tumor
type) (bottom). b, LC-MS analysis of WM tumors (10 mg dry tissue from each
sample was taken for the extraction) shows significant increase of PAin WM"&"
tumors (WM"e"versus WM, P=0.00038; WM"e" versus WM™ P=0.0019).

¢, LC-MS analysis of free CoA-SH in WM tumors shows an increase in WM™
tumors (WM"e", n=4; WM, n=4; WM™, n =8 tumors fromindependent
animals; WM"&" versus WM™, P=0.0313; WM"#" versus WM™*, P=7.68 x 107%)
(b,c).d, Correlative DEFFl and IHC staining showing the distribution of PAin
relation to MYC staining in human PDXs (n = 2 biological replicates for each
PDX). e, Correlative DEFFland IHC staining showing the distribution of PA

inrelation to MYC staining in representative human core biopsy, showing
association of MYC with PA (n =12 core biopsies). f, Workflow for correlative
fluorescence microscopy, EM and NanoSIMS analysis. g, Correlative fluorescence
microscopy, EM and NanoSIMS analysis shows ®N derived from *N-PA infusions
predominantly localizing in MYC-high cells, with subcellular localization in
mitochondriaand nucleoli. h, Cell-wise quantification of "N/*N ratios in the
WMPen WM areas shows increased amounts of PA-derived labeled ®N in WM™
cells. For NanoSIMS 34 WM"e" and 32 WM™ individual cells were analyzed from
one NanoSIMS run (P=2.91 x10°). All box-and-whisker plots represent the
following: line, median; box, IQR; whiskers, 1.5 x IQR limited by largest/smallest
NEV. Significance was calculated with an unpaired two-tailed ¢-test. Pvalues are
represented by *<0.05, **0.001, ***<0.0001, ****<0.00001.

compared to their WM'"®" counterparts, as seen by higher levels of
glutamate M+5 isotopologue in WM"e" tumors following [®C]glu-
tamineinfusion (Fig. 3aand Extended DataFig.4d). These results were
largely in accordance with bulk primary tumor tissue analysis by gas
chromatography (GC)-MS (Extended Data Fig. 3). Of note, the spatial
componentof MSl allowed us to reveal clear metabolic zonation within
tumor tissues, where WM"e" clones in the WM™ tumors largely over-
lapped with areas of increased presence of [Ci]glutamine-derived
glutamine and glutamate isotopologues as well as either [*C,]glucose-
or [®C;]glutamine-derived Krebs cycle intermediates (Fig. 3a,b). These
BC-labeled isotopologues had a distribution pattern that was largely
opposite to thelocalization of ®C-labeled lactate. While lactate can act
as a systemic carbon carrier®, the individual cell producing it usually
excretesitasawaste product. Increased lactate production canbe trig-
gered by hypoxia or a so-called Warburg-like metabolism and shunts
carbonunits away from the Krebs cycle and oxidative phosphorylation.
We thus utilized isotopically labeled lactate as a proxy for diminished
Krebs cycle activity and lactagenic metabolism and isotopically labeled
malate as a proxy forincreased Krebs cycle activity in [*C¢]glucose- or
[®Cs]glutamine-infused tumors. By binarizing the ion images for the
predominant proxy compound after maximal intensity normalization,
a clear association of increased Krebs cycle activity with the WM"e"
clone was observed (Fig. 3c,d and Extended Data Fig. 4e,f). Pixel-wise

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

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

As above, we sought to investigate whether increased glucose
and glutamine uptake in WM"e" areas was a cell-autonomous behav-
ior by the WM"" clones. We thus adapted our ultra-high-resolution
NanoSIMS-based correlative MSI protocol, by infusing WM™ tumors
with a mixture of [*C¢]glucose and [amide-“N]glutamine (Extended
Data Fig. 4b,c). Furthermore, we injected 5-bromodeoxyuridine
(BrdU) 3 hbefore tumor collection, thus marking cellsin S phase. This
approach allowed us to image the two WM clones via fluorescence
microscopy, while revealing cycling cells and tracing [*C Jglucose- and
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[amide-®N]glutamine-derived stable-isotope labels at subcellular reso-
lution with the NanoSIMS (Fig. 3j). Of note, we saw strong “N-labeling
innucleoli, an area of active ribosomal RNA production. This observa-
tion is consistent with the utilization of the amide nitrogen atom of
glutaminein nucleotide biosynthesis. Conversely, glucose had a higher
share of ®C-labeling detected in the cytosolic compartment, which is
consistent withits role as a global carbon donor. Notably, WM"e" cells
overall had a significantly higher amount of label incorporation from
both glucose and glutamine compared to WM™ cells, even in tightly
intermingled tumor regions, arguing for a cell-autonomous effect of
increased label uptake due to MYC activity (Fig. 3k,| and Extended Data
Fig. 4i,j). This effect persisted, even when BrdU-positive cells, which
have a particularly highamount of label incorporation due to the bio-
synthetic needs of S phase, were removed from the analysis, arguing
for a MYC effect irrespective of the acute cell cycle status of the cells
(Extended Data Fig. 4k,I). Overall, we conclude that heightened MYC
activity increases PA uptake and metabolism, thus facilitating amore
active Krebs cycle and metabolite uptake, inacell-autonomous fashion.

Depriving tumors of pantothenic acid reduces
growth

The main downstream function of PAis mediated via CoA, although it
is also used as a prosthetic group in fatty acid biosynthesis. To estab-
lish the requirement of PA and CoA for efficient tumor cell growth,
we starved 4T1 mammary tumor cells of PA, which halted their pro-
liferation and led to metabolite accumulation upstream of reactions
involving CoA, as well as signs of cellular stress (Fig. 4a and Extended
DataFig.5a,b). Notably, we could rescue this phenotype promptly, by
supplementing the cells with CoA, highlighting the need for CoA asa
downstream product of PA metabolism to sustain cell growth.

Giventhese observations, we wondered whether we could exploit
therapeutically the reliance of tumor cells on this pathway. To reduce
their systemic PA levels, mice bearing triple-negative breast cancer
PDXs (HCI002, MYC high)* or WM™* tumors were fed a PA-free or
control diet from 5 weeks before tumor implantation until tumor
collection (Fig. 4b). The mice tolerated this treatment well (Extended
Data Fig. 5¢) and it significantly reduced tumoral PA levels (Fig. 4¢).
Notably, this coincided with a significant reduction in tumor growth
and cell proliferation in both the HCI002 PDXs as well as in either
clonal populations of the WM™ tumors (Fig. 4d,e and Extended Data
Fig. 5d,e). Note that under control diet conditions, WM"€" clones in
WM™ tumors have astrong tendency toward increased proliferation,
but this growth advantage is lost in the absence of PA (Extended Data
Fig. 5e)'®. Last, in the HCIO02 tumors, PA deprivation also coincided
withanincreasein cell death (Fig.4j and Extended DataFig. 5f). Efficient
tumor growth thus requires sufficient PA supply.

To understand how PA deprivation was affecting tumor metabo-
lism, HCIO02 tumors from PA-free diet or control diet-fed mice were
analyzed via LC-MS after a [*C¢]glucose infusion. As expected, in the
case of the HCI002 PDXs on a PA-free diet, the amount of free CoA, as
wellas*C-labeled acetyl-CoA, was significantly reduced (Fig. 4f,g). This
was not the case in the WM™ tumors (Extended Data Fig. 5g,h). This
notwithstanding, inboth tumor models the majority of glycolyticinter-
mediates, Krebs cycle intermediates, both essentialand non-essential
amino acids and nucleotides were decreased when mice were fed a
PA-free diet (Fig. 4h and Extended Data Fig. 5i,k), although, mirroring
the CoA levels, this effect was more prominent in the PDXs compared
to WM™, Isotope tracing of [*C¢]glucose revealed that total label
incorporationinto most compounds from central carbon metabolism
was significantly reduced; however, *C fractional enrichment did not
change inthe majority of metabolites, suggesting that tumor cells from
mice on a PA-free diet do not compensate for their reduced capacity
of glucose uptake and catabolism by metabolizing alternative com-
pounds, but rather reduce the overall pool size of metabolites, retaining
similar relative fluxes between glucose and other contributing carbon

sources (Fig. 4i and Extended Data Fig. 5j,1). Comparing the apolar
fraction of these tumors, revealed that the slower growing tumors
propagated under PA-free conditions showed a larger pool of storage
lipidssuchasdiglycerides and triglycerides (Extended Data Fig. 5m,n).

Next, we sought to establish the adaptationsin cellular signaling
following PA deprivation. Of note, the PDX tumors displayed a slight
reductioninc-MYC, butarobust reduction of the mTOR signaling path-
way, an indicator for nutrient availability, as exemplified by reduced
phosphorylation of its downstream targets p70S6K as well as S6K
(Fig.4j). Thisstrongly implies thatasaresult of reduced PAin the diet,
tumor cells signal a state of nutrient scarcity, which feeds back onto this
central signaling axis. Consistent with reduced levels of many amino
acidsunder PA-free conditions, ATF4,aknown regulator of amino acid
biosynthesis, was significantly reduced. ATF4 isadownstreamtarget of
mTORsignaling, the reduction of which might explain this observation
(Fig. 4j)**. Consistent with a decreased glycolytic flux, the levels of the
first enzyme of glycolysis, hexokinase (HK2), were reduced in PA-free
tumors. Long-chain fatty acid CoA ligase, ACSL1, which is involved in
both -oxidation and fatty acid biosynthesis, behaved inversely and
increased significantly under PA-free conditions, strengthening the
notion that some of the carbon units from glucose are being diverted
toward fatty acids. Notably, the expression of PDHEI, a component
for the pyruvate dehydrogenase complex that shunts pyruvate into
the Krebs cycle, was unchanged, indicating that flux regulation may
precede this final step of glycolysis.

We thus sought to gain mechanistic insights into the ability of Myc
to enhance PA uptakeina cell-autonomous manner. PAis transported
into cells alongside biotin and a-lipoic acid by the multivitamin trans-
porter SLC5A6 (also known as SMVT)*. We investigated the levels of
SLC5A6 protein and messenger RNA in WM tumors and PDXs (protein
only), where we saw a strong correlation between the transporter
expression and MYC (Fig. 4k,| and Extended Data Fig. 6a). Consistent
with increased PA catabolism, WM"e" tumors have higher levels of
pantothenic acid kinase 2 (PANK2) and aminoadipate-semialdehyde
dehydrogenase-phosphopantetheinyl transferase (AASDHPPT), an
enzyme that transfers a phosphopantetheine from CoA onto the acyl
carrier domain of FASN (Fig. 4k). We confirmed that SLC5A6 expres-
sion is regulated cell-autonomously by MYC in a MYC-inducible cell
line system, in which ectopic MYC expression is induced by doxycy-
clinetreatmentin 67NR murine mammary gland tumor cells™®. Ectopic
MYC expression led to increased expression of SLC5A6 at both gene
and protein levels (Extended Data Fig. 6b,c). Finally, the analyses of
publicly available Chip-seq data®* revealed MYC binding to E-boxes
inthe Slc5a6 promoter region (Extended Data Fig. 6d) confirming the
direct transcriptional regulation of Slc5a6 by MYC. Consistent with
the connection between MYC and SLC5A6 observed in the preclinical
models, we saw a clear correlation between higher grade, ER-negative
and MYCsignature-high tumors and the SLC5A6 transporter (Fig. 4m)
inthe Molecular Taxonomy of Breast Cancer International Consortium
(METABRIC) dataset of breast cancer samples”. These data prove a
direct transcriptional activation of SLC5A6 by MYC.

Last, we set out to understand whether SLC5A6 wasindeed respon-
sible for cellular PAhomeostasis and how this affected cellular metabo-
lism and growth potential. The 4T1 cells and 67NR cells are sister cell
lines from the same spontaneous murine breast cancer. The former
has higher levels of both MYC and SLC5A6 compared to the latter
(Extended Data Fig. 6e). We had previously noted that unlike the 4T1
cells under PA deprivation, the 67NR cells under the same condition
did not promptly react with growth retardation and did not have pro-
found changes in cellular metabolism (Fig. 4a,n and Extended Data
Fig. 6h). We thus over-expressed SLC5A6 in these cells (Extended
DataFig. 6f). The baseline levels of PA were drastically increased, and
the rapid uptake of a stable-isotope-labeled PA concomitant with a
reduction of the unlabeled counterpart proved that this poolis highly
dynamic (Extended Data Fig. 6g). SLC5A6 thus governs intracellular
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Fig.3|Pantothenic acid correlates with areas of high MYC and anticorrelates
with lactagenic metabolism. a,b, DEFFl analysis of label incorporation into
selected metabolites of WM tumors post infusion with [*C;]glutamine (a) or
[*C,]glucose stripped for the natural abundance (b). ¢,d, Schematic of possible
routes of *C label incorporation after [*C,]glucose (c), or [*C;]glutamine (d)
infusion (top). Post-DEFFI fluorescent microscopy of WM™* tumors (bottom).
Binarized representation of the labeled proxy compounds (lactate M+3
isotopologue for lactagenic metabolism and malate M+1isotopologue for
increased Krebs cycle) showing Krebs cycle activity corresponds with higher PA
and WM"" areas (bottom). e,f, Dendrogram clustering between indicated proxy
compounds and PAin [*C¢]glucose (e) or [°C;]glutamine (f) infused tumors
show a correlation for Krebs cycle proxies and no correlation with lactate. g-i,
Binarized images for glutamate M+5 isotopologue and lactate M+3 isotopologue

(g) insix human PDXs shows less labeled lactate in areas of increased PA (h), with
apositive correlation of PA with the former and no correlation with the latter (i).
Binarized images were generated as above (two biological replicates from six
PDXs were imaged).j, Correlative fluorescence microscopy, EM and NanoSIMS
analysis after injection of BrDu, [*C4]glucose and [amide-*N]glutamine. More
labelis detected in WM"e" compared to WM"". k I, Cell-wise quantification of
B3C/2C and “N/*N ratios in WM™* tumors. The data represent one biological
replicate, two further are displayed in Extended Data Fig. 4i,j (P=5.24 x 1077 (k);
P=3.25x1075(I)). All box-and-whisker plots represent the following: line, median;
box, IQR; whiskers, 1.5 x IQR limited by largest/smallest NEV. Significance was
calculated with anunpaired two-tailed ¢-test. Pvalues are represented by *<0.05,
*0.001, ***<0.0001, ***<0.00001. Note that fluorescence images from WM™ are
depictedinbothaand c,and b and d for better readability.
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PA levels and can act as a bottleneck for PA import. Of note, SLC5A6
over-expressing cells had an increased proliferative capacity under
PAreplete conditions, butbecame dependent on PA, asits withdrawal
inhibited their proliferation below the baseline of the control cells
(Fig. 4n). Furthermore, their metabolism now responded to PA with-
drawal similarly tothe 4T1cells (Extended DataFigs. 5aand 6h), arguing
forametabolic adaptation to high PAlevels. To see whether these obser-
vations could be reproduced in vivo, we orthotopically transplanted
two clones of the SLC5A6 over-expressing 67NR cells into Balb/c mice.
Both clones initially grew faster, with one clone reaching statistical
significance and the other one showing a strong trend (Fig. 40), but
this growth advantage was lost as the tumors reached around 1.5 cm?®
in size. These results are consistent with the notion that at the onset
of tumor growth, proliferationis the main driver in size gain, whereas
later the establishment of a supportive microenvironment becomes
more important. Indeed, all tumors showed widespread necrosis at
the time of collection, arguing for insufficient support by the micro-
environment. Last, we measured the levels of PA as well as the uptake
of labeled [*C;,®N]PA in the tumors and saw a significant increase in
both, showing that also in vivo SLC5A6 governs intracellular PA levels
(Extended Data Fig. 6i).

Discussion

Insummary, we have shown that MYCincreased PA levels within tumors
throughdirect upregulation of the transporter SLC5A6 and that thisis
required to underpin the proliferative and biosynthetic programs of
MYC (Extended Data Fig. 7). The need for such metabolic programsin
tumors represents a tractable metabolic vulnerability.

Some historical data had noted the effect of PA on tumor growth’s;
our study, however, provides a functional link between high MYC
expression, PA and downstream Krebs cycle activity. This is particu-
larly pertinent, as vitamin supplementationis usually given to patients
with cancer to counterbalance vitamin deficiencies caused by the side
effects of chemotherapy on the gastrointestinal tract; however, our
work as well as recent work from other groups®, show that under cer-
tain circumstances reducing vitamin availability to the tumor either by
nutrient deprivation or possibly by blocking the cognate transporter
might beadvantageous. A very recent study has shown that a PI3K-Akt
axis governs CoA biosynthesis from PA. Combined with our data, this
represents aninstance of metabolic oncogene cooperation, where MYC
provides the cell with the ability to import the starting material (PA),
whereas PI3K enhances downstream biosynthesis, in this case CoA*.

Of note, another recent study suggests that anti-tumorigenic
T cells require high levels of CoA*. In our study we cannot account
for T cell activity, as most of our models needed to be on animmuno-
compromised background to avoid rejection. T cells engage a very
proliferative and biosynthetic metabolism once activated and are likely

toengage asimilar metabolic adaptation as the MYC-high tumor cells.
Itis thus an enticing thought that competition for the same nutrients
might, in part, explain the lack of a therapeutic effect underimmuno-
therapy. Consequently, being able to stratify based on known meta-
bolicdependencies, and being able to predict antagonistic metabolic
programs, will facilitate the development of bespoke therapies for
a given tumor subtype. Last, we show how the utilization of in situ
metabolomics and correlative imaging provide deeper insights into
the local tumor biology, such as the finding of reduced lactagenesis
in MYC-high tumor areas, which in turn helps to identify metabolic
requirements driven by specific oncogenic profiles and their interplay
withthe microenvironment. Deploying this technology to other tumor
systems will allow to extract more metabolic vulnerabilities that cor-
relate with subclonal mutations or specific tumor subregions and thus
lead to more targeted metabolic interventions.

Methods

Mice

Husbandry. All procedures and animal husbandry were carried out
in accordance with the UK Home Office under the Animals (Scien-
tific Procedures) Act 1986, and the Crick Animal Welfare and Ethical
Review Body, which is delivered as part of the Biological Research
Facility Strategic Oversight Committee (BRF-SOC), under project
license P609116C5. Mice were caged in individually ventilated cages,
onal2-hlight-dark cycle, at ambient temperature and a humidity of
55+10%, with food and water ad libitum. The maximum tumor size
permitted under the project license P609116C5 is 1.5 cm in diameter,
which was never exceeded.

WM tumor generation. To generate spontaneous non-recombined
tumors as a source of biclonal tumors, Rosa26-CAG-lox-STOP-
lox-MYC-ERT2/ Rosa26-mTmG/MMTV-Wntl mice were used. The
transgenes used to generate the cross were on the following back-
grounds: MMTV-Wntl, FVB/N; Rosa26-mTmG, C57BL/6) and Rosa
26-CAG-lox-STOP-lox-MYC-ERT2:Balb/c. The tumors arose spontane-
ously between 4 and 8 months of age. Once palpable, tumors were
desensitized to tamoxifen by daily intraperitoneal (i.p.) injection
(100 pl, 10 mg mI™ tamoxifen (Sigma) in olive oil with 10% ethanol).
At 1.5 mm? tumors were excised, cut into small fragments and cryo-
preserved in FBS (Gibco, A5256701, lot 2575507) with 10% dimethyl-
sulfoxide (DMSO). To generate secondary tumors, fragments were
surgically implanted into the number four fat pad of female NOD/
Scid mice ((NOD.CB17-Prkdcscid/NCrCrl) at the age of 6-8 weeks.
Once tumors were palpable, mice were treated as above. At 1.5 mm?
tumors were excised and digested in 5 ml additive-free DMEM with
1mg ml™ Collagenase/Dispase (Roche) for 1 h under shaking. Tumor
cells were suspended in high-glucose DMEM (Thermo Fisher Scientific,

Fig.4 | Tumors are dependent on pantothenic acid, whose importis
regulated by MYC through SLC5A6 expression. a, IncuCyte analysis of cell
growth of the high MYC 4T1 cells with and without PA (n = 3 technical replicates,
error bars, mean £s.e.m.; representative image of two biological replicates is
shown, Holm-Sidak method P=0.001248). b, Schematic of the experimental
setup for diet alteration. ¢, LC-MS quantification of PA in extracts from HCI002
tumors grown with and without PA (P=4.3 x107°). AU, arbitrary units.

d, Growth of orthotopically transplanted HCIO02 tumors grown with and without
PA (c,d, control, n=7; PA-free, n = 8 tumors from independent animals, mean
+s.d.,P=0.0284).e, Cell proliferation in tumors grown with and without PA
quantified as BrdU-positive cells over total cells (control/PA-free, n = 4 tumors
fromindependent animals, one section per tumor, P=0.014). f,g, LC-MS analysis
of HCIO02 tumors grown with or without PA receiving a bolus of [*C4]glucose.
CoA and acetyl-CoA (f) and labeled acetyl-CoA (g) (control, n = 7; PA-free,n=8
tumors fromindependent animals; CoA, P=0.00130; Ac-CoA, P=0.0057;
Ac-CoAM+0, P=0.054; Ac-CoAM+1, P=0.00080; Ac-CoA M+2, P=0.0013). h, Total
levels of selected metabolites from LC-MS analysis of HCIO02 tumors grown

with and without PA. i, Levels and fractional enrichment of *C-labeled selected
metabolites from LC-MS analysis of HCI002 tumors grown with and without

PA receiving abolus of [*C,]glucose. j, Western blot analysis of HCI002 tumors
grown with and without PA. K, qRT-PCR of WM"&" and WM™ tumors (WMPe",
n=6; WM, n=5; WM™, n =6 tumors from independent animals, significant
Pvaluesare2.90 x10™,0.013, 0.043, 0.010, 0.0005 and 0.006). 1 Western blot
analysis of WM tumors. m, Stratification of tumors from the METABRIC dataset.
n, IncuCyte growth analysis of the low MYC 67NR cells with ectopic expression of
SLC5A6 with and without PA (n = 3 technical replicates; error bars, mean +s.e.m.;
representative image of three biological replicates is shown). o, Tumor growth of
orthotopically transplanted 67NR cells with and without SLC5A6 over-expression
(67NR control, n =7; 67NR SLC5A6 OE C1/2, n = 6 tumors fromindependent
animals; error bars, mean +s.d.). Significance was calculated with an unpaired
two-tailed ¢-test. All box-and-whisker plots represent the following: line, median;
box, IQR; whiskers, 1.5 x IQR limited by largest/smallest NEV. Pvalues indicated by
*<0.05,**0.001, **<0.0001, ***<0.00001.
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11960044) with 2 mM glutamine and 10% FBS (Gibco, A5256701, lot
2575507). To generate WM"e" cells, Cre-expressing attenuated adeno-
virus (Ad5CMV-Cre, University of lowa, VVC-U of lowa-5) and Polybrene
(8 pg ml™), was added overnight. WM™ cells were not infected, but
otherwise treated the same. Cells were washed extensively and eGFP-
or tdTomato-positive cells were sorted with an Avalon sorter (BioRad).

Atotal of 150,000 cells were then surgically implanted into the number
four fat pad of 6-8-week-old NOD/Scid mice either as pure clonal popu-
lations or 1:1 mixtures. MYC-ER™was activated 3 d before collection by
twice-dailyi.p. injections of tamoxifen (100 ul, 10 mg ml™ tamoxifen).
Ontheday of collection, 3 hwere left between the injectionand further
procedures, to have a fully active MYC-ER™ construct. Tumors were
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collected at asize of 1.5 mm?®. Mice were injected with BrdU (100 pli.p.,
10 mg ml™ (Sigma)) 3 h before killing.

PDX tumor generation. The following previously described tumors
were propagated via surgical fragmentimplantinto 5-week-old female
NSG mice subcutaneously®: HCI002, HCI009, STG143, STG195,STG335
and STG201; at the age of 5 weeks. Tumors took 2-10 months to form
and were collected at a size of 1.5 mm?®,

Diet modifications. A PA-free diet was formulated on the basis of
a standard diet (composition is shown in Supplementary Table 2).
PA absence was verified by LC-MS analysis. The control diet had the
same composition asthe PA-free diet, but with PAadded. Toavoid any
interference with juvenile growth and puberty, diets were changed at
6 weeks of age. Diets were then introduced progressively over 4 d by
increasing the amount of the PA-free/control diet and reducing the
amounts of standard chow diet. In the meantime, tumor fragments
were implanted into other Scid mice to grow WM tumors for in vitro
recombination (WM only) and reimplantation or HCIO02 tumors for
reimplantation. Tumors were dissociated into a single-cell suspension
and 750,000 (PDX) or 150,000 (WM tumors) cells were orthotopically
implantedinto the fourth inguinal fat pad of NOD/Scid mice. Mice were
typically onaPA-free or control diet for 5 weeks before tumorimplanta-
tionand remained on the diet until the tumors were collected. Dietary
modification had no effect on mobility and responsiveness of animals
nor their weight gain.

67NR cell-derived tumor generation. The 67NR controland SLC5A6
over-expressing cells (150,000 cellsin 80% Matrigel) were transplanted
into female Balbc/C) mice at the age of 7 weeks.

Stable-isotope labeling in vivo. The following compounds were
utilized for stable-isotope labeling: [*C,]glucose, [*Ci]glutamine,
[amide-15N]glutamine and calcium pantothenate ([13C3,15N]f3-alanyl),
all from Goss Scientific. We either performed bolus injections of the
compoundsto study acute consumption or infusions, to measure the
steady-state label incorporation or repeated boluses over many days
to study label accumulation (PA ([*C,,*N]B-alanyl)). Mice were not
fasted before stable-isotope administration and all experiments were
performedin the early afternoon.

Boluses were performed as previously described”. Stable-
isotope-labeled compounds were diluted insaline and injected intrave-
nously (i.v.) into the tail vein of the mice. [*C,]glucose was administered
inasingle bolus of 0.4 mg g™ body weight in approximately 100 pl final
volume. [*C;]glutamine has limited solubility and was thus adminis-
teredintwo boluses 15 minapart for a totalamount of 0.34 mg g 'body
weight. Inboth cases, 15 min after the last injection, tissues and blood
were collected. Tumors and control tissues were swiftly excised and
either snap-frozeninliquid nitrogen or fixed. Blood was extracted by
cardiac puncture and serum was separated for metabolite analyses.

In the case of PA ([*C,,"*N]B-alanyl), when used in mice to label
WM tumors for NanoSIMS analysis 100-ul boluses of 3 mg mI™ PA
were administered during five consecutive days. Tumor collection
was performed 5 h after the last administration. Conversely, in the
mice transplanted with 67NR SLC over-expressing and control cells, a
single bolus of PA ([**C,,*N]B-alanyl) at 0.086 mg g ' body weight was
administered 15 min before tumor collection.

Infusions of isotopically labeled nutrients were performed under
general anesthesia (isoflurane) using an Aladdin AL-1000 pump (World
Precision Instruments) following previously published protocols*.
For[®C,lglucose, mice received a bolus of 0.4 mg g body weight, fol-
lowed by a 0.012 mg g body weight per minute infusion for 3 h. For
glutamine-derived stable-isotope infusions, mice received a bolus of
0.187 mg g ' body weight, followed by a 0.005 mg g body weight per
min infusion for 3 h. For co-infusion of [*C¢]glucose and [amide-"*N]

glutamine, a solution of 40 mg mi glutamine and 96 mg ml™ glucose
was prepared and mice received a bolus of 0.187 mg of glutamine and
0.442 mg glucose per gram of body weight. This was followed by an
infusion of 0.005 mg glutamine and 0.012 mg glucose per gram of
body weight per minute during 3 h. At the end of the infusion, tissue
and blood were obtained as described for the boluses.

Where indicated, mice were injected with BrdU (100 pl i.p.,
10 mg ml™ (Sigma)) 3 hbeforekilling.

Celllines and culture conditions

The 4T1 and 67NR mouse mammary gland tumor cell lines were
obtained fromthe Francis Crick Institute cell culture facility and were
described previously. The 67NR-tet-cMYC-IRES-eGFP cells were
described previously's*,

The cell lines were authenticated using a standard protocol for
identification of mouse cell lines using short tandem-repeat profiling.
The profileis compared back to any available on commercial cellbanks
(such as ATCC and Cellosaurus). The species is confirmed by using a
primer system, based on the Cytochrome C Oxidase Subunit 1 gene
from mitochondria.

Cellswere cultured in high-glucose DMEM (Thermo Fisher Scien-
tific, 11960044) with 2 mM glutamine and 10% FBS (Gibco, A5256701,
lot 2575507). Deviations are mentioned under the respective methods.

For in vitro PA uptake assays, cells were cultured in DMEM with
10 uM labeled PA ([*C,,®N]B-alanyl).

Human breast biopsies

Theinstitutional review board approved collecting all samples for this
study at Imperial College Healthcare National Health Service Trust
(Imperial College Healthcare Tissue Bank HTA license no. 12275 and
Tissue Bank sub-collection no. SUR-ZT-14-043). The REC no. (REC Wales
approval) is 17/WA/0161. All patients provided their consent to use
their samplesinthis study. Allmethods were performed according to
institutional and ethical guidelines. Patients undergoing surgery were
recruited and 12 tissue samples were taken from a range of subtypes,
whichwereidentified in the histopathology assessment (Extended Data
Table 2). Datawere only obtained on patients who had consented to the
utilization of tissue for research. Tumors had to be of a macroscopic
size 22 cmto allow for adequate research tissue without compromis-
ing the clinical diagnosis. Where feasible, tissue was provided from
the center of the tumor from non-necrotic areas. Upon collection, all
tissue samples were stored at =80 °C.

Metabolite extraction and analysis
Metabolite extraction. Snap-frozen tumors were ground with aliquid
nitrogen-cooled mortar and pestle and subsequently lyophilized over-
nightinaFreeZone4.5Freeze Dry System (Labconco). Metabolites were
extracted following published protocols**. Then, 5-10 mg of dried pow-
der was weighed and extracted with 1.8 ml 2:1 chloroform:methanol.
First, 0.6 ml methanol containing scyllo-inositol (10 nmol) and
[®C,-"N]valine (5 uM final) as internal standards was added. This
was followed by 1.2 ml chloroform containing margaric acid (C17:0,
10-20 pg). Samples were vortexed thoroughly and sonicated three
times (8 min each) in a sonication bath at 4 °C. Samples were sub-
sequently spun at 18,000g for 20 min and the supernatants were
vacuum-dried in a rotational vacuum concentrator RVC 2-33
CD (Christ). Pellets were extracted with a methanol:water solu-
tion (2:1v/v) as above and the two supernatants were combined
and dried. Phase separation was performed with a 1:3:3 solution of
chloroform:methanol:water. Polar (containing polar metabolites) and
apolar (containinglipids) phases were stored separately at —-80 °C until
further processing. For the analysis of metabolitesinblood, 5 pl serum
was processed as above, without vortexing and sonication.

For invitro assays, cells were plated in triplicate in six-well plates
(250,000 cells per well) and cultured overnight before changing the
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medium to the indicated experimental conditions. At collection,
cells were washed with PBS and snap-frozen. Subsequently, cells were
scraped in 0.75 ml methanol, 0.25 ml chloroform and 0.25 ml water
containing1 nmolscyllo-inositol as aninternal standard. Samples were
vortexed, sonicated for 3 x 8-min bursts at 4 °C and incubated over-
night at 4 °C. Samples were subsequently pelleted by centrifugation
at20,000g for 20 min at 4 °C. Phase separation was performed with a
1:3:3 solution of chloroform:methanol:water through the addition of
0.25 ml water to the supernatant. Polar and apolar phases were sepa-
rated by centrifugation at 20,000g for 5 min at 4 °C. The polar phase
was vacuum-dried in a rotational vacuum concentrator RVC 2-33 CD
(Christ) for GC-MS analysis as detailed below.

GC-MS analysis. GC-MS analysis was performed following published
protocols®. Part of the polar fraction was dried and washed twice with
methanol. The first wash contained L-Nor-leucine (1.6 nmol per sam-
ple) asarunstandard. For derivatization, metabolites were incubated
with methoximation (Sigma, 20 pul, 20 mg ml™ in pyridine) overnight
followed by trimethylsilylation (20 pl N,O-bis(trimethylsilyl)trif-
luoroacetamide reagent (BSTFA) containing 1% trimethylchlorosilane
(TMCS), Thermo Fisher). Samples were then analyzed using an Agilent
7890A-5975C GC-MS system. Splitless injection (injection temperature
270°C) onto a30 m+10 m x 0.25 mm DB-5MS + DG column (Agilent
J&W) was used, using helium as the carrier gas, in electron ionization
mode. The initial oven temperature was 70 °C (2 min), followed by
temperature gradients to 295 °Cat12.5 °C per min and then to 320 °C
at 25 °C per min (held for 3 min). Under these conditions, glutamine
and glutamicacid can spontaneously cyclize to pyroglutamicacid. The
latter was thus used to assess glutamine levels in the tissue samples or
plasma extracts, due toits preponderantabundanceinblood. Metabo-
lites were identified based on a mix of authentic standards, using the
MassHunter software (Agilent, v.10.0.368). Label incorporation was
calculated by subtracting the natural abundance of stable isotopes
from the observed amounts™*. Briefly, The level of enrichment of
individual isotopologs (m+x) of metabolites was estimated as the per-
centage of the metabolite pool containing x *C atoms after correction
for natural abundance:

Cm + x - % 100%

Enrichment of m + xx =
Cm+0+Cm+1...+Cm+i

The percentage carbons enriched for a metabolite with iisotopologs
was calculated by:

1 m+2

13Cmet=mi= +2 .+im-.'-1

i - i

LC-MS analysis. LC-MS analysis of the polar extracts was carried
out following published protocols*®. Samples were injected into a
Dionex UltiMate LC system (Thermo Scientific) with a ZIC-pHILIC
(150 mm x 4.6 mm, 5-pum particle) column (Merck Sequant). Solvent B
was acetonitrile (Optima HPLC grade, Sigma-Aldrich) and solvent
A was 20 mM ammonium carbonate in water (Optima HPLC grade,
Sigma-Aldrich). A15-min elution gradient of 80% solvent A to 20% sol-
vent Bwas used, followed by a5 min wash of 95:5 solvent A to solvent B
and 5 min re-equilibration. Other parameters were a flow rate of
300 pl min™; column temperature of 25 °C; injection volume of 10 pl;
and autosampler temperature of 4 °C. MS was performed with posi-
tive/negative polarity switching using an Q Exactive Orbitrap (Thermo
Scientific) with a HESI Il probe. MS parameters were spray voltage of
3.5kVand 3.2 kVfor positive and negative modes, respectively; probe
temperature of 320 °C; sheath and auxiliary gases were 30 and 5 AU,
respectively; full scan range was 70 to 1050 m/z with settings of auto
gain control (AGC) target and resolution as Balanced and High (3 x 10°
and 70,000), respectively. Datawere recorded using Xcalibur software

(Thermo Scientific), v.3.0.63. Mass calibration was performed for
both ESI polarities before analysis using the standard Thermo Sci-
entific Calmix solution. To enhance calibration stability, lock-mass
correction was also applied to each analytical run using ubiquitous
low-mass contaminants. Quality control samples were prepared by
pooling equal volumes of each sample and analyzed throughout the
runto provide ameasurement of the stability and performance of the
system. To confirm the identification ofimportant features, some qual-
ity control samples were runin data-dependent top-N (ddMS2-top-N)
mode, with acquisition parameters as follows: resolution of 17,500;
AGC target under 2 x 10%; isolation window of m/z 0.4; and stepped
collision energy 10, 20 and 30 in high-energy collisional dissociation
mode. Qualitative and quantitative analysis was performed using Free
Stylev.1.5and Tracefinder v.4.1software (Thermo Scientific) according
to the manufacturer’s workflows. For putative annotation, a CEU Mass
Mediator tool was employed*’.

LC-MS analysis of the apolar extracts was carried out fol-
lowing published protocols*:. Lipids were separated by inject-
ing 10-pl aliquots onto a 2.1 x 100 mm, 1.8-um C18 Zorbax Eclipse
plus column (Agilent) using a Dionex UltiMate 3000 LC system
(Thermo Scientific). Solvent A was 10 mM ammonium formate in
water (Optima HPLC grade, Fisher Chemical) and solvent B was
water:acetonitrile:isopropanol, 5:20:75 (v/v/v) with 10 mM ammo-
nium formate (Optima HPLC grade, Fisher Chemical). A 20-min elu-
tion gradient of 45% to 100% solvent B was used, followed by a 5 min
wash of 100% solvent B and 3 minre-equilibration. Other parameters
were a flow rate of 600 pl min™; a column temperature of 60 °C; and
an autosampler temperature of 10 °C. MS was performed with posi-
tive/negative polarity switching using a Q Exactive Orbitrap (Thermo
Scientific) with a HESI Il probe. MS parameters were a spray voltage
of 3.5kV and 2.5 kV for positive and negative modes, respectively; a
probe temperature of 275 °C; sheathand auxiliary gases were 55and 15
arbitrary units, respectively; full scan range was 150 to 2,000 m/z with
settings of AGC target and resolution as Balanced and High (3 x 106
and 70,000), respectively. Data were recorded using Xcalibur soft-
ware (Thermo Scientific), v.3.0.63. Mass calibration was performed
for both ESI polarities before analysis using the standard Thermo
Scientific Calmix solution. To enhance calibration stability, lock-mass
correction was also applied to each analytical run using ubiquitous
low-mass contaminants. To confirm the identification of significant
features, pooled quality control samples were runin data-dependent
top-N (ddMS2-top-N) mode, with acquisition parameters of mass
resolution of 17,500; AGC target under 2 x 105; isolation window of
m/z 0.4; and stepped collision energy 0of 10,20 and 30 in high-energy
collisional dissociation mode. Qualitative and quantitative analyses
were performed using Free Style v.1.5 (Thermo Scientific), Progenesis
QI v.2.4.6911.27652 (Nonlinear Dynamics) and LipidMatch v.2.02
(Innovative Omics)*’. Radial plot representations were performed in
R (v.3.6.2) using the R package volcano3D v.2.08 (ref. 50).

For the detection of CoA-SH and acetyl-CoA we used an Agi-
lent 1200 LC system equipped with an Agilent Poroshell 120 EC-C18,
2.7 um, 4.6 x 50 mm columnwas used. Then, 10 pl cleared samples were
injected onthe column. Mobile phase Awas 40 mM ammoniumformate
atpH 6.8 and mobile phase Bwas LC-MS grade acetonitrile. Metabolites
were separated at a flow rate 0.5 ml min™, using the following elution
conditions: 0-1min, 2% B;1-10 min, 2-98% B; and 10-12 min, 98% B. An
Agilent accurate mass 6230 time-of-flight apparatus was employed.
Dynamic mass axis calibration was achieved by continuous infusion
of areference mass solution using an isocratic pump connected to a
dual Agilent Jet Stream ESIsource, operated in the positive-ion mode.
ESI capillary, nozzle and fragmentor voltages were set at 3,000V,
2,000 Vand110 YV, respectively. The nebulizer pressure was set at 40 psi
and the nitrogen drying gas flow rate was set at 10 | min™’. The drying
gas temperature was maintained at 200 °C. The sheath gas tempera-
ture and flow rate were 350 °C and 111 min™.. The MS acquisition rate
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was 1.0 spectra s and m/z data ranging from 50-1,200 were stored.
The instrument routinely enabled accurate mass spectral meas-
urements with an error of <5 ppm. Data were collected in the 2 GHz
(extended dynamic range) mode and stored in centroid format.

Western blot

Westernblots were run using standard protocols for non-native protein
detection. The following antibodies were used: MYC: AbCam, ab32072,
1:1,000 dilution; SLC5A6: Proteintech 26407-1-AP, 1:1,000 dilution;
actin: Merck A3854 (HRP coupled), 1:25,000 dilution; cleaved caspase
3, Cell Signaling cat.no.9664,1:1,000 dilution; ATF4: AbCam, ab23760,
1:1,000 dilution; PDHE1: AbCam ab110330, 1:1,000 dilution; p70S6K:
Cell Signaling, cat. no. 9202, 1:1,000 dilution; p-p70S6K: Cell Signal-
ing, cat.no. 9234, 1:1,000; p-Sé: Cell Signaling, cat. no. 4834s,1:1,000
dilution; Sék: Cell Signaling, cat. no. 2217, 1:1,000 dilution; HK2: Cell
Signaling, cat.no.2867S,1:1,000 dilution; AcSL1: Cell Signaling, cat. no.
4047,1:1,000 dilution; p-PERK (Thr980): Cell Signaling, cat. no. 3179,
1:1,000 dilution; PERK: Cell Signaling, cat. no. 3192, 1:1,000 dilution;
p-elF2a (Ser51): Cell Signaling, cat. no. 3398, 1:1,000 dilution; elF2a:
Cell Signaling, cat.no. 5324,1:1,000 dilution. The secondary antibodies
were anti-rabbit-HRP, GE Healthcare, cat. no.NA934-1ML, 1:7,500 dilu-
tion; and anti-mouse-HRP, Invitrogen, cat. no. 62-6520,1:7,500 dilution.

RNA extraction and quantitative PCR
The 67NR-tet-cMYC cells were plated at 1.5 x 10° cells in a six-well plate
and cultured overnight before induction of MYC with doxycycline
for 24 h. Cells were collected in TRIzol (Thermo Fisher). Similarly,
3 mgtumor tissue was homogenized in TRIzol. Total cellular RNA was
extracted according to the manufacturer’sinstructions. Subsequently,
RNA was treated with DNase (Thermo Fisher, ENO525) and 1 pg RNA
was incubated with 0.5 pM random primers. Complementary DNA
was generated using Superscript Il Reverse Transcriptase (Invitrogen,
18080044) and treatment with RNase OUT (Invitrogen, 10777019)
according to the manufacturer’sinstructions. Quantitative PCR reac-
tions were performedina ViiA 7 Real-Time PCR System (Thermo Fisher).
PCR reactions were performed using Applied Biosystems Power SYBR
Green PCR Master Mix (Thermo Fisher) in 10-pl reactions containing
5 pmolforward and reverse primer at 200 ng of cDNA. PCR conditions
were an initial denaturation and polymerase activation for 10 min at
95 °C, followed by 40 cycles of 15s and 95 °C and 60 s at 60 °C. These
amplification cycles were followed by a melt-curve denaturation. Fold
change and absolute abundance were determined using the 22T and
2*Tmethods, respectively.

Primer sequences were designed using NCBI-PrimerBLAST:

¢-MYC: (F) 5-CCTTCTCTCCGTCCTCGGAT-3’, (R) 5-TCTTGTTCC
TCCTCAGAGTCG-3’; Slc5aé6: (F) 5-TTCACTGGCAACTGTCACGA-3,
(R) 5’-AGATACTGAGTGCTGCCTGG-3’; PanklI: (F) 5’-AAGAACAGGC
CGCCATTCC-3, (R) 5’-CTGCCGTGATATCCTTCGT-3"; Pank2: (F) 5-TCA
CAGGCACCAGTCTTGGA-3, (R) 5-CCTGGCAAGCCAAACCTCT-3";
Ppcdc: (F) 5’-CGTGCGTGTTGAGGTCATAG-3, (R) 5’- GCCTGGGTCTA
GAATCTGTCA-3"; Aasdhppt: (F) 5-AAAGGGAAAGCCGGTTCTTG-3/,
(R) 5-ATTGAACCACGACCTGGAAA-3’; Slc1aS: (F) 5’-GCCTTCCGCT
CTTTTGCTAC-3, (R) 5-GACGATAGCGAAGACCACCA-3’,

SLC5A6 exogenous: (F) TGGGCTGCTGTTACTTCCTG, (R) CACC
CTCACGGTCTTGTTGA,

The sequence for primers for Slc38al were obtained from
Bian et al.”": (F) 5"-TACCAGAGCACAGGCGACATTC-3’, (R) 5-ATGG
CGGCACAGGTGGAACTTT-3".

Cloning

Using Gateway cloning (Invitrogen, Thermo Fisher), SLC5A6
(pDONR221_SLC5A6 was a gift from the RESOLUTE Consortium and
G. Superti-Furga (Addgene plasmid #132194)) was inserted into the
retroviral plasmid, pBabe-Puro (pBABE-Puro-gateway was a gift from
M. Meyerson (Addgene plasmid #51070)).

Retroviral gene transfer

Phoenix-AMPHO cells were seeded at 1.0 x 106 cells in 6-cm plates and
cultured overnight. Cells were subsequently transfected with 2 pg
pBabe-SLC5A6 plasmid using PEI. After 16 h, the medium was replaced
with 5 mI DMEM +10% FBS and cells were cultured for an additional
48 h before collection of virus-containing supernatant. The superna-
tant was centrifuged at1,000g for 5 min at4 °C and filtered through a
0.45-um syringe filter. Before transduction, 67NR cells were grown to
80% confluency and treated with 8 ng ml™” Polybrene before infection
with 0.5 mlvirus-containing medium. After 24 h of transduction, cells
were replated with3 mg ml™ puromycin for 72 h and maintained in the
culture mediumat1pg mi™

Growth curves

Cells were washed with PBS before seeding atindicated confluencyin
high-glucose DMEM (custom made at the Francis Crick Institute) with
10% dialyzed FBS*? with or without 10 uM D-calcium pantothenate
(Sigma, P5155) in 48-well plates. Cells cultured in the absence of panto-
thenate were cultured with or without Coenzyme A Trilithium Salt (EMD
Millipore, 234101) at the indicated concentrations. Cells wereimaged
recurrently with the Incucyte S3 Live Cell Analysis System and conflu-
ency was measured using the Incucyte S3 Software (Sartorius) v.2021C.

Sample preparation and DEFFI-MSI

Snap-frozen tumors were mounted onto cryosectioning chucks with
afreezing drop of ice. The tumors were sectioned individually into
10-umslices at -21 °C and thaw-mounted onto SuperFrost glass slides
of 75 mm x 25 mm (Thermo Fisher Scientific). Sections were dried with
aflowof nitrogen, placed inslide boxes and vacuum packed. They were
stored at —80 °C until they were used for analysis. One set of PDXs was
instead embedded in hydroxypropyl-methylcellulose (40-60 cP,2%in
H,0) and polyvinylpyrrolidone (average molecular weight 360,000) 7.5
and 2.5 g, respectively in 100 ml H,0 and cryosectioned™. The down-
stream processing was as described above.

For human breast cancer biopsies each sample was cryosectioned
into10-pum thick parallel sections using a Cryostat Leica CM 1950 (Leica)
set to 27 °C in the chamber and -25 °C in the sample holder. Tissue
sections were put onto SuperFrost plus glass slides (Thermo Fisher
Scientific). The slides were vacuum packed and stored at —80 °C until
DEFFI-MSI analysis.

Imaging was carried out on the DESIimaging source (Prosolia) con-
sisting of atwo-dimensional sample holder moving stage coupledtoa
XEVO G2-XS QToF (Waters CorporationA), with theionblock tempera-
ture set at 150 °C. The DESI sprayer was converted to a DEFFI sprayer
according to Wu et al. *° by pulling the solvent capillary inwards®.
A custom-built inlet capillary was heated up to 500 °C to assist the
desolvation of secondary droplets. All images were acquired using
HDImaging v.1.4 software in combination with MassLynx v.4.1 (Waters
Corporation).Imaging parameters were set as follows: N, gas pressure
at 5 bar; 95:5 v/v methanol/water solvent was delivered by a nanoAc-
quity binary solvent manager (Waters Corporation) set at a flow rate
of 1.5 pl min; sprayer voltage at 4.5 kV; sprayer angle of 75°; sprayer to
surface distance of 2 mm; sprayer to inlet capillary distance of 1 mm;
sprayer inlet capillary collection angle of 10°; emitter orifice distance
of150 um; and orifice diameter of 200 um. MS parameters were set as
follows: m/z 50-1,000, one scan per second, horizontal acquisition
speed at 100 pm s~ with a lateral resolution of 100 pm, acquired in
negative sensitivity MS mode. PA standard (100 ppm in 50:50 (v/v)
methanol:water) was spiked onto tissue and left at room temperature
for15 minto dry. DEFFI-MS/MS imaging was then performed in negative
sensitivity mode (precursorion m/zof 218.10; collision energy of 12 v;
onescan persecond; and 100 pm x 100 pm pixel size). Once acquisition
was finished, all tissue sections were stored at —80 °C before staining.

After DEFFI acquisitions, samples were rehydrated. For WM
tumors, the slides were immediately cover-slipped and fluorescence
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was imaged on an Olympus VC120 slide scanner. PDX samples were
alsorehydrated and fixed for 10 minin 4% PFA. Staining was performed
following standard IHC protocols.

DEFFI image analysis. DEFFI-MSI peaks used for the statistical mod-
eling were extracted from the raw spectra. As a first step, peaks were
centroided using the method described by Inglese et al.>. To include
possible shoulder peaks, we selected those with aprominence greater
than five. Peaks prominences were estimated using the ‘find_peaks’
function available in the Scipy package v.1.6.3 for Python®*. A first
intra-run peak matching was performed using MALDIquant v.1.19.3
(ref. 55) relaxed method with asearch window of 50 ppm. This allowed
SPUTNIK spatial filtering to remove signals that were detected outside
the tissue or were associated with scattered images (number of
eight-connected pixels <9) (ref. 56). Subsequently to the peak filtering,
all non-tissue pixels were discarded. The filtered tissue peaks were
mapped back to their original raw m/z values and mass recalibrated
using the method described by Inglese et al.*>. The recalibrated
intra-run peaks were therefore matched using MALDIquant v.1.19.3
relaxed method. Matching of tissue peaks was performed with asearch
window of 50 ppm. If more than one peak was found in the search
windows inthe same spectrum, only the one with the highest intensity
was retrieved. After this step, each run was assigned a set of common
masses. To match the peak masses among different runs, for each
DEFFI-MSIrunreR, arepresentative list of peaks was calculated as the
set of ordered pairs X,={(m/z,,, Y,,,): peP, }, where Y, , = Zﬁvzly,-,,,,,/N is
the arithmetic mean of the pixel-wise intensities y;,. of the peak p with
mass-to-charge ratio m/z,, and P, is the set of common m/z values of
the runr. The m/z values of the representative peaks lists of all R runs
X' ={X, X,,.... Xz} were matched together using the MALDIquant v.1.19.3
relaxed method with a tolerance of 20 ppm to generate a set P’ of
inter-run common m/zvalues. Thus, this set of masses was common to
allruns. The set ofinter-run common m/zvalues was therefore filtered
using a consensus approach. We removed all peaks p’eP’ if the corre-
sponding mean intensity ¥, ,was equal to zeroinat least one runreRr.
Finalintensity matrices were median-scaling normalized (using median
ofnon-zerointensities) and batch-effect corrected using ComBat (from
SVA package v.3.34.0)*, with the batch equal to the acquisition run.

WGCNA.1.70-3 (ref. 58) was employed to determine a consensus
metabolic network following a similar approach described by Inglese
et al.?. Only spectra corresponding to WM"" and WM'" tumors, not
WM™ were used to estimate the network. Signed hybrid*® adjacencies,
corresponding to the only positive Pearson’s correlations between
all pairs of features, were calculated from the individual runs, using
a consensus soft power equal to the smallest value corresponding to
an R*> 0.85 across all runs. Tested values for the soft power ranged
from 1to 20. The adjacencies were subsequently normalized using
the ‘single quantile’ method available in the WGCNA v.1.70-3 package
for R, with the reference quantile set equal to 0.95 and combined into
a consensus adjacency. Each element of the consensus adjacency
matrix corresponded to the minimum adjacency value across theruns.

The consensus topological overlap matrix*>°, estimated from
the consensus adjacency, was used to determine the network modules
through hierarchical clustering (average linkage).

An initial set of clusters were determined using the dynamic-
TreeCutalgorithm®, with the ‘hybrid’ algorithm and a smallest cluster
size equal to 20. Module eigenmetabolites (MEs) were calculated from
each module as the first principal-component scores of the merged
runs spectra, using the only module features. The scores sign was
reversed if Pearson’s correlation with the average image (calculated
assigningto each pixel the meanintensity of their peaks) was negative.
Modules with MEs correlated (Pearson’s correlation) more than 0.85
were considered identical and merged into a single module. Final MEs
were recalculated from the merged modules. Association between
modules and MYC was estimated using a linear regression model.

First, for each module, the WM"s" and WM'"" values of the ME were
binarized into ‘low-MFE’ and ‘high-ME’ using the inter-run median value
asthreshold. Then, the proportion of ‘high-ME’ was calculated within
each tissue section and used as the dependent variable of the regres-
sionmodel, whereas the binary tissue MYC condition of each pixel was
used as independent variable. Because of its proportion nature, the
dependent variable was modeled as a B-distributed (link = ‘logit’)*>*.
ME models with asignificantly different from zero slope (partial Wald
test P<0.05, Benjamini-Hochberg correction) were considered sta-
tistically associated to MYC. Finally, ME values for the WM™* spectra
were calculated projecting their module peak intensities on the cor-
responding loadings estimated from the WM"&" and WM'"" spectra.
All DEFFIsingle-ionimages were maximal intensity normalized for
individual ions within each run and scales were adjusted to values of
0-1with the color palette adjusted with thresholding intensity at the
99.9th percentile to avoid artifacts caused by outliers, unless specified.

Dendrogram for ion colocalization of labeled metabolites.
Mass-to-charge ratios (m/z) of selected metabolites were searched
in the list of inter-run matched common m/z values. Theoretical m/z
values were calculated from the deprotonated mass adding k times
the 6 m/z corresponding to the mass difference between *C and *C
(AC=1.003355m/z). The value of k varied from zero to five, where k> 0
represented theisotopic forms. Featureswithinanerror of 10 ppm from
the theoretical m/z value were considered as candidate matches. In
the case of multiple candidates, the one corresponding to the highest
mean intensity across all pixels was selected.

Matched features intensities corresponding to isotopes (k > 0)
were adjusted for the naturalisotopic abundance to estimate theinten-
sity corresponding to the only labeled metabolites. The natural isotopic
abundance was estimated from the observed raw monoisotopicinten-
sities, with the probability of observing k *C atoms, given N carbon
atoms, modeled as binomially distributed, Pr(X = k) = Binom(k, N, P),
where P=0.01109 represents the probability of observing natural *C
isotopes. Pixelintensities corresponding to the labeled *C component
were therefore calculated subtracting the estimated natural ®*C inten-
sity fromthe raw intensity of the same pixel. Negative intensities could
result from measurement errors. In these cases, we set the ®*C intensity
to zero, following the assumption that either no labeled molecules
were detected or their abundance fell below the limit of detection of
theinstrument.

Allthree runswereincludedin the calculation. Intra-run Pearson’s
correlations were estimated between the corrected intensities of the
matched features. Subsequently, an inter-run consensus correlation
matrix was calculated by taking the minimum values amongthe runs.
Only WM™ pixels were used for the calculation of the correlations.

Thenullhypothesis that consensus correlationsbetweenion pairs
is zerowas tested using a permutation test. In each of 10,000 permuta-
tions, consensus correlations were calculated after shuffling the pixel
intensities of the individual ion images. P values were calculated as
(X/: + /10,001, where/;is the indicator function, which is equal to 1if
the absolute permuted correlationis greater or equal than the original
absolute correlation, O otherwise. Pvalues of all pairwise correlations
were adjusted using the Benjamini-Hochberg method.

A hierarchical clustering, with average linkage, was employed to
partition the matched metabolites. One minus the consensus correla-
tionwas used as a distance measure. Clusters were identified by cutting
the dendrogram at the level corresponding to two clusters.

Automated segmentation and co-registration of PDX samples
and human biopsies

Levels of MYC were identified by IHC (see below) in PDX samples and
human biopsies. The IHC signal was deconvoluted using the inbuilt DAB
staining deconvolution algorithm of the QuPath software package. The
pixels devoid of any DAB staining from the deconvoluted IHC images
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were then removed by thresholding the green image channel at an
intensity of 230. The remaining pixels were subsequently assigned as
MYC positive. The image was then re-binned by a factor of 16 by sum-
ming the total number of MYC-positive pixelsinany given 16 x 16 area
using the MATLAB function ‘blockproc’ (Mathworks, image-processing
toolbox). The resulting images (the MYC percentage proportions
figures) were then clustered using the k-means clustering algorithm
using Euclidean distance and k = 2 to differentiate regions that are
high in MYC stain versus low. The binary image of the cluster that was
highest in MYC signal versus those with low and no MYC was then
extracted and registered to the MSl image. Areas of overt necrosis,
staining and processing artifacts were excluded from the analysis by
drawing masks. The masks were applied to the single-ionimages for PA
from MSl analysis as well as to the deconvoluted MYC staining before
binarization, and within each tumor the average difference of mean
levels of PA between regions of high and low MYC was assessed by a
linear mixed-effects model fitted with the ‘glmmTMB’ v.1.1.4 package
for R (random intercepts were considered for run and tissue ID). We
then plotted the observed proportions connected by aline per sample,
with a black dot representing the predicted mean of the two groups.
Theerror bars represent the confidence interval of the predictions for
the two groups (Supplementary Fig.1).

Immunohistochemistry/immunofluorescence
Immunofluorescence staining was performed against BrDU, eGFP
and Tomato using the following antibodies. BrDU (BD, 347580, 1:100
dilution); eGFP*(Abcam, ab6683,1:100 dilution); and RFP (Rockland,
600-401-379,1:500 dilution). Secondary antibodies were Alexa Fluor-
647 donkey anti-mouse, A-31571, Alexa Fluor-555 donkey anti-rabbit,
A-31572, Alexa Fluor-488 donkey anti-goat, A-11055, all at 1:500 dilu-
tion. Slides were blocked for 10 min in 4% PFA at room temperature
and rehydrated in PBS-Tween (0.1%) for 10 min. Slides were then
transferred into a citric buffer (10 mM at pH 6.0) and boiled in a
microwave for 15 min. Slides were cooled under running tap water
and blocking was performed in PBS-Tween (0.1%) with 3% BSA for
1hat room temperature. Primary antibodies were incubated over-
night, whereas secondary antibodies were incubated for1 h at room
temperature. Nuclei were stained with Hoechst (0.1 pg ml™, Sigma).
To assess proliferation in WM tumors, three visual fields per sample
were segmented by clones (WM"&" and WM'®¥) and total nuclei as
well as BrdU-positive nuclei were quantified using the cell counting
plugininImage). To assess proliferations in PA-deprived and control
HCI002 PDXs, BrdU staining was carried out as above, slides were
scanned with an Olympus VC120 slide scanner and nuclei as well
as BrdU-positive cells were quantified on the whole slide using the
Qpath cell-counting feature. IHC staining for c-MYC was carried out
onfrozensections post-DEFFIfor PDX samples and onthe consecutive
slice for human biopsies. The secondary antibody was a biotinylated
goat anti-rabbit (BA-1000, Vector, 1:250 dilution) for 45 min at room
temperature. The ABC kit (PK-6100 from Vector) was incubated for
30 min and DAB for 10 min.

NanoSIMS

Electron microscopy embedding. For NanoSIMS analysis, WM™~
tumorswere grown as described above. At 3 hbefore collection, BrdU
(100 pl, 10 mg ml™) was administered to the mice i.p. Either boluses
of stable-isotope labeled calcium pantothenate ([*C;,*N]B-alanyl) or
a co-infusion of [*C¢Jglucose and [amide-"N]glutamine were admin-
istered to the mice as described above. Once removed tumors were
fixed overnight in freshly prepared 4% paraformaldehyde in 0.1 M
phosphate buffer (PB) at pH 7.4 and stored at 4 °C. Following initial
fixation, samples were embedded in 2% low-melting-point agarose
(A4018-50G, Sigma-Aldrich) in 0.1 M PB and 150-pm sections were
collected using a vibrating knife ultramicrotome (VT1200S, Leica),
usingaspeed of 1lmm s™and anamplitude of 0.75 mm. Excess agarose

was removed from the sections and tissue was stored in a 24-well plate
in0.1MPBat4 °C.

Sectionswere then transferred onto aglass slide, cover-slippedin
PBand the wholesectionimaged inasingle plain with aconfocal micro-
scope (Leica, Falcon SP7) at x100 magnification (objective HCPL APO
CS2x10,NA 0.4). Regions of interest (ROIs) were chosen and a z-stack
of approximately 70-pumdepth at x100 magnification was imaged over
anarea of approximately 1.5 mm?Z.

Imaged sections were then removed from the glass slide and
embedded using a protocol adapted from the NCMIR method®*. Sec-
tions were post-fixed in 4% paraformaldehyde/2.5% glutaraldehyde in
0.1MPBatpH7.4forlhatroomtemperature.Samples werethenwashed
in 0.1 M PB (5 x 3 min) before being post-fixed in 2% reduced osmium
(2% osmium tetroxide/1.5% potassium ferricyanide) at 4 °C for 1 h.
Sections were washed (5 x 3 min in dH,0), stained in 1% thiocarbohy-
drazide for 20 min at room temperature, washed again (5 x 3 min in
dH,0) and stained in 2% osmium tetroxide for 30 min at room tempera-
ture. Finally, samples were washed (5 x 3 minin dH,0) before being left
overnightin1%uranylacetate at4 °C. The following day sections were
washed (5 x 3 minin dH,0) and then stained en bloc with lead aspartate
(pH5.5) for 30 min at 60 °C. After a final wash (5 x 3 min in dH,0), sec-
tions were dehydrated using agraded series of alcohol (20%, 50%, 75%,
90%,100% % 2, 20 min each) followed by infiltration with Durcupan
resin (44610-1EA, Sigma-Aldrich) (1:1resin:ethanol overnight and 100%
resin for 24 h). Sections were then flat embedded using Aclar (L4458,
Agar Scientific) and polymerized at 60 °C for 48 h.

Targeted single-section large area montaging. Polymerized sec-
tions were removed from the Aclar and blocks were prepared from the
ROI. The ROl was identified by aligning the overview x100 confocal
image of the whole section to an overview image of the now-embedded
section, acquired using a stereo microscope (MC205C stereo, DMC
4500 Camera, Leica Microsystems) in Photoshop (Adobe). The iden-
tified area was then removed from the resin with a small bit of excess
on each side using a razor blade and the excised block was mounted
on ametal pin (10-006002-50, Labtech) using silver epoxy (604057,
CW2400 adhesive, Farnell), which was polymerized at 60 °C for1h®,
The sample was removed from the oven and any excess resin and silver
epoxy was trimmed using a glass knife on an ultramicrotome (EM UC7,
Leica Microsystems). The resin block was shaped into a square with
one corner removed so that it was asymmetric, to aid in orientation of
theblockintheserial block-face (SBF) scanning electron microscope
(SEM). Finally, the block face was trimmed until the tissue was reached.
Theblock was then sputter coated with10 nm platinum (Q150S, Quo-
rum Technologies) and loaded into a3View2XP (Gatan) attached toa
Sigma VP SEM (Zeiss) with focal charge compensation (Zeiss). The SBF
SEM was used as a ‘smart trimming’ tool, allowing visual assessment
of the tissue structure during cutting until the EMimages of the block
face, collected using a BSE detector (3View detector, Gatan), matched
with the structures imaged in the x100 confocal z-stack. When the
z-plane containingthe ROl had beenreached, the sample was removed
from the SBF SEM, the block was re-trimmed using a glass knife to a
sub-area of the ROl approximately 400 pm x 200 pm and 200-nm
sections were cut from the block face using an ultramicrotome (EM
UC7, LeicaMicrosystems) and a 6-mm histo diamond knife (DiATOME).
Sections were collected onto silicon wafers (G3390, Agar Scientific)
using an eyelashand dried onahotplate at 70 °C for 10 min. Thesilicon
wafers were then mounted onto SEM stubs (10-002012-100, Labtech
Electron Microscopy) using adhesive carbon tabs (15-000412, Labtech
Electron Microscopy) and loaded into a Quanta FEG 250 SEM (Thermo
Fisher Scientific). Tiled images of the whole section were collected
using Maps software (v.1.1.8.603, Thermo Fisher Scientific) using
a low-voltage high-contrast backscattered electron detector (vCD,
Thermo Fisher Scientific). Images were collected using a voltage
of 2.5kV, a spot size of 3, a dwell time of 5 ms, a working distance of
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6 mmanda pixel resolution of 10 nm. Individual images from the tiled
sequence were exported to TIFF files and aligned into a single image
using the TrackEM2 plugin in Fiji*. Both the exported single image
andthe correspondingresinsection onasilicon wafer were then sent
to NanoSIMS for targeted analysis, where they were loaded into the
NanoSIMS (Cameca NanoSIMS 50L, Cameca/Ametek). Before analysis,
the pulse height distributions of the electron multiplier detectors were
analyzed and their voltage gains and thresholds adjusted if necessary.
They were then further examined by measuringthe C"and CN” count
rate onadjacent detectors used to measure the *C/C and *C"N/2C*N
isotope ratios. This step is imperative to measure accurate isotope
ratios. The NanoSIMS 50L has seven detectors which were then moved
to the appropriate radii in the magnetic sector with fixed magnetic
field to measure the following masses: *C, *C, ?C*N, >C"N, *'P, Br
and ®'Br. Images were typically acquired at 50 um x 50 pm field width
or25um x 25 umwith a300-um D1aperture (D1-2) to provide amosaic
correlating with regions previously analyzed by fluorescence and
scanning EM. Nono-SIMS images were acquired using Cameca Nano-
SIMS N550L software v.4.4. and were processed and quantitative data
extracted using the OpenMIMS plugin for Image).

The acquisition modes were overlaid using the BigWarp plugin
in Fiji. For better visualization, the pseudocolor look-up-table (LUT)
was changed in the [®*C,]glucose and [*N]amido-glutamine co-infused
samples.

MYCsignature in PDXs

Based on the microarray expression data from the PDXs used®*®” we
downloaded the c6 oncogenic signatures from the Molecular Signa-
tures Database®®® and applied the GSVA package, v.1.48.3 (ref. 70)
to infer sample specific MYC pathway activation. As the PDX cohort
might not represent all types of breast cancers, we included the 1,980
METABRIC samples from elswehere® and quantile-normalized them
together before converting the expression values into z scores. For
pathways that had a subset of genes that should be upregulated and
another subset that should be downregulated, the final score was
obtained as upregulated - downregulated. We compared the scores
with the log-intensity expression with a scatter-plot.

Metabolic pathway analysis

Global feature extraction was carried out using Progenesis QI (Nonlin-
ear Dynamics) tool following parameters used for the LC-MS analysis
method (FWHM, 70,000, minimum chromatographic peak width of
0.166 min, min. intensity threshold of 10°). Features with coefficient
of variationbelow <30% across replicates from at least one class of the
WMPeh WM or WM™* tumor samples were further used for untar-
geted metabolic pathway analysis using MetaboAnalyst v.5.0 (ref. 71).
A feature table consisting of 1,562 input m/z features from polar and
apolar sample analysis of both polarities were processed using the
mummichog algorithm. A feature significance cutoff of 0.05 P value
foraStudent’s t-test between WM"e" and WM'** was used and enriched
pathways were identified using Homo sapiens (KEGG) pathway library
(massaccuracy threshold of 10 ppm). For calculation of the enrichment
score for the identified pathway, the number of significant feature hits
fromindividual pathways with fold change difference higher in either
WM"e" or WM*" samples was estimated. The enrichment scoreis then
calculated with a modified mummichog algorithm by the significant
hits coming from individual sample types rather than all significant
hits and by using Fisher’s exact test Pvalue for pathway enrichment to
scale the enrichment score. Enriched pathways that consist of pathway
size >linthelibrary were retained for the analysis.

Conditional probability for ion coexpression with

WMP"e" clones

The list of metabolites associated with enriched pathways in WM"gh
tumors were compared to the DEFFI-MS data for deprotonated ions.

Conditional probabilities P (metabolite level | myclevel) were estimated
from the multi-run merged normalized and batch-effect-corrected
DEFFI data. Metabolite intensities were discretized into low, mid and
high levels by thresholding to the ¢, = 33th and ¢, = 66th percentiles
y<t=>low, t <y <t,=>mid, y > t,=high). The conditional probabili-
ties were calculated as a fraction of pixels with either low, mid or high
intensity, stratified by MYC level. Only pixels from WM™ and wM"e"
were used for the estimation. The calculated conditional probabilities
were represented as a heat map using R v.3.6.2 (ref. 72) and the Com-
plexHeatmapv.2.2.0 (ref. 73) package.

METABRIC dataset analysis

Transcript levels of SLC5A6 were evaluated in human breast cancer
samplesfromthe publicly available METABRIC microarray gene expres-
sion dataset”. Samples were subsequently annotated with molecular
subtype based on Prediction Analysis of Microarray 50 allocations™,
estrogen receptor status, grade, size, number of lymph nodes positive
and proliferation (expression of AuroraKinase A). Thereafter, samples
were ordered according to MYC signature expression (average tran-
scriptlevels of 335 genes), retrieved from a previously published core
MYC expression signature (consisting of 398 genes)”. Data analyses
were undertaken using Rv.3.6.1(ref. 72), the ComplexHeatmap v.2.2.0
(ref.73) and Circlize v.0.4.15 (ref. 76) packages.

Chip-seq

Publicly available data from Sabo et al.>* were downloaded from the
Gene Expression Omnibus repository under accession no. GSE51011.
AnE-boxrichregioninside the murine Slc5a6 promoter was identified
using the genomic sequence extracted from the Ensembl database
and the respective region was identified in the Chip-seq raw data. The
respective binding intensities of MYC to this region were plotted for
pre-tumor as well as tumor cells.

Statistics

Pairwise comparisons were generally carried out using the Student’s
t-testin Excel or using the R package ggplot2v.3.4.0 and ggpubrv.0.4.0.
Nostatistical methods were used to predetermine sample sizes but our
samplesizes are similar to those reported in previous publications'*s,

When possible, mice from the same litter were randomized into
groups. Toavoidlitter effects, different cell types (for example WM"e",
WM and WM™) were implanted into mice from different littersina
random fashion. This was also the case in all studies with diet altera-
tion. Before changing the diet, litters were mixed and randomized.
Samples were randomized for metabolomics analysis. In preclinical
model experiments, tumor size and mouse weight measurements were
blinded as well as treatment regimes. DESI/DEFFlimaging was carried
outblind and agnosticto the underlying tumor genotypes. Data analy-
ses were not performed blind to the conditions of the experiments.
Data were only excluded due to technical failure (for example over
confluence, at start of an experiment, bad melting curve in qRT-PCR).
No data were systematically excluded. Only mice with failed tumor
grafting or tumor-unrelated health issues were excluded. Mice with
failed metabolite administration due to improper cannulation and
mice with failed tumor grafting were excluded.

For the NanoSIMS study with calcium pantothenate (dual label
BCand®N), the ®C trace was recorded, but not analyzed, as it failed to
show a signal above background, due to a higher natural abundance
of ®C compared to ®N.

Statistical methods embedded in R-code-based image analysis,
suchastheion colocalization analysis and the correlation dendrogram,
areindicated intherespective sections.

All box-and-whisker plots represent the following: line, median;
box, IQR; whiskers, 1.5 x IQR limited by largest/smallest NEV.

Data distribution was assumed to be normal but this was not for-
mally tested.
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Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

For Chip-seq analysis, publicly available data from Sabo et al. were
downloaded from the Gene Expression Omnibus repository under
accession no. GSES1011 (ref. 36). The datasets generated during and/
or analyzed during the present study, including MSI data, IHC data
for PDX samples and human biopsy samples and raw GC-MS data for
WM tumors are available at https://doi.org/10.25418/crick.23925252.
Source data are provided with this paper.

Code availability

Allcodesusedto carry out the data analysisin the current study includ-
ing the analysis of MSI data, Myc pathway activation and IHC data
clustering are available at https://doi.org/10.25418/crick.23925426.
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Extended Data Fig.1| WM tumors were analyzed with LC-MS analysis and
spatial metabolomics by DEFFI. a, Overview of the transgenic background
ofthe three WM tumors subtypes. b, Lipid classes from the apolar fraction of
WMHieh WM and WMM* tumors analyzed with LC-MS were selected based on
their association with WM"" and plotted on aradial plot using the R package
volcano3D. The radial angle p represents relative affiliation of metabolites to
theindividual samples and the distance from center - the relative amounts.
Colorsindicate statistically significant affiliation to one or two samples (PG:
phosphatidylglycerol, PS: phosphatidylserine, PE: phosphatidylethanolamine,
PC: phosphatidylcholine, CL: cardiolipin). Significance was calculated with an
unpaired two-tailed t-test (WM"e", n =4; WM, n = 4; WMM* n =8 tumors from
independent animals). ¢, Selected metabolites from the LC-MS analysis of the
polar fractions of WM"g", WM™~ and WM™*were plotted, showing increased
levels of amino acids in WM"€" tumors. 10 mg of dry tissue from each sample
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were taken for the extraction. Significance was calculated with an unpaired two-
tailed t-test (WM™ n =4; WM™* n=4; WMM* n=8. Histidine: WM"&" ys WM™,
P=0.02084; Lysine: WM"is"ys WM, = 0.0135; WMHigh ys WMMX P =0.0448;
Methionine: WM""vs WM"Y, P= 0.0044; Serine: WM"e" ys WM'* P=0.0445;
WM'iehys WMMX p=0.0095). d, Dot-plots represent the proportion of pixels
inthe WM and WM"e" tumors respectively with intensities higher than the
median in the module eigenmetabolite. The graphs show that the Brown module
is more prevalent in the WM™ tumors, while the Turquoise module correlates
with the WM"h tumors. Data represents tree independent biological replicates
(error bars: confidence interval). e, Post DEFFI fluorescent microscopy of WM"e",
WM'“* and WM™ tumors is shown and ion colocalization analysis of DEFFI
acquired images of WM"e", WM and WM™ tumors reveals a WM"¢" module
(green) and a WM™ module (red). These are the two additional runs to the ones
shownin Fig. 1f. Pvalue: *<0.05, ** 0.001, ***<0.0001, ****<0.00001. See also Fig. 1.
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Extended Data Fig. 2| See next page for caption.
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Extended DataFig. 2| PA correlates with MYC expression in mammary
tumors. a, Conditional probabilities of pixels with low, medium and high
amounts of the metabolites specified were calculated for WM'* and WMieh
tumors, showing a very high association of high levels of PA with WM"ieh

tumors. b, MS/MS spectra for confirmation of PA using in situ tandem MS
fragmentation of the PA precursor ion both from a standard applied to the

slide prior toimaging and from primary tumor tissue (HCI002). Identical

mass peaks as well as very similar relative peak intensities confirm the primary
peak as PA. ¢, Chemical structure of CoA highlighting the part constituted by
pantothenicacid. d, GC-MS analysis for PA content in human PDXs (n = 5 tumors
fromindependent animals for each PDX). e, MYC expression and MYC pathway
activation of analyzed PDXs were plotted and show good general concordance
between MYC expression and pathway activation. f, Correlative DEFFl and IHC
staining showing the distribution of PA in relation to MYC staining in human
PDXs (n =2 biological replicates for each PDX). g, Proportion of pixels with
higher than median levels of PA in MYC high and MYC low areas measured by
DEFFIon PDX samples. Data was extracted by automated segmentation on
immunostaining for MYC and the masks were projected onto the measurements
acquired in DEFFI. Areas of overt necrosis and any staining and processing
artefacts were excluded from the quantification (Supplementary Figs. 1and 2).
The average difference of the proportion of high levels of PA in areas high or

low for MYC respectively was found significantly different from zero by a linear
mixed effect model fitted with the ‘glmmTMB’ package for R (random intercepts
were considered for run and tissue ID). The algorithm was applied for all data
from two independent biological repeats of 4 independent PDXs. Solid black dot
represents the average of all runs. Error bar represents the confidence interval.

h, Pairwise Pvalues of an unpaired two-sided Student’s ¢-test performed on

the GC-MS analysis of PAin PDX samples as plotted in Extended Data Fig. 2e
shows higher similarity between samples with the same MYC activation status.

i, Correlative DEFFl and IHC staining showing the distribution of PAin relation
to MYC staining in human core biopsies, showing association of MYC with PA
(n=12corebiopsies).j, Proportion of pixels with higher than median levels of PA
inMYC high and Myc low areas measured by DEFFI on human core biopsies. Data
was extracted by automated segmentation on immunostaining for MYC and
these masks were projected onto the measurements acquired in DEFFI. Areas of
overt necrosis and any staining and processing artefacts were excluded from the
quantification (Supplementary Fig. 3). The analysis was performed as described
in (g). The algorithm was applied on 4 independent human core biopsies.

Solid black dot represents the average of all samples. Error bar represents the
confidence interval. k, Guided by the EM, tumors were divided into subcellular
compartments. The ROl was applied to NanoSIMS measurements and shows

N derived from ®N-PA infusions predominantly localizes to the mitochondria
(cytosol vs. mitochondria, p = 0.0005). Within the nuclear compartment, the
nucleolus shows more label incorporation (nucleus vs nucleolus, p = 0.0124).
Datarepresents one technical repeat of one sample. I, Quantification of “N/*N
ratiosinrandomly selected WM"€", WM"** areas shows increased amounts of
5N-PA-derived N in WM"" areas. This is a biological replicate confirming the
results in Fig. 2g, h. Significance within this technical repeat was calculated with
anunpaired two-tailed t-test (P= 6.066¢e 7). Allbox and whisker plots represent
the following: Line: median, box: IQR, whiskers: 1.5x IQR limited by largest/
smallest NEV. Pvalue: *<0.05, ** 0.001, ***<0.0001, ****<0.00001. See also Fig. 2
and Appendix Figs.1,2,and 3.
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Extended Data Fig. 3 | See next page for caption.
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Extended DataFig. 3| Activation of MYC leads to changesin carbon n=3; WM, n=3; WMM* n=4;[3C,]glucose infusions: WM"" n =4 WML¥,
utilization. GC-MS analysis of WM tumors infused with [*C;]glutamine (a) n=4, WM"* n =4 tumors fromindependent animals). All box and whisker plots
or[2C¢lglucose (b) shows anincrease in glutaminolysis in WM"€" and a trend represent the following: Line: median, box: IQR, whiskers: 1.5x IQR limited by
towards more lactagenic metabolism in WM™ tumors. Significance was largest/smallest NEV. Pvalue: *<0.05, **< 0.001. See also Fig. 3.

calculated with an unpaired two-tailed t-test ([*C;]glutamine infusion WM"eh,
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | PA correlates with areas of high MYC and anticorrelates
with lactagenic metabolism. a-c, Labeled compounds utilized in DEFFl or
NanoSIMS imaging as indicated. d, Aligned post DEFFI fluorescent microscopy
and glutamate M + Sisotopologues measured by DEFFl after [*C;]glutamine
infusionintwo repeat runs (Run lis displayed in Fig. 3a). e,f, Post DEFFI
fluorescent microscopy of WMM* tumors, shows increased PA in WM"ish

regions. The bottom panels are binarised representations of the labeled proxy
compounds (lactate M + 3 isotopologue for lactagenic metabolism, malate M +1
isotopologue for increased Krebs cycle, glutamate M + 5 for glutamine uptake)
showing Krebs cycle activity corresponds with higher PAand WM"" areas. lon
intensities were corrected for natural abundance from individual metabolites
and for each pixel the metabolite with the higher value after maximal intensity
normalization was depicted. Note that for illustrative purposes some panels are

alsodisplayed inFig.3c,d. g,h, Table showing the pairwise correlation between
different detected labeled compounds and PA. The top value represents the
correlation and the bottom value the p value (n = 3 tumors from independent
animals). i, j, Cell-wise quantification of *C/2C and ®N/*N ratios in WM™ tumors
(run2andrun3eachrepresenting atumor from anindependent biological
replicate, run 2:3C/C, p =3.53e75; "N/“N, P= 0.141; run 3: ®C/>C, P=3e 5, "N/*N,
P=1.14e™) kI, Cell-wise quantification of C/*C and *N/*N ratios in WM
tumors stratified by BrDu incorporation status (n = 3 tumors from independent
animals, (k) run1:Brdu~, P=1.2e™™; BRDU*, P=0.0312; run2,P=0.23;run 3,
P=594¢%(I):run1, P=0.0001; run 2, P=0.0004; run 3, P=5.33e”). Allbox and
whisker plots represent the following: Line: median, box: IQR, whiskers: 1.5x IQR
limited by largest/smallest NEV. Significance was calculated with an unpaired
two-tailed t-test. Pvalue: ****<0.00001. See also Fig. 3.
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Extended Data Fig. 5| PA deprivation slows down mammary tumor growth

in PDXs and WM tumors. a, Selected metabolites from GC"MS analysis of

4Tl cells with and without PA as well as CoA rescue. b, Western blot analysis of
4Tl cells with and without PA and with increasing amounts of CoA as arescue
(representative image of 3 biological repeats). ¢, Mouse weight during PA
deprivationin the PDX-cohort (control diet, n = 7; PA-free diet, n = 8; error bar
representss.d.) d, Growth of WM"* tumors from mice fed a PA-free or control diet
(n=5tumors fromindependent animals; error bar represents.d., P= 0.02401).

e Proliferation of WM™* tumors with and without PA quantified as BrDU-positive
cells over total cells (n = 4 tumors from independent biological replicates, one
section per tumor; WM™, P= 0.0304; WM"e", P=0.0126). f, Densitometric
analysis of cleaved caspase 3 presence, normalised to actin in HCIO02 tumors
from mice fed PA-free or control diet (n = 5 tumor protein extracts from
independentbiological replicates, P = 0.00171). g-h, LC-MS analysis of WM™*
tumors receiving a bolus of [*C¢]glucose shows no significantly reduced
amounts of free CoA-SH, Acetyl-CoA and labeled Acetyl-CoA isotopologues upon
PA deprivation (n =5 tumors from independent animals). i, Selected metabolites
of LC-MS analysis of HCIO02 tumors show widespread reduction in polar

metabolite levels in tumors grown on PA-free diet. j, LC-MS analysis of HCI002
tumors receiving a bolus of [C4]glucose shows widespread reductionin label
incorporation in selected metabolites upon PA deprivation, but little difference
in the fractional enrichment. k, LC-MS analysis of WMM* tumors shows
widespread reduction in polar metabolite levels in tumors grown on PA-free
diet.1,LC-MS analysis of WM™* tumors receiving a bolus of [13C;]glucose shows
widespread reductionin label incorporation in selected metabolites upon PA
deprivation, but little difference in the fractional enrichment. m, LC-MS analysis
oftheapolar fraction of HCI002 PDX tumors (n = 7 control, n = 8 PA-free) shows
accumulation of triglycerides (TG), following PA deprivation (significance was
calculated with a unpaired two-sided non-adjusted Student’s t-test). n, LC-MS
analysis of the apolar fraction of WM™* tumors (n = 5 tumors from independent
animals) shows accumulation of diglycerides (DG) and triglycerides (TG),
following PA deprivation (significance was calculated with a unpaired two-sided
non-adjusted Student’s t-test). All box and whisker plots represent the following:
Line: median, box: IQR, whiskers: 1.5 x IQR limited by largest/smallest NEV.
Significance was calculated with an unpaired two-tailed t-test. P value: *<0.05,
**0.001. See also Fig. 4.
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Extended Data Fig. 6| MYC upregulates SLC5A6 to increase PA uptake.

a, Western blot analysis for MYC and SLC56A6 in human PDXs. b, qRT-PCR
analysis of 67NR cells with Doxycycline-inducible MYC shows transcriptional
upregulation of SIc5A6 upon MYC induction (n = 3 extracted RNA samples
fromindependent biological replicates, error bar represents s.d., P= 0.0013).

¢, Western blot analysis of 67NR cells with Doxycycline-inducible MYC shows

an upregulation of SLC5A6 upon MYC induction (representative image of 3
biological repeats). d, Publicly available Myc Chip-Seq data of pre-tumoral
lymphocytes as well as overt lymphoma in an Ep-Myc-driven model” show
invasion of an E-box cluster localized in the SIc5A6 promoter. The data represents
three biological replicates (error bar represents s.d., P= 0.0042). e, Western blot
analysis of 4T1and 67NR cells shows more MYC and SLC5A6 in 4T1 cells compared
to 67NR cells. f, qPCR analysis of recombinant SLC5A6 expression (n =5, error
bar representss.d.). g, GC-MS analysis of 67NR control and 67NR SLC5A6
over-expressing cells treated with stable-isotope labeled PA, shows anincreased
uptake of the labeled PA, and a higher baseline level of unlabeled PA in SLC5A6
over-expressing cells (n = 3 extracts from independent biological replicates,

errorbarrepresentss.d., PAM +4,P=1.5¢>,0.0003,4.30e%; PA, P=0.00032,
1.5e75,0.00038, 4.3¢e°®). h, GC-MS analysis of 67NR control and SLC5A6 over-
expressing cells either starved for PA or rescued with CoA, shows no significant
difference in the control cells between any of the treatments, while the SLC5A6
cells show asignificant drop in citrate after PA deprivation that is readily rescued
with CoA, implying metabolic reprogramming through SLC5A6 over-expression
(n=3extracts fromindependent biological replicates, error bar represents s.d.,
control vs -PA, P=0.0083; -PA vs -PA+CoA, P=0.037). i, GC-MS analysis of stable-
isotope labeled (M +4) and endogenous PA in tumors grown from 67NR control
cells or 67NR SLC5A6 over-expressing cells show an increased uptake of both
endogenous and exogenous labeled PA (n = 6 control, n =7 SLC5A6 OE extracts
from tumors fromindependent biological replicates, error bar represents s.d.,
P=0.0049, P=0.0033). Allbox and whisker plots represent the following: Line:
median, box: IQR, whiskers: 1.5x IQR limited by largest/smallest NEV. Significance
was calculated with an unpaired two-tailed t-test. Pvalue: *<0.05,** 0.001. See
also Fig. 4.
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Extended Data Fig.7 | Model. MYC is upregulated in higher grade tumor areas.
It canbind to the SLC546 promoter and increase its transcription. Thisin turn
increases PA intake, and enhances CoA synthesis, which facilitates a biosynthetic
metabolism by enhancing Krebs Cycle activity, while shunting metabolites away

SLC5A6

from lactagenic metabolism. Whether fatty acid biosynthesis is also enhanced
isnot subject of this study, but consistent with our model (image created with

BioRender.com).
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Extended Data Table 1] List of ions confirmed with MS/MS following LC-MS and/or DEFFI-MSI pipeline

LCMS driven DESI cumulative spectra driven
m Confirmed IDs Fragments confirmed Confirmed IDs Fragments confirmed

NL_T1RCOOH&Glycerol,
NL_T2RCOOH&Glycerol,

PG T1_RCOO-, T2_RCOO-,
865.5025 M-H 1328  (44:12) PG(22:6_22:6)-H G3P_NLH20 PG(22:6_22:6)-H  T1_RCOO-, T2_RCOO-
PI(18:2_20:4)-H,
PI(20:5_18:1)-H,
PI(20:4_18:2)-H,
PI(22:6_16:0)-H,  T1_RCOO-, T2_RCOO-,
865.5236 M-H - PI (38:6) - - PI(20:3_18:3)-H InositolPhosphate-
PG(18:1_18:2)-H, T1_RCOO-, T2_RCOO-, PG(18:1_18:2)-H,
771.5154 M-H 1419 PG 36:3 PG(16:1_20:2)-H G3P_NLH20 PG(16:0_20:3)-H  T1_RCOO-, T2_RCOO-
PG(18:1_20:4)-H,
PG(20:3_18:2)-H,
T1_RCOO-, T2_RCOO-, PG(16:0_22:5)-H,
795.5151 M-H/M+Cl 14.34 PG 38:5 PG(18:1_20:4)-H G3P_NLH20 PG(22:4_16:1)-H T1_RCOO-, T2_RCOO-
PG(18:1_22:5)-H, PG(18:1_22:5)-H,
PG(18:2_22:4)-H, PG(18:2_22:4)-H,
PG(20:2_20:4)-H, T1_RCOO-, T2_RCOO-, PG(18:0_22:6)-H,
821.5302 M-H 1469  PG40:6 PG(20:3_20:3)-H G3P_NLH20 PG(20:3_20:3)-H  T1_RCOO-, T2_RCOO-
PG(18:1_18:1)-H,
PG(18:0_18:2)-H, PG(18:1_18:1)-H,
PG(16:1_20:1)-H, T1_RCOO-, T2_RCOO-, PG(18:0_18:2)-H,
773.5314 M-H 1473 PG 36:2 PG(16:0_20:2)-H G3P_NLH20 PG(16:0_20:2)-H  T1_RCOO-, T2_RCOO-
784.5114 M-H 14.75 PS 36:3 PS(36:3)-H M-Serine, G3P_NLH20
PG(20:3_22:4)-H,
PG(20:4_22:3)-H, T1_RCOO-, T2_RCOO-,
847.5457 M-H 14.75 PG 42:7 PG(20:2_22:5)-H G3P_NLH20
PE(18:2_18:2)-H,
PE(16:1_20:3)-H,
M-H/M-H- PE(18:1_18:3)-H,
738.5063 H20 14.89 PE 36:4 DMPE(16:1_18:3)-H T1_RCOO-, T2_RCOO-
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Extended Data Table 2 | List of human breast cancer biopsies

MS-DEFFI ] Tumour
ID Histology ER PR HER2 subtype
8 0/8 0/8 n " ER-/PR-HER2+
20 IDC 6/8 4/8 ; ER+/PR+/HER-
25 IMC 8/8 8/8 ; ER+/PR+/HER-
28 IDC 8/8 8/8 ; ER+/PR+/HER-
32 IDC 8/8 0/8 ; ER+/PR/HER-
33 IDC 2/8 0/8 ; ER+/PR/HER-

mixed IDC
36 ILC 8/8 5/8 _ ER+/PR+/HER-
55 mullgfgca' 8/8 8/8 ; ER+/PR+/HER-
70 IDC 8/8 718 _ ER+/PR+/HER-
80 multifocal 7/8 8/8 ; ER+/PR+/HER-
IDC

81 IDC 8/8 8/8 + ER+/PR+/HER+
92 IDC 8/8 6/8 ; ER+/PR+/HER-
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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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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|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
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] A description of all covariates tested
|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

< 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)

D

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.

X

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

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

XX [ [0 XX [0
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
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Data collection | DESI-MSI images were acquired using HDImaging v.1.4 software in combination with MassLynx v4.1 (Waters Corporation, Milford, MA);
LC-MS data were recorded using Xcalibur v 3.0.63 software (Thermo Scientific);
Nano-SIMS images were acquired using Cameca NanoSIMS NS50L Software v 4.4 (Cameca, Gennevilliers, France);
Electron microscopy images were collected using Maps software (version 1.1.8.603, Thermo Fisher Scientific);
GC-MS data were acquired using MassHunter acquisition software (version 10.0.368)

Data analysis DESI-MSI data were pre-processed using scripts developed in Python, including Scipy v 1.6.3, MALDIquant v 1.19.3, ComBat (from SVA
package v 3.34.0) packages. Colocalisation network analysis and all subsequent statistical modelling were performedin R, v 3.6.2. WGCNA v
1.70-356 was employed to determine a consensus metabolic network.

The average difference of mean levels of pantothenic acid in each PDX sample and human biopsy between regions of high and low Myc was
assessed by a linear mixed effect model fitted with the "‘glmmTMB’ v 1.1.4 package for R.

METABRIC analysis was done using R, v 3.6.1, the ComplexHeatmap v 2.2.0 and Circlize v 0.4.15 packages.

The GSVA package v 1.34.0 was applied to infer sample specific MYC pathway activation (The method is freely available as a Bioconductor
package for R under the name GSVA at http://www.bioconductor.org.)

Nano-SIMS images were processed and quantitative data extracted using the OpenMIMS plug-in for ImageJ (https://nano.bwh.harvard.edu/);




Qualitative and quantitative polar LC-MS data analysis was performed using Free Style v 1.5 and Tracefinder v 4.1 software (Thermo
Scientific) according to the manufacturer’s workflows. For putative annotation CEU Mass Mediator tool was employed.

Qualitative and quantitative apolar LC-MS analyses were performed using Free Style v 1.5 (Thermo Scientific), Progenesis Ql v 2.4.6911.27652
(Nonlinear Dynamics) and LipidMatch v 2.02 (Innovative Omics). Radial plot representations were done in R (v 3.6.2) using the R package
Volcano3D v 2.08.

MYC IHC signal was deconvoluted using the inbuilt DAB staining deconvolution algorithm of the QuPath software package.

Cell confluency was quantified using Incucyte® S3 Software (Sartorius), v 2021C.

Untargeted metabolic pathway analysis was performed using MetaboAnalyst v 5.0.

Pairwise comparisons were generally carried out using the Student’s t-test in Excel or using the R package ggplot2 v 3.4.0 and ggpubr v 0.4.0.

All codes used to carry out the data analysis in the current study including the analysis of mass spectrometry imaging data, MYC pathway
activation and IHC data clustering are available at DOI: 10.25418/crick.23925426.

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

Policy information about availability of data
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

For ChipSeq analysis publicly available data from Sabo et al. were downloaded from the GEO repository with the accession number GSE51011. https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE51011

The datasets generated during and/or analysed during the current study (including the mass spectrometry imaging data, Immunohistochemistry (IHC) data for PDX
samples and human biopsy samples and raw GC-MS data for WM tumours are available at DOI: 10.25418/crick.23925252.

Human research participants

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

Reporting on sex and gender 2 breast cancer biopsies were collected from each female patient.

Population characteristics Patients from whom the biopsies were collected:
8- 55 y.0; IDC, Paclitaxel and Herceptin
20-62y.0.; IDC, Letrozole
25 - 84 y.0.; IMC, Paclitaxel and Trastuzumab
28 -59y.0.; IDC, Radiotherapy and Letrozole
32-57vy.0., IDC, FEC-T
33-85y.0., IDC, Radiotherapy
36 - 68 y.0., mixed IDC and ILC, Radiotherapy and Letrozole
55 -71y.0., multifocal IDC, Letrozole
70-57y.0., IDC, Letrozole
80 - 50y.0., multifocal IDC, AC-Paclitaxel. Radiotherapy.Tamoxifen
81-52y.0., IDC, Radiotherapy
92 -78Yy.0., IDC, Letrozole

Recruitment Women undergoing breast cancer surgeries were consented to provide their tissue for the study. Data were only obtained on
patients who had consented to the utilization of tissue for research. Tumours had to be of a macroscopic size 22 cm to allow
for adequate research tissue without compromising the clinical diagnosis. Where feasible, tissue was provided from the
centre of the tumour from non-necrotic areas.

Based on RNA seq data analysis of a larger sample set, 5 samples with high Myc transcriptional signature (The transcriptomics
data were accessed using GSEA querying Hallmark genes, Liberzon A, Birger C, Thorvaldsdéttir H, Ghandi M, Mesirov JP,
Tamayo P. The Molecular Signatures Database (MSigDB) hallmark gene set collection. Cell Syst. 2015 Dec 23;1(6):417-425.
doi: 10.1016/j.cels.2015.12.004.) and 7 with low MYC transcriptional signature were selected for MYC staining by H&E and
DESI-MSI.

Ethics oversight The institutional review board approved collecting all samples for this study at Imperial College Healthcare National Health
Service Trust (Imperial College Healthcare Tissue Bank (ICHTB) HTA licence: 12275 and Tissue Bank sub-collection number
SUR-ZT-14-043). REC number : REC Wales approval: 17/WA/0161.

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

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

Sample size

Data exclusions

Replication

Randomization

Blinding

All'in vitro experiments were routinely carried out with three technical replicates and in three independent biological replicates (unless stated
otherwise), which is the minimum number required to perform statistical comparison. In all cases, sample sizes have been reported.

For in vivo studies with diet modification group sizes of 5-8 were chosen based on previous experience with these tumour models and
metabolism-targeting interventions (Kreuzaler P., et al., 2019, PNAS, 116 (44) 22399-22408. doi.org/10.1073/pnas.190348511;

Mendez Lucas A. et al., 2020, Nature Metab., 2(4):335-350. doi: 10.1038/s42255-020-0195-8). For tumour transplant studies with labeled
glucose and glutamine samples sizes of 3-4 were chosen due to previous experience (Mendez Lucas A. et al., 2020, Nature Metab.,
2(4):335-350. doi: 10.1038/s42255-020-0195-8).

For DESI/DEFFI studies of mouse tumours, three tumours of each genotype (WM-high, low, -mix) without infusion, as well as labeled glucose
and glutamine infusion were imaged, which was the minimum number required to perform statistical comparison. For PDXs, 6 types of PDXs
with 2 independent biological replicates per PDX type were analysed by GC-MS and imaged by DESI/DEFFI.

For human breast cancer biopsies, based on RNA seq data analysis of a larger sample set, 5 samples with high MYC transcriptional signature
(The transcriptomics data were accessed using GSEA querying Hallmark genes, Liberzon A, Birger C, Thorvaldsdéttir H, Ghandi M, Mesirov JP,
Tamayo P. The Molecular Signatures Database (MSigDB) hallmark gene set collection. Cell Syst. 2015 Dec 23;1(6):417-425. doi: 10.1016/
j.cels.2015.12.004.) and 7 with low MYC transcriptional signature were selected for MYC staining by H&E and DESI-MSI. Only one section per
sample was imaged due to extremely limited availability of the human material.

For Nano-SIMS of glucose and glutamine co-infused mice, tissues from three independent mice were analysed, while for Calcium-
pantothenate infused mice only two independent mice could be analysed due to technical reasons.

In vitro: Data was only excluded due to technical failure (e.g. over confluence, at start of experiment, bad melting curve in gRT-PCR, etc). No
data was systematically excluded.

In vivo studies with diet modification: Only mice with failed tumour grafting or tumour unrelated health issues were excluded.

In vivo studies with labeled metabolite administration: Mice with failed metabolite administration due to improper cannulation and mice with
failed tumour grafting were excluded.

For Nano-SIMS study with Calcium-Pantothenate (dual label 13C and 15N), the 13C trace was recorded, but not analysed, as it failed to show
signal above background, due to a higher natural abundance of 13C compared to 15N.

All experiments were carried out as independent biological replicates, and checked for consistency and equal baseline levels. All attempts at
replication were successful.

Below is a summary of replications of in vitro experiments:

Proliferation of 4T1 cells in the presence and absence of PA - 3 technical replicates, the experiment was repeated one more time.
Proliferation of 67NR cells with the ectopic expression of SLC5A6 with and without PA - 3 technical replicates, the experiment was reproduced
two more times. The representative result is shown due to a difference in seeding density for different repeats.

The effect of induction of ectopic MYC expression on the expression of SLC5A6 and PA uptake in 67NR cells - the results are an average of 3
biological replicates.

The effect of SLC5A6 overexpression and PA deprivation on the level of citrate in 67NR cells - the result is an average of 3 biological replicates.

For in vivo experiments, individual animals of control and experimental cohorts are biologically unique -unless mentioned differently, replicate
data represents analysis of data/samples from independent replicate animals and is denoted by "n".

For the transplant of the WM tumours, different primary tumours were utilised to avoid effects due to genetic drift within a single tumour
clone.

DESI imaging was reproduced on independent machines at Imperial College London, at the National Physics Laboratory.

In vivo studies: To avoid litter-effect, different cell types (e.g. WM-high, -low, -mix) were implanted into mice from different litters in a random
fashion. This was also the case in all studies with diet alteration. Before changing the diet, litters were mixed and randomised.

In preclinical model experiments, tumour size and mouse weight measurements were blinded as well as treatment regimes. DESI/DEFFI
imaging was carried out blind and agnostic to underlying tumour genotypes.

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 =
=
Antibodies used MYC: AbCam, ab32072, done Y63, Lot GRI3T7350-24, i
SLCSAG: Proteintech 26407-1-AP, polyclonal, Lot 00043017, ]
b-actin: Merck A3854 [HRP coupled), clone AC-15. =
Cleaved caspase 3: Cell Signaling #3664, done SA1E, Lot 47.
ATF4: AbCam, ab23760, polyclonal, Lot GR3249618.
PDHEL: AbCam ab110330, clone SHIAFS.
p7056K; Cell Signaling, #3202, palydonal, Lot 14.
p-p7056K: Cell Signaling, #9234, clone 10802, Lot 12.
p-56: Cell Signaling, #4834s, clone DS7.2.2E, Lot 8.
565 Cell Signaling, #2217, done 5G10, Lot 10.
HEZ: Cell Signaling, #28675, clone 05465, Lot 3.
AcSL1: Cell Signalling, #4047, polyclonal.
p-PERK [Thrag0): Cell Signaling, #3179, clone 16FE, Lot 20.
PERK: Cell Signaling, #3192, clone C33E10, Lot 11,
prelf2a (Ser51): Cell Signaling, #3398, clone D9GS, Lot 1.
elF2a: Cell Signaling, #5324, clone D7D3, Lot 9.
Secondary antibodies: Anti-rabbit-HRP: GE Healthcare, #MA934-1ML, 1:7.500; Anti-mouse-HRP: Invitrogen, #62-6520, 1:7.500.
Validation MYC antibody are published in https:fdol.org/10.1038/541467-018-06315-w and validated in our study by ectopic expression in

tumours [Fig. 4i) and cells [Ext. Fig. 6c).

SLCSAG antibody are published in doi: 10,1016/ mcpro.2022,100217.

b-actin antibody are published in https:/fdol.org/10.1038/541467-02 3-36967-2,

Cleaved caspase 3 antibody are published in https:/fdoi.org/10.1038,/541467-023-39716-7.
ATF4 antibody are validated in DOI: 10.1126/sciadv.abg5575.

PDHEL antibody are published in doi: 10,1038/541467-022-28737-3.

p7056K antibody are published In https:/f'www.nature.com/farticles/s41586-022-05652-T,
p-p7055E antibody are published in https://doi.orgf10,1038/541467-023-36881-7.

p-56 antibody are published in https://dol.org/10,1038/541467-023-39261-3,

56 antibody are published in https:/fwww.nature comfarticles/s41467-023-39261-3.

HE2 antibody are validated by us in https://doi.org/10.1038/542255-020-0195-8,

AcSL1 antibody are validated In https://doi.org/10.1038/541467-021-22471-y.

p-PERK [Thr980) antibody are published in https://doi.org/10.1038/s41467-021-25945-1.
PEREK antibody are published in https:/fdoi.org/10.1038/541556-022-00918-8 .

p-elF2a [Ser51) antibody are published in https:/fdoi.org/10.15252/emb). 2022112869,
elF2a antibody are published in https;//doi.org/10.15252 fembj. 2022112869,

Eukaryotic cell lines

Falicy infarmation about cell lines and Sex and Gender in Research

Cell line source(s) 4T1: The Francis Crick institute, cell services
B7MR: The Francis Crick institute, cell services
B7MR-tet-cMYC-IRES-aGFF cells were generated by Peter Kreuzaler in the laboratory of Gerard Evan and have been
published.

Authentication The cell lines were authenticated using a standard protocel for [dentification of mouse cell lines using STR [Short Tandem
Repeat) Profiling. The profile is compared back to any available on commercial cell banks (ATCC, Cellosaurus, etc). Species is
confirmed by using a primer system, based on the Cytochrome C Oxidase Subunit 1 gene from mitochondria.

Mycoplasma contamination All cells were tested negative for Mycoplasma by the Facilities at the Francis Crick institute prior to utilisation

Commonly misidentified lines  yone
{See |CLAC register]




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

Only female mice were used in this study.

To generate spontaneous non-recombined tumours as a source of biclonal tumours, Rosa26-CAG-lox-STOP-lox-MycERT2/ Rosa26-
mTmG/MMTV-Wnt1 mice were used. The transgenes used to generate the cross were on the following backgrounds: MMTV-Wnt1:
FVB/N; Rosa26-mTmG: C57BL/6J, and Rosa26-CAG-lox-STOP-lox-MycERT2:Balb/c. The tumours arose spontaneously between 4 and 8
months of age.

WM tumour transplants were generated in female NOD/Scid micemice at 6-8 weeks of age.

The PDX panel of mice was transplanted into female NSG mice (NOD.Cg-Prkdcscid 12rgtm1Wijl/SzJ) at the age of 5 weeks and took
2-10 months to form.

WM tumour transplants and HCIO02 transplants during diet modification were done into female NOD SCID mice (NOD.CB17-
Prkdcscid/NCrCrl); mice were placed either on control or PA-deficient diet at the age of 7 weeks and tumour cells were grafted 5
weeks after.

67NR control and SLC5A6 overexpressing cell lines were transplanted into female Balbc/C J mice at the age of 7 weeks.

No wild animals were used in the study.
As the study was done on breast cancer, only female mice were utilised.
No field collected samples were used in the study.

All procedures and animal husbandry were carried out in accordance with the UK Home Office, under the Animals (Scientific
Procedures) Act 1986, and the Crick Animal Welfare and Ethical Review Body (AWERB), which is delivered as part of the Biological
Research Facility (BRF) Strategic Oversight Committee (BRF-SOC), under the Project licence number P609116C5.

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