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Cancer metastasis is a major contributor to patient morbidity and mortality’, yet the
factors that determine the organs where cancers can metastasize are incompletely
understood. Here we quantify the absolute levels of 124 metabolites in multiple
tissues in mice and investigate how this relates to the ability of breast cancer cells

to grow in different organs. We engineered breast cancer cells with broad metastatic
potential to be auxotrophic for specific nutrients and assessed their ability to colonize
different tissue sites. We then asked how tumour growth in different tissues relates

to nutrient availability and tumour biosynthetic activity. We find that single nutrients
alone do not define the sites where breast cancer cells can grow as metastases. In
addition, we identify purine synthesis as a requirement for tumour growth and
metastasis across many tissues and find that this phenotype isindependent of
tissue nucleotide availability or tumour de novo nucleotide synthesis activity.
These data suggest that acomplex interplay between multiple nutrients within

the microenvironment dictates potential sites of metastatic cancer growth, and
highlights the interdependence between extrinsic environmental factors and
intrinsic cellular properties ininfluencing where breast cancer cells can grow as

metastases.

Understanding the factors that govern tumour growth in metastatic
sites could lead to more effective therapies for advanced cancer.
Among the tumour microenvironment factors that contribute to
where tumours can grow as metastases, nutrient availability is a key
component®®. Because nutrient levels vary across tissues, they can
limit where cancers grow as metastases>*'°", forcing cancer cells to
undergo metabolic adaptations that create new dependencies for
colonization of different tissues. For instance, limited lipid availability
inthebrainresultsinasite-specific dependency on fatty acid synthesis
or desaturation for brain metastasis of breast tumours'>* or leukae-
mias™. Similarly, reduced brain serine levels sensitize breast cancer
brain metastases to inhibition of the serine synthesis enzyme PHGDHP.
Both pyruvate and asparagine availability caninfluence breast cancer
metastasis to the lungs'®”. These studies raise the question of whether

reduced availability of specific nutrients in certain tissues broadly
predicts where metastatic cancer cells are likely to colonize and grow.

Here we sought to explore the relationship between tissue nutrient
availability and metastatic potential in triple-negative breast cancer
(TNBC). We quantified the absolute levels 0of 124 metabolites presentin
plasmaand across six mouse tissues and constructed a series of nutri-
entauxotrophs to assess their metastatic potential to multiple tissues
followingintracardiacinjections. Our analysis revealed that although
levels of some metabolites correlate with metastatic potential, the
levels ofindividual nutrients inisolation are insufficient to determine
metastatic preference or the ability of specific nutrient auxotrophs
to grow in a tissue site. Instead, our findings suggest that metastatic
preference is driven by a combination of multiple nutrient levels and
cell-intrinsic factors.
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Nutrient availability across tissues

To assess nutrient availability across multiple tissue sites, including
where TNBC cells can grow as primary tumours or metastases, we iso-
lated plasma and interstitial fluid from the mammary fat pad (MFP),
liver, lung, kidney and pancreas of female NOD-SCID-y (NSG) and female
C57BL/6) (B6) mice. We also collected cerebrospinal fluid (CSF) as a
surrogate for the brain extracellular environment because acquiring
sufficient interstitial fluid for analysis of multiple metabolites from
normal brain tissue was not feasible. Quantitative mass spectrometry
determined the absolute levels of 124 metabolites in the interstitial
fluid from these different tissue sites, as well as in plasma (Fig. 1a and
Extended Data Fig. 1a-j). We confirmed high correlations across bio-
logical replicates, stability of most metabolites during handling and
consistency between plasma collection methods and across NSG and
B6 strains (Extended Data Figs. 1k-3). Only a small subset of metabo-
lites showed method-specific or strain-specific variation. For exam-
ple, hypoxanthine increased after prolonged incubation onice that
exceeded collection time (Extended DataFig. 2e), and some metabolites
differed between NSG and B6 in specific tissues (Extended DataFig. 3).

Principal component analysis (PCA) and hierarchical clustering
revealed that metabolites measured in tissue interstitial fluid sam-
ples cluster distinctly from those measured in plasma and the CSF
(Fig.1b,c and Extended Data Fig. 4a,b). When considering the differ-
ences in metabolite concentrations between tissue interstitial fluid
and plasma, we found that although some metabolites were depleted
in tissue interstitial fluid relative to plasma, numerous metabolites
were present at higher concentrationininterstitial fluid thanin plasma
(Fig.1d and Extended Data Fig. 4c). By contrast, CSF showed lower levels
of many metabolites than plasma, a pattern probably attributable to the
selective permeability of the blood-brain barrier and that is consistent
with previous studies examining CSF from both humans and mice’®”.
Of note, we found that nucleotide-related metabolites, but notamino
acids, were greater contributors to the PCA components separating the
fluid samples in both mouse strains (Fig. 1e and Extended Data Fig. 4d).
This suggests that levels of nucleotides and nucleotide precursors or
salvage products are an important contributor to the differences in
nutrient availability across tissue environments.

Many of the differencesin metabolite concentrations across tissues
align withknown metabolic characteristics of each tissue. Most tissue
interstitial fluid displayed lower glucose and higher lactate levels than
plasma (Fig. 1f,g and Extended Data Fig. 4e,f), consistent with active
glucose metabolism?. The liver stood out with higher levels of both
glucose and lactatein interstitial fluid than plasma, consistent with its
glycogenolytic and gluconeogenic capabilities, as well asits rolein recy-
clinglactate back toglucose®. Inliver interstitial fluid, we also observed
lower arginine and higher ornithine levels than plasma (Fig. 1h,i and
Extended Data Fig. 4g,h), probably reflecting active arginase activity
inthis tissue?. Conversely, citrulline was depleted inkidney interstitial
fluid (Extended Data Fig. 4i), aligning with human data® and perhaps
reflective of an active urea cycle in this tissue. Liver interstitial fluid
contained relatively higher concentrations of branched-chain amino
acids (isoleucine, leucine and valine) than other tissues (Fig. 1j,k and
Extended Data Fig. 4j-1), which may reflect known low branched-chain
amino acid aminotransferase activity in this organ relative to other
tissues?.

Consistent with previous measurements'', the levels of many amino
acids were lower in CSF than in circulation, with notable variation in
amino acid levels measured in other tissues (Fig. 1land Extended Data
Fig.1a). Unlike previous reports'®', serine was not depleted in the CSF
relative to plasma, although it was lower than other tissue interstitial
fluid. This lack of serine depletion in CSF was consistent across both
NSG and B6 mouse strains (Extended Data Fig. 4m), and may be influ-
enced by other factors such as circadian rhythm?® or diet®. Inaddition,
although many nucleotide species were elevated in tissue interstitial

fluid and low in CSF compared with plasma (Fig. Im,n and Extended
Data Figs. 1d and 4n), the purine hypoxanthine was consistently high
across all tissue interstitial fluid as well as in CSF, although some of
thiselevation may be due to apost-collection artefact (Extended Data
Fig.2e). Collectively, these findings denote many variances in nutrient
availability across different tissues, which could constrain the ability
of cancer cells to metastasize to particular organs.

Generation of nutrient auxotrophs

Cancer cells exposed to nutrient-limited microenvironments often
adapt by upregulating metabolic pathways to synthesize the deficient
metabolite'. To eliminate this adaptive response and isolate how nutri-
ent availability constrains metastatic growth, we engineered widely
metastatic TNBC cell lines to be auxotrophic for specific metabolites
thatvary across tissues. We selected the human lines MDA-MB-231and
HCC1806 (ref.12) and the B6 mouse cell line EO771 (ref. 27), then used
CRISPR-Cas9 toknock out genes essential for the synthesis of specific
metabolites with known nutrient rescues (Extended Data Fig. 5a). Spe-
cifically, we targeted ASNS (asparagine)®?°, ASS1 (arginine)***, PHGDH
(serine)'*, PYCRI, PYCR2 and PYCR3 (proline)®, DHODH (pyrimidines,
for example, uridine)***> and GART (purines, for example, inosine or
hypoxanthine)®. We confirmed variable expression of each of these
proteinsin parental MDA-MB-231, HCC1806 and EO771 cells by western
blot (Extended Data Fig. 5b,c); of note, MDA-MB-231 cells expressed
lower levels of ASS1and PHGDH, consistent with previous observa-
tions®**¥, We also confirmed loss of relevant enzyme expressionin each
knockout line by western blot (Extended Data Fig. 5d-i), and further
confirmed that each knockout line exhibited impaired proliferationin
the absence of the relevant nutrient that corresponded to the intended
auxotrophy (Fig. 1o and Extended Data Fig. 6a-f). Supplementation of
the specific metabolite rescued proliferation of each auxotroph cell
lineto comparable levels as the parental line. EO771 cells were noted to
occasionally stop proliferating when cultured in RPMI, which we attrib-
utetoglucose depletion, asrefreshing the medium or supplementing
glucose fully rescued sustained proliferation (Extended Data Fig. 6g).

To generate proline auxotrophs, deletion of the mitochondrial
(PYCRI and PYCR2) and the cytoplasmic (PYCR3) genes encoding
pyrroline-5-carboxylate reductase was required, as the presence of
any of these genes has been reported to enable proline synthesis® and
could support proliferation following proline withdrawal (Extended
Data Figs. 5g and 6d). As arginine starvation in parental cells arrests
proliferation via mTOR inactivation®®, addition of citrulline was
required for control cells to proliferate without arginine (Fig. 1o and
Extended DataFig. 6b); however, ASSI-null cells could not grow without
arginine eveniif citrulline was added, validating that ASSI-knockout
cells lost the ability to generate arginine from citrulline. For GART,
despite the presence of some species detected at 110 kDa (ref. 39) in
MDA-MB-231 and HCC1806 using an anti-GART antibody (Extended
DataFig. 5i), depletion of the 50-kDa monomeric form was sufficient to
resultin hypoxanthine auxotrophy inall three cell lines (Extended Data
Fig. 6f). To assess the specificity of these auxotrophies, we also tested
HCC1806 ASNS-knockout, ASSI-knockout, PHGDH-knockoutand PYCRI,
PYCR2, PYCR3triple knockout linesin medialacking other amino acids
targeted inthis study. Each knockout line maintained robust prolifera-
tionwhen deprived of amino acids unrelated toitsengineered enzyme
deficiency, supporting the specificity of the observed auxotrophies
(Extended Data Fig. 6h-k). One exception was that ASNS-knockout cells
showed reduced proliferationin citrulline-depleted media, suggesting
apotential interaction with arginine synthesis pathways. Overall, these
data confirmthat the genetic modifications render cells dependent on
external supplementation of the expected metabolites for proliferation
and survival in standard culture conditions.

In constructing the nutrient auxotrophs, weidentified three distinct
categories of metabolite requirements. First, removing asparagine
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Fig.1|Nutrientlevelsin plasma, CSF and tissue interstitial fluid from mice.
a, Schematic of plasma, CSF and tissue interstitial fluid (IF) isolation from
female NSG or B6 mice. Metabolites were quantified by liquid chromatography-
mass spectrometry alongside adilution series of chemical standards; 124
metabolites were quantified. TCA, tricarboxylicacid. Created in BioRender.
Abbott, K. (2025) https://BioRender.com/tp4l6fd.b,c, PCA (b) and hierarchical
clustering (c) of metabolites measured in plasma, CSF or tissue IF samples from
NSGmice. Datarepresentn =10 (plasma, liver IF, lung IF and pancreas IF),
n=6(kidneyIF and MFPIF) or n = 4 (CSF) biologicallyindependent samples.
Metabolite measurements were performed twice for plasma, liver, lung and
pancreasIF samplesand once for the remaining tissues; datafromrepeated
measurements were pooled for analysis. Columns of the heatmap were z-score
normalized. d, Bar plot showing the number of metabolites with significantly
lower (depleted) or higher (elevated) levelsin IF or CSF relative to plasma.
Significance was determined by Welch’s ¢-test (two-sided, unequal variance)

or proline from the culture medium reduced proliferation of all cell
lines when the relevant synthesis genes were knocked out (Extended
DataFig. 6a,d). Second, withdrawal of arginineinall cell lines, or serine
in MDA-MB-231 cells, reduced proliferation even when the synthesis
geneswereintact (Extended DataFig. 6b,c). Third, nucleotides, which
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with fold change >2and P< 0.05. e, Loadings plot presenting the contribution
ofindividual metabolite classes to the PCA componentsinb. The coloursindicate
pathway assignmentina. f-k, log,fold change of selected metabolitesin tissue
IF or CSF relative to plasma. Data are mean + s.e.m., withnvalues asinb,c.

I-n, Heatmaps of average log, fold change (FC) in metabolite concentrations
relative to plasma. Scalebarsindicate valueranges. o, Areaunder the curve (AUC)
values from proliferation assays of MDA-MB-231 control (Ctrl) orindicated
knockout (KO) cells cultured + relevant rescue metabolites (Extended Data
Fig. 6a-f). AUC values were normalized to control + rescue. Dataare mean +
s.d.;n=3biologically independent samples. Representative plots are shown
fromone of twoindependent experiments with similar results. Statistical
analysis was done by a Kruskal-Wallis test with Dunn’s multiple comparisons
(two-sided). Arg, arginine; Cit, citrulline; Hx, hypoxanthine; Pro, proline;

Ser, serine; Urd, uridine. PYCR denotes PYCR1/2/3 triple knockout.

are typically absent from standard culture media, could be supple-
mented torescue cell dependency on DHODH or GART (Extended Data
Fig. 6e,f). These findings indicate that for some nutrients, cellular
synthesis capacity is important for maximal proliferation regardless
of environmental availability. Nevertheless, this panel of metabolite
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Fig.2|Intracardiacimplantation to determine where metabolite auxotrophs
cangrow as metastases. a, Schematic of intracardiac injection of controland
auxotroph cells expressing Flucinto the left ventricle, enabling metastatic
spread to thebrain, liver, lung, ovary, bone, and kidney or adrenal glands.
Colonization was quantified by bioluminescence imaging of harvested tissues
atend point. MDA-MB-231-Flucand HCC1806-Fluc cellswereinjected into
NSG mice; EO771-Fluccells were injected into B6 mice. Created in BioRender.
Abbott, K. (2025) https://BioRender.com/73th1x3.b, Petal plots used to display
metastatic patterns, where each petal representsatissueanditslengthindicates
growth of auxotrophsrelative to controls. ¢, Petal plots showing the metastatic
distributions of different metabolite auxotroph cells relative to control cells.
Dataare mean + 95% confidence interval; n = 3-7 biologically independent mice

auxotrophs with varying metabolite synthesis requirements enable
testing of how metabolite synthesis influences the ability of cells to
colonize different tissues with different nutrient levels.

Single nutrients do not predict metastasis

Before testing the auxotrophsinvivo, we confirmed that MDA-MB-231,
HCC1806 and EO771 cells tagged with firefly luciferase (Fluc) metas-
tasize to multiple organs after intracardiac injection, consistent
with previous reports?*® (Extended Data Fig. 7). We then injected
Fluc-tagged auxotrophs and control cells and compared their ability
toformtissue-specific metastases (Fig.2a-c and Extended DataFig. 8).
Nucleotide auxotrophs showed the strongest defects,as DHODH loss
impaired metastasis in all sites for MDA-MB-231 and HCC1806, and in
the liver and kidney or adrenal gland for EO771, whereas GART was
essential across all tissues in all three lines (Extended Data Fig. 8a,b).

pergroup, withexact numbersreportedinthe Source Data. Plots were derived
from Extended DataFig. 8. Bo, bone; Br, brain; Ki, kidney; Li, liver; Lu, lung;

Ov, ovary.d, Scatter plots of average metabolite concentrations in tissue IF
versus auxotrophdependency (log, fold depletionin tumour growth of knockout
relative to control). MDA-MB-231 (black) and HCC1806 (blue) were compared
with NSG tissue metabolite levels; EO771 (red) was compared with B6 levels. Brain
valuesreflect CSF. Dataare mean +s.e.m.; n=3-7biologicallyindependent mice
pergroup withexact numbers reported inthe Source Data. Pearson correlation
coefficients (r) and exact Pvalues are provided in the Source Data (two-sided
tests; *P<0.05and **P < 0.01). PYCR denotes PYCRI/2/3triple knockout.
Experiments were performed once.

Despite abundant hypoxanthine in tissue fluids and CSF (Fig. 1n and
Extended DataFigs.1d and 4n), GART remained essential, arguing that
individual nutrient requirements are not sufficient to define the tissues
to which these cancer cells can metastasize.

Incontrast to nucleotides, amino acid dependencies were heteroge-
neous and cell line specific (Fig. 2c and Extended Data Fig. 8c—f). ASNS
was required for metastasis to bone and kidney or adrenal gland in
MDA-MB-231and HCC1806 but notin EO771, whereas effects on brain
metastasis were modest, with only slight impairmentin MDA-MB-231
and EO771 and no effect in HCC1806. Loss of ASS1 most consistently
impaired bone metastasis across lines, although the magnitude was
modest, whereas effects in other tissues varied. PHGDH dependency
also differed, as MDA-MB-231required PHGDH broadly, consistent with
previous reports of serine synthesis dependence in brain metastasis®,
but HCC1806 showed dependency only in lung and bone, and EO771
displayed minimal reliance. These findings demonstrate that low serine
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levels in the brain'®**? do not universally confer PHGDH dependence.
Finally, proline synthesis was broadly required in MDA-MB-231 but vari-
ably soin HCC1806 and EO771, although all three lines showed some
dependency on PYCR1, PYCR2 and PYCR3 (PYCR1/2/3) for brain metas-
tasis. Collectively, these results indicate that, unlike nucleotide syn-
thesis, amino acid auxotrophy does not reliably predict tissue-specific
metastatic capacity. Instead, dependencies differ across cell lines and
tissues, highlighting the combined influence of cell-intrinsic traits and
local environments.

To assess variability and reproducibility, we repeated the in vivo
metastasis experiment for four HCC1806 auxotroph lines (ASNS, ASS1,
PHGDH and PYCR1/2/3), which had shown variable tissue-specific
growth. Metastatic burden was quantified by bioluminescence imag-
ing, and auxotroph-to-control fold changes were compared across
experiments (Extended Data Fig. 9a-e). Of 24 tissue comparisons, 22
were consistent, supporting the reproducibility of the assay. The only
differences were modestly better growth of ASSI-knockout cellsinthe
brainand ovaryintherepeat experiment. Theseresults indicate that the
heterogeneous metastatic phenotypes reflect biological differences
rather than experimental variability.

Totest whether auxotrophsretained their phenotype after metasta-
sisformation, weisolated HCC1806 ASNS-knockout brain metastases
and ASSI-knockout liver metastases following intracardiac injection.
Western blotting confirmed that neither enzyme was re-expressed
(Extended Data Fig. 9f,g). In culture, ASNS-knockout cells proliferated
only with asparagine, and ASS1-knockout cells failed to grow without
arginine, even with citrulline added (Extended Data Fig. 9h-k), both
consistent with their original in vitro phenotypes. Thus, auxotrophy
ispreservedinvivo,and growthin nutrient-depleted tissuesis not due
to re-expression of the deleted enzyme.

To evaluate whether nutrient availability predicts tissue-specific
auxotroph dependencies, we correlated metabolite levels with meta-
static outgrowth (Fig. 2d). We hypothesized that auxotrophs would
struggle to grow in tissues lacking the corresponding nutrient but
would grow normally in tissues where it was abundant: for example,
PHGDH-null cells in serine-poor versus serine-rich sites. Only a few
significant correlations were observed: proline concentration corre-
lated positively with PYCR1/2/3 dependency in HCC1806 cells, whereas
arginine showed a negative correlation with ASS1 dependency in
MDA-MB-231 cells. Broader analysis revealed few associations, most
unrelated to the engineered auxotrophy (Extended Data Fig. 10a-d).
Thus, single-nutrient levels alone do not reliably predict metabolic
dependencies in metastasis.

We also considered whether the low but non-zero levels of amino
acids measuredin vivo might partially sustain auxotrophs. For example,
arginine is present at 3 pM in liver interstitial fluid and asparagine at
4 uMin CSF (Extended Data Fig. 10e,f). In titration assays, ASSI-null
cells showed a half-maximal inhibitory concentration (ICy,) of 2.5 pM
arginine (withcitrulline present), and ASNS-null cells showed an ICy, of
10 pMasparagine (Extended DataFig.10g-j). These concentrations are
at or below those measured in vivo, suggesting that residual nutrient
availability could allow some proliferation but does not fully support
proliferation of the auxotrophs in culture. Thus, additional support
from the tumour microenvironment, such as stromal exchange or
protein scavenging, must further enable cancer cell proliferation in
nutrient-limited tissues.

Auxotroph tumour growth in the MFP or brain

Because nucleotide synthesis auxotrophs fail to grow in multiple tis-
sues, it might be required for survivalin circulation. To test this possi-
bility, and to ask whether nutrient availability more directly constrains
tumour growth at theimplantationsiteitself, we implanted auxotrophs
into the brain or MFP, bypassing dissemination through the circulation
(Fig. 3a-c and Extended Data Fig. 11). We chose these sites because
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the levels of many nutrients, especially amino acids, are lower in the
brain’®*, and previous work has suggested that tumours preferentially
grow in their primary-site tissue environment*'. To monitor tumour
growth, we engineered auxotrophs to express Gaussia luciferase
(Gluc)*, enabling noninvasive tracking by blood luminescence. We
alsoimplanted EO771auxotrophsinto the brain to compare metabolic
dependencies in that site across all three lines.

We first compared how the route of cell delivery to the brain influ-
enced gene dependency for tumour growth in that site. Our analysis
revealed astatistically significant but modest correlation between gene
dependencies observed with intracranial and intracardiac injections
(Fig.3d and Extended DataFig.12a), indicating that the overall patterns
of gene dependency are independent of the method of cell delivery
to the brain. However, we found that dependencies were generally
stronger when cells were directly implanted viaintracranial injection. In
addition, we observed some notable outliersin which the route of injec-
tion affected gene dependency. For instance, HCC1806 cells demon-
strated astrong dependency on ASS1wheninjected intracranially, but
this dependency was reduced following intracardiacinjection. EO771
cells lacking DHODH or PHGDH were able to form metastatic brain
tumours when injected in the heart but not when directly implanted
in the brain.

We found that nucleotide synthesis was invariably required, as loss
of DHODH or GART impaired brain and MFP tumour growthin all three
lines and extended survival (Fig. 3cand Extended Data Fig.11a-f). These
dataarealso consistent with abroad requirement for de novo nucleo-
tide synthesis to grow in tissues despite high extracellular nucleotide
levels (Fig. 1m,n). By contrast, amino acid dependencies were more
variable, as was observed in intracardiac experiments. MDA-MB-231
required ASNSinboth the brainand MFP, whereas HCC1806 showed no
ASNS dependencein the brain and EO771 only showed amodest effect
(Fig.3cand Extended Data Fig. 11g-i). ASS1was required for HCC1806
tumoursinboththebrainand the MFP, for MDA-MB-231only in the MFP,
and was dispensable in EO771 (Extended Data Fig. 11j-1). PHGDH was
essentialin MDA-MB-231across sites but variably required inHCC1806
and EO771 (Extended Data Fig. 11m-o0). Proline synthesis (PYCR1/2/3)
was required in the brain for HCC1806, modestly in MDA-MB-231, but
notfor EO771 (Extended DataFig.11p-r). A consistent link between tis-
sue nutrient availability and tumour growth was not observed (Fig. 3e).
Together, these data show that direct implantation recapitulates the
heterogeneous auxotroph dependencies observed with intracardiac
injection and reinforces that single-nutrient levels do not reliably pre-
dict tissue tumour growth requirements.

MFP and brain tumour metabolic activity

To further study the relationship between nutrient levels in tissues
and the ability to synthesize specific nutrients to allow tumour
growth in a given tissue, we traced the fate of *C-labelled glucose in
MDA-MB-231-derived brain or MFP tumours in mice (Fig. 4a). We moni-
tored the fraction of m+6-labelled glucose in plasma over the course
oftheinfusionand observed that labelling approached steady state by
the final time point (Fig. 4b and Extended Data Fig.12b). We observed
that plasma glucose labelling was slightly lower in mice bearing brain
tumours thanin those with MFP tumours, whereas *C-labelling of pyru-
vate, lactate and amino acids in plasma was largely similar between
cohorts (Extended Data Fig.12c-e). These findings suggest that tumour
location may modestly influence systemic glucose metabolism.
Within tissues, lactate and tricarboxylic acid cycle metabolite
labelling was higher in the brain and brain tumours than in the MFP
(Extended Data Fig. 13a,b), consistent with high glucose utilization
in the brain*®* and greater biosynthetic demands imposed by low
amino acid availability behind the blood-brain barrier**. Accord-
ingly, labelling of asparagine, glycine, serine and proline was higher
in brain tumours than in MFP tumours (Fig. 4c-f and Extended Data



Fig.3|Metabolicdependencies of brain and MFP tumours. a, Schematic

of directimplantation of control or auxotroph cells expressing Glucinto the
brain or MFP of mice, with tumour growth monitored over time viablood
luminescence. MDA-MB-231-Gluc and HCC1806-Gluc cells were injected into
NSGmice; EO771-Gluc cells were injected into B6 mice. Created in BioRender.
Abbott, K. (2025) https://BioRender.com/e78ptcl. b, Petal plotsillustrating
auxotroph tumour growth relative to controls. Each petal representsacellline
and tumour site; petal length reflects relative tumour growth of auxotrophs
versus controls. ¢, Petal plots showing growth distributions of auxotroph
versus control tumours. Data are mean + 95% confidence interval; n=2-10
biologically independent mice per group withexact numbersreportedinthe
Source Data. Plots were derived from Extended Data Fig.11. Cell lines and

Fig.13c,d). However, growth of auxotrophs lacking ASNS, PHGDH or
PYCR1/2/3 was similarly affected in both sites (Fig. 3¢), arguing that
elevated amino acid synthesis in brain tumours does not necessarily
indicate increased dependency.

For nucleotides, MFP tumours synthesized more purine and pyrimi-
dinenucleotides than normal tissue, whereas brain and brain tumours
showed lower synthesis, closer tonormal MFP (Fig. 4g-iand Extended
DataFig.13e,f). Regardless, DHODH and GART were required for tumour
growth in both sites (Fig. 3c), again indicating that synthesis activity
doesnot predict pathway dependency. Although glucose-derived label-
lingwasreduced inbrain tumours, total nucleotide levels were largely
similar between brain and MFP tumours (Extended Data Fig. 13e), sug-
gesting compensation through uptake or salvage. Supporting this,
DHODH-knockout MDA-MB-231 cells cultured with uridine showed
reduced pyrimidine labelling from ®C-glucose but maintained over-
all nucleotide levels (Extended Data Fig. 13g-k), providing evidence
that salvage can sustain nucleotide pools when de novo synthesis is
impaired.

Together, these results demonstrate that although metabolic activity
differs between brain and MFP tumours, neither individual nutrient
levels nor pathway activity reliably predict auxotroph dependencies or
metastatic potential. Rather, it implies that tumour cells differentially
leverage existing nutrient resources or engage alternative pathways
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tumoursitesareasinb.d, Scatter plot correlating auxotroph dependency for
braingrowth based onroute of cell delivery. Axes show log, fold change in
tumour growth of knockout versus control cells following intracranial (x axis)
orintracardiac (yaxis) injections. Dataare mean +s.e.m.; n=2-10 biologically
independent mice per group (exact numbers arein Extended Data Figs. 8 and 11).
Two-sided Pearson correlation coefficient and exact Pvalue are providedin
figure panel. e, Scatter plots of average metabolite concentrationsin MFP IF
and CSF (proxy for brain) versus auxotroph dependency for growthineach
site (log, fold depletion of knockout relative to control). Symbols represent
tissue metabolite concentrations. Dataare mean +s.e.m.; n=3-7 biologically
independent mice per group, with exact numbersreported in the Source Data.
PYCR denotes PYCR1/2/3triple knockout. Experiments were performed once.

such as nucleotide salvage within a tissue microenvironment to meet
the metabolic demands for tumour growth.

Dietary nutrient depletion and metastasis

Totest whether systemic nutrient manipulation alters metastatic colo-
nization, we fed NSG mice a diet deficient in both serine and glycine
before intracardiac injection of HCC1806 cells***. The diet robustly
depleted serine and glycine in plasma and multiple tissues (Extended
Data Fig. 14a-f), but effects on metastasis were site specific: tumour
burdeninthebrain, liver and lung was unchanged, whereas bone, kid-
ney and ovary metastases were reduced (Extended Data Fig. 14g-i).
Thus, although nutrient depletion caninfluence metastatic outgrowth,
single nutrients do not consistently predict tissue-specific colonization.

Genetic correlates of metastasis

To probe links between metabolic requirements and metastasis, we
analysed Dependency Map (DepMap) data. CRISPR dependency of
the amino acid synthesis genes studied here did not correlate with
tissue-specific metastatic potential (Extended Data Fig. 15a). By con-
trast, CRISPR dependencies for DHODH and GART correlated with
metastatic potential in several tissues, particularly the lung (Fig. 5aand

Nature | Vol 649 | 29 January 2026 | 1297


https://BioRender.com/e78ptc1

Article

°
a
q“,t‘
Brain &
CH,OH tumour
o Ie oot
OH — ®
- °
OoH OH 3%,
o~ e =9
tumour
U-13C,]-gl /¢ ==
[ ol-glucose Label incorporation
into downstream
metabolites
LI P=0012 d 0. P=0.038
(e
&0 0.15
£2 04 E\‘;E Coe
= 0 2
o8 £g
o8 ° © 4
g oc 0.10
g9 o
g% 02 58
a g . Ol
2& = 0.05
0 - 0-
g P < 0.0001 h
P=0.0003 p=q028
0.16 — 0.10 —
P < 0.0001
0.08 -
3 0124 P < 0.0001 3
T3 E
G 4
£8 o gg 00
=~ 0.08 4 Q<
as ]
L5 S<S 004 4
08 0.04 -
- 002 H oo
o (0]
0 - 0-

Fig.4|Assessment of metabolite fatein primary and brain metastatic
breast cancers. a, Schematic of [U-*C]-glucose infusion to trace metabolite
fatein female NSG mice bearing MDA-MB-231tumours in the MFP or brain.
Created in BioRender. Abbott, K. (2025) https://BioRender.com/os441ve.

b, Fractionallabelling of plasma glucose (m+0 and m+6) following [U->C]-
glucose infusion (0.4 mg min™, 10 h) in mice with MFP or brain tumours.
Dataaremean +s.e.m.;n=>5 (MFP tumours) or n =4 (brain tumours) biologically
independent mice. c-i, Fractional labelling of the indicated metabolites

Extended Data Fig. 15b), consistent with our experimental findings
(Fig. 2¢). Thus, CRISPR dependencies may better predict metastatic
potential than gene expression or metabolite levels in select cases.

Multiple metabolites influence metastasis

Because single nutrients did not reliably predict metastatic site tro-
pism, we next asked whether broader tissue metabolite levels correlate
with metastatic outgrowth of control cell lines. Several metabolites,
including serine, glycine, tyrosine, glutamate, inosine and thymidine,
correlated positively with metastatic potential, with 23 metabolites
consistently significant across all three lines (Fig. 5b,c). Many correla-
tions were reproducible in both NSG and B6 datasets, although some
strain-specific differences (for example, carnosine) were observed
(Extended Data Fig. 15¢,d). These findings suggest that metastatic
potential reflects the combined influence of multiple metabolites
rather than any single nutrient.

Discussion

A consistent correlation between tissue-specific, single-nutrient levels
and dependency on specific metabolic genes was not observed across
three breast cancer cell lines. Although extensive data support the
notion that nutrient availability influences metabolic behaviour®*,
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measured by liquid chromatography-mass spectrometry. Separate cohorts of
infused mice wereimplanted with tumoursin either the MFP or brain, and both
tumour and noncanceroustissues were collected from the same micein each
cohort.Dataare mean +s.e.m.; n=5(MFP tumour and noncancerous MFP),
n=4(braintumour)and n =3 (noncancerous brain) biologically independent
samples. Statistical analysis was performed using one-way analysis of variance
with Holm-Sidak multiple comparisons test (two-sided). Experiments were
performed once.

these findings suggest that metabolic dependencies in cancer are
not solely determined by the availability of metabolites synthesized
downstream of a given metabolic enzyme. Rather, the data indicate
that metabolic dependencies and tissue preference of metastases are
shaped by a complex interplay between multiple nutrients in tissues
and cell-intrinsic factors that influence tumour metabolic require-
ments. Forexample, despite reports of low levels of serine in the brain
microenvironment’®”, our measurements indicate that serine levelsin
CSF are not depleted relative to plasma, although they are lower than
inother tissue interstitial fluid. Nevertheless, we observed that serine
synthesis via PHGDH is not universally required across cells for brain
tumour growth or brain metastasis. One possibility is that different
celllines can differentially salvage products of serine synthesis, influ-
encing their dependence on de novo synthesis. Consistent with this,
cancer cellsvaryintheir responseto serine starvation even withinthe
same tumour type*. Serine synthesis activity can also be shaped by
availability of other nutrients, reflecting a metabolic ‘budget’in which
cells prioritize the uptake of some metabolites to allocate resources
towards others*. Moreover, dependency on pathways such as PHGDH
may also shift across stages of metastasis: low expression of PHGDH
promotes early dissemination, whereas re-expression supports estab-
lished lesions*®. Thus, reliance on serine synthesis or other metabolic
pathwaysreflects adynamicinteraction between environmental sup-
ply and intrinsic demands, complicating prediction and targeting of
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Fig.5|Correlating metabolic dependencies and metabolite levels with
tissue-specific metastatic potential. a, Scatter plots correlating the metastatic
potential of breast cancer cellsto the lung within vitro CRISPR dependencies
oftheindicated genes (left). Each dotrepresents one cell line. Pvalues from two-
sided Pearson correlation tests are shownin the panels. Heat map showing -
log,o(P) values from correlations between metastatic potential to the indicated
tissuesand CRISPR dependency scores of the indicated genes (right). Dataare
fromthe DepMap portal.b, Scatter plots correlating metabolite concentrations
intissue IF with the metastatic potential of control cells followingintracardiac
injection. MDA-MB-231 (black) and HCC1806 (blue) values were compared with
NSGtissue metabolite data; EO771 (red) was compared with B6 data. Brain values

metabolic vulnerabilities. Consistent with this heterogeneity, even
among TNBC models, we noted that HCC1806 behaved differently
from MDA-MB-231and EO771in some conditions.

The observation that auxotrophic cancer cells can grow in tissues
where the corresponding nutrient is depleted raises important ques-
tions about what factors enable tumour outgrowthin tissues with low
levels of the rescue nutrient. Although the levels of metabolites such
as arginine and asparagine are lower in sites such as the liver or CSF,
they are not entirely absent. Defining whether such concentrations
are limiting requires functional data. Regardless, residual nutrient
availability is unlikely to fully explain tumour growth, as buffering
mechanisms—including upregulation of high-affinity transporters,
support from non-cancer cell types in the tumour microenvironment>*
or scavenging of macromolecules*>*'—may collectively reduce demand
for the rescue nutrient and sustain proliferation.

Quantification of metabolites available across tissues challenges the
conventional view that tumour microenvironments are generally nutri-
entdeprived. Supporting this, tumour interstitial fluid is not depleted
of many nutrients®**2, Of note, tumour interstitial fluid is similar to

Correlation

Correlation

reflect CSF.Dataare mean +s.e.m.; n=3-7biologicallyindependent mice per
group, withexactnumbers provided in the Source Data. Summary dataused
to derive metastatic potential values are presented in Extended Data Fig. 8.
Pearson correlation coefficients (r) and exact Pvalues are provided in the
Source Data (two-sided tests). ¢, Volcano plots depicting Pearson correlation
coefficients and Pvalues for metabolites correlated with metastatic potential
of control cell lines following intracardiacinjection. The black circles indicate
metabolites significantly correlated in all three cell lines. Significance was
defined as|r|>0.5and P< 0.05 (two-sided). G1P, glucose-1-phosphate;

GPC, glycerophosphocholine; 3M20P, 3-methyl-2-oxopentanoic acid;

PEtn, O-phosphoethanolamine.

normal kidney interstitial fluid in human patients with renal cell car-
cinoma, suggesting that tumours adapt to existing environmental
conditions rather thanreshaping them to suit their needs®. This adapta-
tionis particularly critical in the brain, where the blood-brain barrier
restricts nutrient access®’. Despite lower amino acid levels, we did not
find a universal dependency on amino acid synthesis, indicating that
cell-intrinsic metabolic traits and differential ability to salvage protein
from the microenvironment probably drive these varied dependencies.

Although heightened synthesis activity measured by labelled glucose
incorporation often correlates with pathway dependency, such as for
serine orlipid synthesis in the brain'>"**, our results show that this is not
always the case. Bulk tumour measurements may obscure cell-specific
metabolism, or genetic knockouts may trigger compensatory adapta-
tions such as nutrient salvage. For example, pancreatic cancer cells
increase uridine salvage following DHODH loss**. Thus, tumour meta-
bolic dependencies cannot be inferred solely from synthesis activity.

Despite the heterogeneity in metabolic dependencies that we
observed in auxotrophs, we found a strong dependency on GART for
breast cancer cells to form tumours in multiple tissues. This robust
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dependency underscores the importance of purine synthesis in this
cancer and is corroborated by evidence that breast cancer can be
treated with antifolates®. Of note, we did not observe elevated purine
synthesisin brain compared with MFP tumours, whichis consistent with
two studies showing lower purine synthesis activity in the brain than
in other tissues®*”. Although those datawere interpreted as areliance
of brain tissue on nucleoside or nucleobase salvage®, synthesis also
remains important for tumour growth.

Our use of different models to explore gene—-nutrient interactions
highlights how methodological approaches canlead to differentinter-
pretations of metabolic dependencies. For example, although DHODH
was found to be essential for MDA-MB-231and HCC1806 cells acrossaall
experimental approaches, DHODH was required by EO771 cells for brain
and MFP tumour growth but was minimally essential for metastasis
when introduced into mice via intracardiac injections. Differences in
metabolic dependencies between intracardiac and intracranial injec-
tions probably reflect the distinct microenvironments and stages of
metastasis encountered with each method. We selected intracardiac
injectionto assess nutrient levels and metastatic outgrowth because it
allows for simultaneous evaluation of multiple organsites, providing a
broad view of tissue-specific constraints on metastasis. To distinguish
these effects from local tumour growth capacity, we also used direct
intracranial and MFP injections, enabling a focused analysis of how
metabolic dependencies vary by tissue independent of dissemination.
Although no single metastasis model fully recapitulates the clinical dis-
tribution of metastases, each has inherent strengths and limitations®
and offer insights into the metabolic requirements of cancer cells for
metastatic tumour growth. Studies using alternative systems—such
as genetically engineered mouse models—could further build on the
findings.

Thisstudy only examined breast cancer, and whether the relationship
between single-nutrient levels and metabolic requirements for metas-
tasis extends to other cancer types is not known. Moreover, tumours
arising from clonal knockout cells necessary to create auxotrophs may
not captureintratumour metabolic heterogeneity that could contribute
to nutrient sharing among cancer cells within tumours***°, Nonethe-
less, this study providesinsightinto TNBC cell metabolic dependencies
and their relationship to tissue nutrient environments, showing that
theinterplay between levels of multiple microenvironmental nutrients
and cell-intrinsic wiring shapes metastatic growth. More broadly, these
results illustrate the challenge of defining tumour metabolic vulner-
abilities. Despite the extensive scope of this study, many dependencies
could not be explained by single nutrients or pathways. Future progress
will require approaches that integrate nutrient availability, genetics,
stromalinteractions and adaptive pathways to predict and ultimately
exploit metabolic vulnerabilities in diverse tumour contexts.
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Methods

Mice

All experiments conducted in this study were approved by the MIT
Committee on Animal Care or the MGH Institutional Animal Care and
Use Committee. Female B6 and female NSG mice 6-10 weeks of age
were used. Animals were housed at ambient temperature and humid-
ity (18-23 °C, 40-60% humidity) on a12-h light-12-h dark cycle and
co-housed with littermates with ad libitum access to food and water.
All experimental groups were age matched, numbered and randomly
assigned to treatment or control groups to minimize bias. Randomiza-
tion was performed using arandomized numbering sequence at the
time of injection or treatment. Investigators were not blinded during
animal injections or treatments; however, researchers were blinded
during dataacquisition and quantification. No statistical methods were
used to pre-determine sample size. Animal studies were performed
once per condition unless otherwise specified in the figure legends.
Datawere collected from distinct animals, where nrepresents biologi-
callyindependent samples. Mice were euthanized when total tumour
burdenreached2 cmindiameter or earlier if humane end point criteria
(for example, more than 20% weight loss, body condition score of less
than 2 or signs of distress) were observed. These institutional limits
were not exceeded in any experiment.

Celllines and culture

Human cell lines used in this study were obtained from the American
Type Culture Collection (HCC1806: CRL-2335, from a female patient;
MDA-MB-231: HTB-26, from a female patient). Mouse EO771 breast
cancer cells were obtained from CH3 BioSystems (94A001, from B6
mice). Cell lines obtained from ATCC and CH3 BioSystems are authen-
ticated by the suppliers; no additional authentication was performed
by theauthors. Lines were regularly tested for mycoplasma contamina-
tion using the MycoAlert PLUS Mycoplasma Detection Kit (LT07-710,
Lonza BioSciences). All cells were cultured in a Heracell humidified
incubator (Thermo Fisher Scientific) at 37 °C and 5% CO,. Cell lines
were routinely maintained in RPMI-1640 (10-040-CV, Corning Life
Sciences) supplemented with 10% heat-inactivated fetal bovine serum
(10437-028, Gibco), and for cell culture experiments, 10% dialysed fetal
bovine serum (26400-044, Gibco) was supplemented.

RPMI-1640 medium lacking serine or arginine was made using a previ-
ous method®. Inbrief, enough of allamino acids and sodium phosphate
dibasic (S5136, Sigma-Aldrich) of RPMI-1640 media except for serine
orarginine were weighed out to make 251 of media, then the resulting
powders were homogenized using an electric blade coffee grinder
(80365, Hamilton Beach) that had been washed with methanol then
water. The resulting powders were resuspended in water along with
sodium bicarbonate (S5761, Sigma-Aldrich) and RPMI-1640 medium
without amino acids and sodium phosphate (R8999-04A, US Biologi-
cal) to make RPMI-1640 medium lacking serine or arginine. Serine or
arginine was reconstituted in water to generate stock solutions and
added back as needed to reach 286 uM serine or 1.15 mM arginine,
reflecting standard RPMI-1640 concentrations.

DMEM medium lacking serine or arginine was prepared using abase
powder formulation lacking all amino acids and pyruvate (D9800-13,
US Biological). To this base, glucose, sodium pyruvate and sodium
bicarbonate were added to match standard DMEM composition. Amino
acids were weighed out and homogenized as described above for RPMI,
then dissolved into the reconstituted DMEM base. Serine or arginine
wasaddedback asneeded toreach 400 pM serine or 398 uM arginine,
reflecting standard DMEM concentrations.

Isolation of interstitial fluid, CSF and plasma

Tissue interstitial fluid was collected from mouse tissues using an
adapted protocol based on previous published work®. Female NSG
or female B6 mice onad libitum diet 6-9 weeks of age were used for all

tissueinterstitial fluid isolations. Organs from five mice were combined
perinterstitial fluid sample, and each pooled sample was treated as an
individual data point for the liquid chromatography-mass spectrom-
etry (LC-MS) measurements and analysis. All mice were euthanized
at the same time of day to account for any effects of time of day on
metabolism, and were euthanized by cervical dislocation to minimize
metabolicartefacts associated with CO, exposure®. Tissues were kept
onachilled metalblock onice throughout the harvest and when ready
to pool, were briefly rinsed in ice-cold saline (16005, Azer Scientific),
excess liquid removed by blotting on filter paper (28298-020, VWR),
then placedina50-mlconical vial lined witha20-pm nylon mesh filter
(148134, Spectrum Labs) and 0.25 pl of 0.5 M EDTA, pH 8.0 at the bot-
tom. The tissues were centrifuged at 400g for 10 min at 4 °C. The flow
through was collected and centrifuged again at 400g for 10 min at
4 °Cbefore flash freezing and storage in —80 °C until further analysis.
Before tissue harvest, plasma from each live mouse was collected by
facial cheek bleed into EDTA-coated tubes (41.1395.105, Sarstedt), then
centrifuged at 800gfor 10 minat4 °C. Supernatant containing plasma
was flash frozen and stored at —80 °C until further analysis. An equal
volume of each plasma sample was pooled from each mouse cohort
before analysis by LC-MS.

CSF wasisolated from the mouse brain as previously described®. In
brief, female NSG or female B6 mice were anaesthetized with ketamine
(90 mg kg™ and xylazine (9 mg kg™) via intramuscular injection, and
CSFwas collected by gently inserting asharpened capillary (inner diam-
eter of 0.75 mm and outer diameter of 1.0 mm) in the cisterna magna.
Collected fluid was visually monitored for blood contamination. CSF
was centrifuged at 800g for 10 min at 4 °C, and the supernatant was
flash frozen and stored at —80 °C until further analysis. Following CSF
collection, animals were euthanized via cervical dislocation and blood
was collected via cardiac puncture and immediately placed in EDTA
tubes (41.1395.105, Sarstedt), then centrifuged at 800g for 10 min at
4 °C. Plasma was flash frozen in liquid nitrogen and stored at -80 °C
until further analysis.

Toevaluate the stability of metabolite levels during sample handling,
we performed atime-course experiment in female B6 mice. For plasma,
bloodwascollected viacheekbleed directly into EDTA-coated tubes and
either processed immediately as described above or held onice for 5,
10 or 30 minbefore processing. For liver interstitial fluid, one liver was
collected from each mouse and either processed immediately or placed
on a chilled metal block on ice for 5,10 or 30 min before interstitial
fluid isolation using the standard centrifugation protocol described
above. Allsamples were analysed by LC-MS to quantify time-dependent
changes in metabolite levels.

MFP and brain tumour model generation

MDA-MB-231, HCC1806 and EO771 cell lines were transduced with a
lentiviral vector expressing Gluc and GFP separated by aninternal ribo-
somalentry site*?, and the top 10% of GFP* cells were isolated by FACS.
Togenerate MFP tumours, mice were first anaesthetized with ketamine
(90 mg kg™ and xylazine (9 mg kg™) via intraperitoneal injection, and
1x10° MDA-MB-231-Gluc or HCC1806-Gluc cells were injected into the
MFPin30 or 50 plvolume of PBS. To generate brain tumours, mice were
firstanaesthetized with ketamine (90 mg kg™) and xylazine (9 mg kg™)
via intramuscular injection. Then, 1 x 10° MDA-MB-231-Gluc, 1 x 10°
HCC1806-Gluc or 5 x10* EO771-Gluc cells were diluted in 1 pl PBS
and stereotactically injected into the left frontal lobe of the mouse
brain. Tumour volumes were assessed 1-2 times per week by mixing
7 il tail vein blood with 7 pul 0.5 mM EDTA (pH 8.0) and quantifying
luminescence using Promega GloMax Plate Reader (Promega) and the
substrate coelenterazine (303, NanoLight Technology).

Intracardiac injection and metastasis quantification
MDA-MB-231, HCC1806 and EO771 cell lines were transduced with a
lentiviral vector expressing Fluc and GFP*, and infected cells were



sorted by FACS using a fixed gate for GFP. For intracardiacinjections,
1x10° cancer cells were suspended in 100 pl PBS and injected into
the left ventricle of mice anaesthetized with inhaled isoflurane using
ultrasound guidance®*. In vivo metastasis progression was monitored
viareal-time bioluminescence imaging (BLI) using the IVIS Spectrum
Imaging System (PerkinElmer). Mice were anaesthetized with inhaled
isoflurane, injected intraperitoneally with D-luciferin (150 mg kg™),
then imaged every 3 min with the auto-exposure setting in supine
position for a total time of 15 min. The time at which luminescence
reached its maximum was used for total photon flux values (photons
per second).

For end point ex vivo tissue BLI quantification, mice were intra-
peritoneally injected with D-luciferin (150 mg kg™), anaesthetized
with inhaled isoflurane and whole-body BLI was recorded 10 min
post-luciferin injection. Following immediate euthanasia by cervi-
cal dislocation, tissues were rapidly dissected and imaged with the
auto-exposure setting. BLIanalysis was conducted using Living Image
software (v4.7.2, PerkinElmer).

Generation of metastatic cell lines

Following intracardiac injection of GFP-labelled or Fluc-labelled
cancer cells and end point BLI, GFP* metastases in the brain and/or
liver wereidentified and microdissected using a fluorescent dissect-
ing microscope. Brain metastases were placed directly into 15-ml
conical tubes containing 5 ml of digestion buffer (1 mg ml™ colla-
genase 1 (LS004194, Worthington Biochemical), 3 mg ml™ dispase II
(04942078001, Roche) and 0.1 mg ml™ DNase I (D4527, Sigma) in
PBS). Liver tissue bearing GFP* metastases were placed into diges-
tion buffer and finely minced using sterile surgical tools. Tissues
were then digested at 37 °C for 1 h with gentle rotation. After diges-
tion, samples were triturated using a flamed glass Pasteur pipette to
further dissociate tissue. EDTA was added to a final concentration of
10 mM, and samples were incubated at room temperature for 5 min.
Cellsuspensions were filtered through a 70-pum cell strainer into 50-ml
conical tubes, centrifuged, washed twice with PBS and resuspended in
RPMImedium supplemented with10% heat-inactivated fetal bovine
serum and penicillin-streptomycin. Cells were plated and expanded
inculture, and GFP* populations were subsequently isolated by flow
cytometry for downstream analyses.

Petal plot generation

To account for baseline activity and inter-tissue variability in our
luciferase assay data, we normalized the readings against control cell
lines expressing non-targeting control single guide RNA. This nor-
malization involved dividing the raw data for each gene by the aver-
age non-targeting control values corresponding to each tissue type.
We used bootstrap methods for statistical reliability, resampling the
normalized data to estimate mean value distributions and calculate
95% confidenceintervals, thereby capturing the inherent variability in
thebiological data. Values indicating fold changes above 1, suggesting
normal or enhanced cell growth, were capped at1to focus on growth
dependencies. Datavisualization, inspired by Jin et al.2, was achieved
through a petal plot (aradial variant of abar plot), succinctly depicting
luciferase activities along with 95% confidence intervals. Replicates
within the dataset were averaged to provide a single representative
measure per tissue type. The analysis was conducted using R studio
(v4.3.1), using the dplyr (v1.1.2) and ggplot2 (v3.4.3) packages for
data processing and visualization, the boot package (v2019.6.0) for
bootstrap confidence interval calculations, and the reshape2 package
(v1.4.4) for datareshaping.

Quantification of metabolite levels in biological fluids

Metabolite quantification in mouse fluid samples was performed as
previously described®. In brief, 5 ul of sample or external chemical
standard pool (ranging from approximately 5 mM to about 1 uM)

was mixed with 45 pl of acetonitrile:methanol:formic acid (75:25:0.1)
extraction mix including isotopically labelled internal standards. All
solvents used in the extraction mix were high-performance LC grade
(HPLC).Samples were vortexed for 15 minat4 °C, and insoluble mate-
rial was sedimented by centrifugation at 16,000g for 10 min at 4 °C.
Of the soluble polar metabolite extract, 20 pl was taken for LC-MS
analysis. Following analysis by LC-MS, metabolite identification was
performed with XCalibur 2.2 software (Thermo Fisher Scientific)
using a 5 ppm mass accuracy and a 0.5-min retention time window.
For metabolite identification, external standard pools were used for
assignment of metabolites to peaks at given m/z and retention time
(see Supplementary Table 1for the m/z and retention time for each
metabolite analysed). Absolute metabolite concentrations were deter-
mined as previously published®.

BC-glucose tracing in brain and MFP tumours

Infusion of [U-*C]-glucose (CLM-1396-1, Cambridge Isotope Labo-
ratories) into tumour-bearing mice was performed as previously
described™®>¢¢, MDA-MB-231-Gluc cells (1 x 10°) were intracranially
injected into the brain or injected into the MFP of mice and tumours
were permitted to grow for 14 or 17 days, respectively. Catheters were
surgically implanted into the jugular vein of tumour-bearing animals
3 days before the infusion. Mice were fasted for 4 h before the start of
the infusion, then conscious, free-moving animals were infused with
[U-*C]-glucose ata constant rate of 0.4 mg min~for 10 h. Mice remained
fasted throughout the infusion period. Following the 10-h infusion,
animals were terminally anaesthetized with an infusion of Fatal Plus.
Blood was collected immediately by cardiac puncture, and tumours
and non-cancerous tissue were collected within 5 min of death; for
brain tumours, GFP* tumour tissue was isolated from non-GFP" tissue
under a fluorescent dissecting microscope. Tissues were flash frozen
using the BioSqueezer (1210, BioSpec Products) and stored at -80 °C
for subsequent metabolite extraction and analysis. Blood was placed
into EDTA tubes (41.1395.105, Sarstedt) and centrifuged at 800g at
4 °C to separate plasma, which was flash frozen and stored at —-80 °C.
Allisotope labelling experiments in mice were performed at the same
time of day.

Snap frozen tissues were ground into powder using a mortar and
pestle, then weighed into glass vials (C4010-1 and C4010-60BLK,
Thermo Fisher Scientific). Metabolites were extracted in 1.5 ml of
dichloromethane:methanol:0.88% KCI (w/v) (8:4:3 v/v/v), vortexed
for 15 min at 4 °C and centrifuged at maximum speed for 10 min at
4 °C.Polar metabolites (aqueous fraction) were transferred to Eppen-
dorftubes, dried under nitrogen gas and stored at —80 °C until further
analysis. Before analysis by LC-MS, samples were resuspended in water,
vortexed for 10 min, centrifuged at maximum speed for 10 min and
supernatant transferred to vials. For plasma, 5 pl of fluid was extracted
in 45 pl of 80% methanol containing 500 nM C and ®N amino acid
standards (MSK-A2-1.2, Cambridge Isotope Laboratory). Samples were
vortexed for 15 min, centrifuged at maximum speed for 10 min, and
supernatant transferred to vials and analysed by LC-MS. Following
analysis by LC-MS, metabolite peak areas were called using XCali-
bur (v.2.2; Thermo Fisher Scientific) or Compound Discoverer (v.3.3;
Thermo Fisher Scientific) software. lon counts for each metabolite
were normalized to the weight of the tissue sample; for plasmasamples,
totalion counts werereported. Isotope corrections were applied using
IsoCorrector (v.3.18)%".

Dietary serine or glycine restriction and metastasis assay

To assess the effect of systemic nutrient availability on metastasis,
female NSG mice (6-8 weeks of age) were fed either a control diet
(TD.110839, Envigo) or a high-serine diet (TD.160575, Envigo). Mice
were maintained on the assigned diets for 2 weeks before intracardiac
injection of GFP-lablled or Fluc-labelled HCC1806 cells. Mice were
maintained on each diet until end point. For metabolomics analysis
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of tissues of mice on the diets, separate mice were placed on the two
diets for 2 weeks at which point plasma and tissues were collected
and analysed by LC-MS. Mice were randomly assigned to diets, and all
tissue and plasma samples were collected at the same time of day to
control for circadian effects. Before tissue harvest, plasma from each
live mouse was collected by facial cheek bleed into EDTA-coated tubes
(41.1395.105, Sarstedt), then centrifuged at 800g for 10 min at 4 °C.
Supernatant containing plasma was flash frozen and stored at -80 °C
until further analysis. Tissues were rinsed in cold saline, blotted dry,
then snap frozen and stored at —80 °C. Frozen tissues were ground
into powder using amortar and pestle and metabolites were extracted
in 50 pl extraction mix (80% methanol + containing 500 nM *C and
5N amino acid standards (MSK-A2-1.2, Cambridge Isotope Laboratory))
per mg of tissue. Samples were vortexed for 15 min, centrifuged at
maximum speed for 10 min, dried down under nitrogen gas and then
stored at-80 °C. For analysis, samples were resuspended in HPLC-grade
water and analysed by LC-MS.

For plasma, 5 pl of fluid was extracted in 45 pl of 80% methanol con-
taining 500 nM*Cand N amino acid standards (MSK-A2-1.2, Cambridge
Isotope Laboratory). Samples were analysed by quantitative metabo-
lomics as described below. Samples were vortexed for 15 min, centri-
fuged at maximumspeed for 10 min, and supernatant was transferred to
vials and analysed by LC-MS. Following analysis by LC-MS, metabolite
peak areas were called using XCalibur (v.2.2; Thermo Fisher Scientific).

Invitro [U-13C]-glucose tracing

MDA-MB-231 control or DHODH-knockout cells were seeded in six-well
platesin RPMIsupplemented with 100 pM uridine. After attachment,
cells were washed and incubated for 24 h in RPMI (R8999, US Biologi-
cal) containing 10 mM [U-"C¢]-glucose (CLM-1396-1, Cambridge Iso-
tope Laboratories) and 100 puM uridine. Following incubation, cells
were washed, extracted in 80% methanol containing 500 nM 2C and
5N amino acid standards (MSK-A2-1.2, Cambridge Isotope Labora-
tory), vortexed, clarified by centrifugation, dried and stored at —80 °C
until analysis by LC-MS. Replicate plates were counted in parallel, and
metabolite peak areas were normalized to internal standards and to
cellnumber.

LC-MS analysis

Metabolite profiling was conducted on a QExactive benchtop orbitrap
mass spectrometer equipped with an lon Max source and a Heated
Electrospray lonization (HESI-II) probe, which was coupled to a Dionex
UltiMate 3000 HPLC system (Thermo Fisher Scientific). External mass
calibration was performed using the standard calibration mixture
every 7 days. An additional custom mass calibration was performed
weekly alongside standard mass calibrations to calibrate the lower end
of the spectrum (m/z70-1,050 positive mode and m/z 60-900 nega-
tive mode) using the standard calibration mixtures spiked with glycine
(positive mode) and aspartate (negative mode). Of each sample, 2 pl
was injected onto a SeQuant ZIC-pHILIC 150 x 2.1 mm analytical col-
umn equipped with a 2.1 x 20 mm guard column (both particle size
of 5 mm; EMD Millipore). Buffer A was 20 mM ammonium carbon-
ate and 0.1% ammonium hydroxide; and buffer B was acetonitrile.
The column oven and autosampler tray were held at 25°C and 4 °C,
respectively. The chromatographic gradient was run at a flow rate of
0.150 ml min™ as follows: for 0-20 min, linear gradient from 80% to
20% B; for 20-20.5 min, linear gradient from 20% to 80% B; and from
20.5-28 min, hold at 80% B. The mass spectrometer was operated in
full-scan, polarity-switching mode, with the spray voltage setto 3.0 kV,
the heated capillary held at 275 °C and the HESI probe held at 350 °C.
The sheath gas flow was set to 40 units, the auxiliary gas flow was set
to 15 units and the sweep gas flow was set to1 unit. MS dataacquisition
was performedinarange of m/z=70-1,000, with the resolution set at
70,000, the automatic gain control targetat 1 x 10°and the maximum
injection time at 20 ms.

Cell proliferation

For assessment of proliferation by continuous live-cell imaging, cells
were trypsinized, pelleted and washed with PBS, counted, resuspended
inthe appropriate medium and then plated directly into clear 96-well
plates. Cells were then treated with or without the relevant rescue
metabolite, and plates were placed into an IncuCyte Live Cell Analysis
Imaging System S3 (Sartorius) in a humidified incubator at 37 °C and
5% CO,. Images were acquired every 3 h using the 10x objective. Cell
confluence was determined from a mask generated by the standard
settingsinthe IncuCyte Zoom Analysis S3 v2018B software. Cells were
platedin either RPMI or DMEM medium lacking the metabolite corre-
spondingto their engineered auxotrophy: asparagine (ASNS knockout),
arginine (ASSI knockout), proline (PYCR knockout) or serine (PHGDH
knockout). DHODH-knockout and GART-knockout experiments were
performedin complete RPMI medium. The metabolite concentrations
used for rescues unless otherwise stated were:1.15 mM arginine, 379 pM
asparagine, 1 mM citrulline, 100 uM hypoxanthine, 174 uM proline,
286 pM serine and 100 pM uridine.

Western blot

Cellswere washed oncein PBS and scraped into RIPA lysis buffer contain-
ing protease and phosphatase inhibitors (5871, Cell Signaling Technol-
ogy), rocked for15 minat4 °C, and insoluble material was sedimented by
centrifugation at21,000gfor10 minat4 °C. Protein concentration was
determined viaBradford Assay, and samples were mixed with LDS sample
buffer (NPOOO0S8, Thermo Fisher Scientific) and 2.5% 2-mercaptoethanol
and then incubated at 95 °C for 5 min. Proteins were resolved by SDS-
PAGE and then transferred onto nitrocellulose membranes using a wet
tank transfer system (Bio-Rad). Membranes were blocked in 5% milk in
TBST and probed overnight at 4 °C with the appropriate antibody diluted
in5%BSAin TBST. For detection, membranes were incubated with horse-
radish peroxidase-linked anti-rabbit (1:5,000; 7074, Cell Signaling Tech-
nology) or anti-mouse (1:5,000; 7076, Cell Signaling Technology) IgG
secondary antibody diluted in 5% milk in TBST, and chemiluminescent
signal was detected using a digital imager (LAS 4000, GE Healthcare).
The primary antibodies used were: ASNS (1:1,000; 14681-1-AP, Protein-
tech), ASS1 (1:1,000; clone D404B, 70720, Cell Signaling Technology),
PHGDH (1:1,000; HPA021241, Sigma-Aldrich), PYCR1 (1:1,000; 13108-
1-AP, Proteintech), PYCR2 (1:1,000; 17146-1-AP, Proteintech), PYCRL
(1:1,000; clone OTI1B12, NBP2-03337, Novus Biologicals), PYCRL (1:1,000;
A17763, ABclonal), DHODH (1:100; clone E-8, sc-166348, Santa Cruz Bio-
technology), GART (1:1,000;13659-1-AP, Proteintech), 3-actin (1:5,000;
cloneD6AS, 8457, Cell Signaling Technology) and vinculin (1:1,000; clone
EIE9V,13901, Cell Signaling Technology). In cases in which re-probing of
the same membrane was required, the membrane was incubated with
hydrogen peroxide solution 30% (w/w in water; HL009, Sigma-Aldrich)
for1hat37 °Ctoinactivate horseradish peroxidase. Western blots were
quantified by densitometry using Fiji (v2.0.0); data are normalized to
theloading control from the same gel. Uncropped, unprocessed scans
for all key blots are provided in Supplementary Fig. 1.

Lentivirus generation

LentiX cells were transfected with lentiviral packaging plasmids
pMD2.G (12259, Addgene) pMDLg/pRRE (12251, Addgene) and pRSV-Rev
(12253, Addgene) using TransIT-293 Transfection Reagent (MIR 2700,
Mirus). Forty-eight hours post-transfection, medium was collected
and filtered through a 0.45-pum low-protein-binding membrane.
Lentivirus-containing supernatants were used immediately or stored
at-80 °C. Celllines were transduced with virusand 10 pug ml™ polybrene
for24 h.

CRISPR-Cas9-mediated gene knockout
Cas9-expressing cell lines were generated by infecting parental cell
lines with viral particles containing lentiCas9/blast (52962, Addgene)



followed by selection with 10 pg ml™ blasticidin. Two guide RNAs
(gRNAs) per gene of interest were designed by CRISPick (https://
portals.broadinstitute.org/gppx/crispick/public) and cloned into
lentiGuide-Puro (52963, Addgene). Primer sequences used in this
study are listed in Supplementary Table 3. Cas9" cell lines were trans-
duced with lentiGuide-Puro-gRNA viral particles, then selected with
1pg ml™ puromycin. Single cells were plated into individual wells
of 96-well plates in RPMI medium; following expansion, western
blotting confirmed complete knockout. To generate and maintain
DHODH-knockout or GART-knockout cells, 100 uM uridine or 100 pM
hypoxanthine were supplemented in RPMI medium, respectively.
For the generation of PYCRI1, PYCR2, PYCR3 (PYCRL) triple knockout
MDA-MB-2310or HCC1806 cells, two gRNAs targeting both PYCRI (exons
4 and 5) and PYCR2 (exons 2 and 3), and two gRNAs targeting PYCR3
(exon 3), were used.

To knock out Pycrl, Pycr2 and Pycr3 (Pycrl) in EO771, we used ribo-
nucleoprotein (RNP) complexes with Cas9-GFP and Cas9-RFP. The
Cas9 proteinand gRNAs specificto each target gene were ordered from
Integrated DNA Technologies (IDT) asRNA oligonucleotides and used to
assemble RNP complexes. EO771 cells were nucleofected with the RNP
complexes using a4D-Nucleofector (Lonza Bioscience) and the SF Cell
Line 4D-Nucleofector X Kit L (V4XC2024, Lonza Walkersville) with Pulse
Code CM-150. Post-nucleofection, cells were cultured and monitored
for GFP and RFP expression. Single-cell sorting was performed 24 h
after nucleofection to isolate successfully nucleofected cells.

DepMap and metastatic potential data

Gene expression, CRISPR-gene dependency and metastatic potential
values used for correlation analyses were sourced from the Broad Insti-
tute DepMap portal website, 24Q2 release (https://depmap.org/portal).
Metastatic potential values were derived from Jin et al.’?, which used
astandardized in vivo barcoding approach to assess tissue-specific
metastatic behaviour across alarge panel of human cancer cell lines.

Statistics and reproducibility

Allinvitro experiments were independently repeated at least twice
with similar results. Mouse experiments were performed once for each
conditionunless otherwise specified. Allnvalues represent biologically
independent samples. Sample sizes, reproducibility and statistical tests
used for each figure are denoted in the figure legends or Source Data.
All graphs were generated using GraphPad Prism 10.3.1 (GraphPad
Software). Relative fold changes were determined by normalizing every
data point to the mean value of the control group.

After determining the concentration of each metabolite in each
plasma or tissue interstitial fluid sample, all multivariate statistical
analysis on the data was performed using Metaboanalyst (v6.0)%.
Metabolite concentrations were log transformed, and metabolites
that contained greater than 50% missing values were removed before
analysis. For the remainder of the metabolites, missing values were
replaced using one-fifth of the lowest positive value. Hierarchical
clustering was performed with Euclidean distance measurement and
clustering by the Ward algorithm. Univariate analysis was performed
comparing metabolite levels between groups in which metabolite
differences of interest were defined by a fold change greater than 2
and significance as araw P value of less than 0.05 assuming unequal
group variance. Using the fold change and adjusted P value cut-offs,
the number of differentially expressed metabolites was determined.

Illustrations
Experimental schema and illustrative models were generated using
BioRender.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Datasets canbe foundin Supplementary Tables 1-3. The metabolomics
data have been deposited to MetaboLights” with the study identifi-
ers: MTBLS13151 (https://www.ebi.ac.uk/metabolights/MTBLS13151),
MTBLS13152 (https://www.ebi.ac.uk/metabolights/MTBLS13152),
MTBLS13164 (https://www.ebi.ac.uk/metabolights/MTBLS13164)
and MTBLS13165 (https://www.ebi.ac.uk/metabolights/MTBLS13165).
Unprocessed western blots can be found in Supplementary Fig. 1. Any
additional information required toreanalyse the datareportedin this
paper is available from the lead contact, M.G.V.H. (mvh@mit.edu).
Source dataare provided with this paper.
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Extended DataFig.1|Metabolite concentrationsin mouse plasma, CSF,
and tissue interstitial fluid. a-j, Heatmaps of metabolite concentrationsin
plasma, cerebrospinal fluid (CSF), and theindicated tissue interstitial fluids (IF)
from female NSG mice measured by LC/MS. Metabolites are grouped by pathway;
scalebarsindicate concentration ranges. Datarepresent n =10 (plasma, liver IF,
lung IF, pancreasIF),n = 6 (kidney IF, MFP IF), or n = 4 (CSF) biologically
independentsamples. Metabolite measurements were performed twice for
plasma, liver, lung and pancreas IF samples and once for the remaining tissues;

datafromrepeated measurements were pooled for analysis. Metabolite
concentrations below the limit of detection are showningrey and labeled “nd”
(notdetermined).k, Scatter plots comparing LC/MS metabolite concentrations
(1M) in plasma or tissue IF from female NSG mice across two independent
experimentsto assess reproducibility. Datarepresent meanvalues fromn =4
(experiment1) and n= 6 (experiment 2) biologicallyindependent samples.
Pearson correlation coefficients (r) and P values from two-sided tests, and the
number of metabolites measured, are indicated in each panel.
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Extended DataFig. 2| Analysis of post-collection metabolite stability in
mouse plasmaand liverinterstitial fluid. a, Heatmap showing log, fold change
inmetabolite levels over timerelative tot =0 in plasmaand liver interstitial
fluid (IF) samplesincubated onice for up to 30 min. Each value represents the
mean of n =4 biologicallyindependent samples per time point from female
C57BL/6 ) (B6) mice. Experiments were performed once.b-c, Volcano plots

of metabolites altered at 5,10, or 30 min post-collectionin plasma (b) or

liver IF (c). Significance was defined as fold change >2 with P < 0.05 by two-sided
Welch’s t-test withunequal variance. d, Bar plot showing the percentage of
significantly altered metabolites at each time pointin (b-c). e, Concentrations
of hypoxanthinein plasma and liver IF over time. Dataare mean + SEM; n=4
biologicallyindependent samples per time point. Statistical analysis was

performed using a Kruskal-Wallis test with Dunn’s multiple comparisons
(two-sided).f, Scatter plots comparing plasma metabolite concentrations
from cardiac puncture versus cheek bleed in female B6 and NSG mice. For B6,
n=7(cardiac puncture) and n=5(cheek bleed); for NSG, n =4 (cardiac puncture)
andn=6(cheekbleed). Experiments were performed once. Each point represents
the mean concentration of one metabolite across theindicated biological
replicates. Pearson correlation coefficients (r) and P values from two-sided
tests areshowninthe panels. g, Volcano plots of plasma metabolite differences
between collection methods in female B6 and NSG mice. Significance was
defined as fold change =2 with P <0.05 by two-sided Welch’s t-test with unequal
variance.Samplesizesare asin (f).
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Extended DataFig. 3| Comparison of tissue metabolite levelsbetween
C57BL/6 Jand NSG mice. a, Scatter plots comparing metabolite concentrations
across plasma, CSF and tissue interstitial fluid (IF) from female C57BL/6 ) (B6)
and female NSG mice. For B6 mice: n =15 (CSF) and n =5 (plasma, all tissue IF).
For NSG mice:n =10 (plasma, liver IF, lung IF, pancreasIF), n = 6 (kidney IF,
MFPIF), and n = 4 (CSF). Metabolite measurements for B6 mice were performed
twice for CSF and once for plasma and all tissue IF samples; data from repeated
measurements were pooled for analysis. Metabolite measurements for NSG
mice were performed twice for plasma, liver IF, lung IF and pancreas IF and once

forkidney IF, MFPIF and CSF; data from repeated measurements were pooled
foranalysis. Each point represents the mean concentration of one metabolite
intheindicated tissue. The number of metabolites measuredisindicatedin
each panel. Pearson correlation coefficients (r) and P values from two-sided
tests areshowninthe panels. b, Volcano plots of metabolites differing between
female B6 and NSG micein plasma, CSF, or tissue IF. Significance was defined as
fold change>2with P <0.05 by two-sided Welch’s t-test with unequal variance.
Samplesizesare asin (a). 2HB, 2-hydroxybutyrate; 2HG, 2-hydroxyglutarate;
GAA, guanidinoaceticacid.
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Extended DataFig. 4 |Nutrientlevelsin plasma, CSF, and tissue interstitial
fluid from C57BL/6 Jmice. a-b, Principal componentanalysis (PCA) (a) and
hierarchical clustering (b) of metabolites measured in plasma, cerebrospinal
fluid (CSF), and tissue interstitial fluid (IF) from female C57BL/6 ] (B6) mice.
Datarepresentn=15(CSF) orn=5(plasmaand all tissue IF) biologically
independent samples. Metabolite measurements for B6 mice were performed
twice for CSF and once for plasma and all tissue IF samples; data from repeated
measurements were pooled for analysis. Columns of the heatmap were z-score
normalized. ¢, Bar plot showing the number of metabolites with significantly
lower (depleted) or higher (elevated) levelsin IF or CSF relative to plasma.
Significance was determined by Welch’s t-test (two-sided, unequal variance)
with fold change >2and P < 0.05.d, Loadings plot presenting the contribution

ofindividual metabolite classes to the PCA componentsin (a). Colorsindicate
pathway assignment. e-l, Log, fold change of selected metabolitesin tissue IF
or CSFrelative to plasmainfemale B6 or NSG mice.ForB6:n=15(CSF)orn=5
(plasmaand alltissueIF). For NSG: n =10 (plasma, liver IF, lung IF, pancreas IF),
n=6 (kidney IF, MFPIF), or n = 4 (CSF). Dataare mean + SEM.m-n, Log, fold
changeinamino acid (m) or nucleotide (n) concentrations between paired CSF
and plasmasamples from B6 (n =14) or NSG (n = 4) mice. Dataare mean + SEM.
Metabolite measurements for B6 mice were performed twice, and datafrom
repeated measurements were pooled for analysis. Metabolite measurements
for NSG mice were performed once. Statistical analysis by one-sample Student’s
t-test (two-sided); exact P values provided in Source Data (*P < 0.05,**P < 0.01,
***P <0.001, ***P <0.0001).
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Extended DataFig. 5| Validation ofaminoacid and nucleotide synthesis gene
knockoutsinbreast cancer cells. a, Schematic of amino acid and nucleotide
synthesis pathways, highlighting enzymes targeted to generate auxotrophs.
Genesknocked outinbreast cancer cellsare showninred; relevant metabolites
synthesized are showninblue. Asp: aspartate; DHO: dihydroorotate; Glu:
glutamate; GIn: glutamine; IMP: inosine monophosphate; PSC: 1-pyrroline-
5-carboxylicacid; PRPP: phosphoribosyl diphosphate; UMP: uridine
monophosphate. Created in BioRender. Abbott, K. (2025) https://BioRender.
com/Iz9ywec. b, Western blot analysis of parental MDA-MB-231,EO771,

and HCC1806 breast cancer cells for expression of the indicated proteins.

¢, Quantification of westernblots in (b). Signal intensity of each protein was
normalized tovinculinloading control. Dataare mean = SD; n = 3 biologically
independent samples. Statistical analysis was performed using one-way
ANOVA with Holm-Sidak multiple comparisons test (two-sided). d-i, Western
blotanalysis of non-targeting control (Ctrl) or knockout (KO) auxotroph clonal
cells for expression of the indicated proteinsin MDA-MB-231, HCC1806, or
EO771cells. PYCRKOrepresents PYCR1/2/3triple KO. For gel source data,

see Supplementary Fig. 1. Representative blots are shown from one of two
independent experiments with similar results.
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Extended DataFig. 6 | Validation of auxotroph cells by assessing proliferation
with or withoutrescue metabolites. a-f, Percent confluence of control (Ctrl)
orknockout (KO) clonal cells cultured in medium with or without the relevant
rescue metabolites. ASNSKO (a) and PYCRKO (d) were cultured in DMEM;
ASSIKO (b)and PHGDHKO (c) in RPMIlacking arginine or serine, respectively;
DHODHKO (e) and GARTKO (f) in RPMI. Rescue metabolite concentrations:
1.15mMarginine (Arg), 379 uM asparagine (Asn), 1 mMcitrulline (Cit), 100 pM
hypoxanthine (Hx), 174 uM proline (Pro), 286 pM serine (Ser), 100 pM uridine
(Urd). Dataare mean + SD; n =3 biologically independent samples. g, Percent
confluence of EO771cellsin standard RPMI (11 mM glucose), RPMI containing

25 mMglucose (DMEM-equivalent), or standard RPMIrefreshed every 48 h.
Dataare mean + SD; n =3 biologicallyindependent samples. h-k, Percent
confluence of HCC1806 Ctrl or auxotroph KO cells (ASNS KO, ASS1KO, PHGDH
KO, PYCRKO) cultured in DMEM lacking the indicated metabolites. h, £ Asn.

i, Without Arg, + Cit. j, + Ser.k, + Pro. Rescue metabolite concentrations: 398 puM
Arg,379 uM Asn,1 mM Cit, 174 pM Pro, 400 pM Ser. Dataare mean+SD;n=3
biologicallyindependent samples. Asn, asparagine; Arg, arginine; Cit, citrulline;
Ser, serine; Pro, proline; Urd, uridine; Hx, hypoxanthine; PYCRKO, PYCR1/2/3
triple KO. Representative plots are shown fromone of two independent
experiments with similar results.
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Extended DataFig.7|Assessment of breast cancer cellmetastasis.a, Whole-  once.Dataare from the same experimentsshownin Extended DataFig. 8c.

body bioluminescence imaging (BLI, photons/sec) of MDA-MB-231-Fluc, b, BLland quantification of metastatic burdeninorgans of miceinjected asin (a).
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Dataare mean + SEM; exactnvalues are shownin each panel (biologically

independent mice). Experiments were performed once. Statistical analysis was

performed using two-sided unpaired Welch’s t-test with Holm-Sidak multiple
comparisons correction (*P <0.05,**P < 0.01, ***P < 0.001, ****P < 0.0001).
ExactPvaluesare provided inthe Source Data. The same control mice were
used as follows: MDA-MB-231in (b, c;d, e); HCC1806in (a,d, f;b, c,e); EO771in
(a,b; d, e). Groups separated by asemicolon denote distinct cohorts of

control mice.
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Extended DataFig. 9 |Reproducibility of tissue-specific depletion patterns
and validation of HCC1806 auxotrophs. a-d, Upper panels, whole-body
bioluminescenceimaging (BLI, photons/sec) of female NSG mice injected with
HCC1806-Fluc control (Ctrl) or auxotroph cells. Final BLI values correspond
to the endpoint when tissues were harvested. Lower panels, tissue-specific
BLIshowing metastaticburden of auxotrophs. Depletion values indicate fold
reduction versus Ctrl: O, <2-fold; +, 2-5fold; ++, 5-10 fold; +++, >10-fold.
Dataare mean = SEM; exact nvalues are shownineach panel (biologically
independent mice). Two bones, kidneys, or ovaries were analyzed per mouse.
Experiments were performed once. Statistical analysis by two-sided unpaired
Welch’s t-test with Holm-Sidak multiple comparisons correction. PYCRKO
denotes PYCR1/2/3triple KO. e, Comparison of ASNS, ASS1, PHGDH, or PYCRKO
depletionacross twoindependent experiments. Depletion values represent

tissue-specific BLIof KO relative to Ctrl. Experiment 1 corresponds to Extended

DataFig. 8; experiment 2 corresponds to (a-d). Dataare mean + SEM; P values
fromtwo-sided unpaired Welch’s t-tests with Benjamini-Krieger-Yekutieli
correction for multiple comparisons; ns: not significant. f-g, Western blots
confirmingloss of ASNS inbrain (f) and ASS1inliver (g) metastases from KO
versus Ctrlcells. Cells were isolated from biologically independent metastases
in (a-d). For gel source data, see Supplementary Fig. 1. h-k, Proliferation of
metastasis-derived auxotrophsex vivo. h-i, Percent confluence of ASNS KO
brainlinesin RPMIlacking (-Asn) or supplemented (+ Asn, 379 uM). j-k, Percent
confluence of ASS1KO liver linesin RPMIlacking (-Arg), with (+Cit,1mM),

or (+Arg,1.15mM). Dataare mean + SD; n = 3 biologically independent samples
per condition. Each line was derived from anindependent metastatic outgrowth
fromdifferent micein (a-d). Inf-k, representative plots are shown from one of
twoindependent experiments with similar results.
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Extended DataFig.10| Correlations of auxotroph metastatic potential
withtissue metabolite levels. a-b, Scatter plots correlating tissue metabolite
concentrations with MDA-MB-231dependency on GART for metastatic growth.
a,Creatine. b, Glucose-6-phosphate (Glucose-6P). The x-axis shows tissue
metabolite concentrations; the y-axis shows log2 fold change of knockout (KO)
versus control (Ctrl). Symbols denote metabolite concentrations in specific
tissues; brain values reflect CSF. Data are mean + SEM; n=biologically
independent mice asin Extended Data Fig. 8. Pearson correlation coefficients (r)
and exact P values (two-sided) are shownin figure panels. ¢, Volcano plots

of Pearson correlation coefficients and P values for correlations between
metabolite levels and metastatic potential of auxotroph cell lines following
intracardiacinjection, calculated asin (a-b).d, Fraction of metabolites showing
significant positive (pos) or negative (neg) correlations with metastatic

potential of the indicated auxotroph cell lines from (c). e-f, Absolute
concentrations of arginine (e) or asparagine (f) in liver IF and CSF replotted
from Extended DataFig.1a. Dataare mean + SD; n = 6 biologicallyindependent
mice (liver IF) and n =4 biologically independent mice (CSF). Dotted lines
markinvitroIC50 values from (i-j). g-h, Percent confluence of HCC1806 Ctrl or
KO cells cultured across atitration series of rescue metabolites. g, Ctrland ASS1
KO cellsinRPMI-Arg with1 mM citrulline plus increasing arginine. h, Ctrl

and ASNSKO cellsin DMEM with increasing asparagine. Data are mean + SD;
n=3biologicallyindependent samples. i-j, Areaunder the curve (AUC) from
proliferation assaysin (g-h), plotted against log,,-transformed arginine (i) or
asparagine (j) concentrations. Dotted lines indicate IC50 values. Data are
mean +SD; n=3biologicallyindependent samples. In g-j, representative plots
areshown fromone of two independent experiments with similar results.
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Extended DataFig. 11| Tumor growth of auxotroph versus control cells
followingintracranial or MFPimplantations. Tumor growth and survival
were measured in NSG mice implanted with MDA-MB-231-Gluc or HCC1806-
Gluccells, orin C57BL/6 ) mice implanted with EO771-Gluc cells. Control

(Ctrl) and knockout (KO) auxotroph lines were implanted either in the brain
ormammary fat pad (MFP), and tumors were monitored over time by secreted
Gaussialuciferase (Gluc). Survivalinintracranial injections was assessed in the
same cohorts. EO771 experiments were performed for brain tumors only.

a-c, DHODHKO; d-f, GARTKO; g-i, ASNSKO; j-1, ASS1KO; m-0, PHGDHKO; p-r,
PYCRKO (PYCR1/2/3triple KO). For each gene set, the three panels show MDA-
MB-231,HCC1806,and EO771. Within each panel, subplots are arranged (left,

middle, right) as brain tumor growth, brain survival,and MFP tumor growth
(MDA-MB-231and HCC only). Experiments were performed once. Dataare
mean + SEM for tumor growth and Kaplan-Meier survival curves for survival
analysis; n=biologicallyindependent miceindicated in each panel. Tumor
growth was analyzed by two-way ANOVA across timepoints and groups, and
survival by log-rank (Mantel-Cox) test. Exact P values (two-sided) are provided
infigure panels. The same control mice were used as follows: for MDA-MB-231,
brain(a,d,g,j,m,p)and MFP (a,d, g,j, m, p); for HCC1806, brain (b, h, k, q; e, n)
and MFP (b, h, k, q;e,n); for EO771, brain (c, i, |;f,0,r). Groups separated by a
semicolondenote distinct cohorts of control mice.
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Extended DataFig.12 | Auxotroph dependency inbrain tumors; plasma
metabolite labeling in mice bearing brain versus MFP tumors. a, Relative
dependency of metabolite auxotroph cells on specific metabolic genes for
growthinthebrain, expressed as log, fold change of knockout (KO) relative to
control (Ctrl) following intracranial orintracardiacinjection. Dataare mean +
SEM. Groupssizes and instances where the same control mice were used across
panelsareindicatedin Extended Data Figs.8and 11. PYCR denotes PYCR1/2/3
triple KO. b, Tumor growth in NSG mice implanted with MDA-MB-231-Gluc cells
inthe mammary fat pad (MFP) or brain. Tumor burden was monitored over time
using secreted Gaussia luciferase (Gluc). Data are mean + SEM; n = 5 biologically

m0 mi m2 m3 m4 m mo0 m ' '

independent mice (MFP) or n =4 biologically independent mice (brain). At the
experimental endpoint, following [U-*C]-glucose infusion, tumors and matched
noncancerous tissues were harvested from the same mice (MFP tumor with
non-tumor MFP tissue; brain tumor with adjacent brain). c-e, Plasma metabolite
analyses from the mice in (b) following [U-C]-glucose infusion. ¢, Total ion
counts for theindicated metabolites at endpoint (white bars, MFP tumor-bearing
mice; blackbars, brain tumor-bearing mice). d-e, Isotopolog distributions
showing fractional labeling of the indicated metabolites. In (b-e), dataare
mean + SEM; n =5biologicallyindependent mice (MFP tumor-bearing mice)
and n =4 (braintumor-bearing mice). Experiments were performed once.
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Extended DataFig.13|See next page for caption.
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Extended DataFig.13|Metabolite labelingin MDA-MB-231brainand MFP
tumors. a, Normalized peak areas for glucose metabolism metabolites in MFP,
MFP tumor, brain, or braintumor tissuesisolated at endpoint from the mice
showninFig.4 atendpoint.b, Isotopolog distributions of glucose metabolism
metabolites measured by LC/MS in MDA-MB-231tumors (brain or MFP) and
matched noncancerous tissues from NSG mice infused with [U-*C]-glucose.

¢, Normalized peak areas for amino acids in MFP, MFP tumor, brain, or brain
tumor tissuesisolated asin (a).d, Isotopolog distributions of amino acids in
MDA-MB-231tumors (brain or MFP) and matched noncancerous tissues from
NSG mice infused with [U-*C]-glucose. e, Normalized peak areas for nucleotides
in MFP, MFP tumor, brain, or brain tumor tissues isolated from the mice shown

inFig.4 atendpoint.f, Isotopolog distributions of nucleotides in MDA-MB-231
tumors (brain or MFP) and matched noncancerous tissues from NSG mice
infused with [U-®C¢]-glucose. In (a-f), data are mean + SEM; n = 5 biologically
independent mice (MFP tumor, MFP), 3 (noncancerous brain), and 4 (brain tumor).
g, Isotopologdistributions of the indicated metabolites in MDA-MB-231 control
(Ctrl) or DHODH knockout (KO) cells cultured 24 hin medium containing
[U-3C]-glucose and 100 pMuridine. h, Normalized peak areas for metabolites
shownin (g).i-j, Isotopolog distributions of pyrimidines (i) and purines (j) in
MDA-MB-231Ctrlor DHODHKO cells cultured asin (g). k, Normalized peak
areas for metabolites shown in (i-j). In (g-k), data are mean = SD; n = 3 biologically
independent samples. Experiments were performed once.
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glycineintissues from (e). Dataare mean + SEM. g, Body weight of mice Source Data. Experiments were performed once.
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Extended DataFig.15|Correlation of metastatic potential with gene
expression, CRISPR dependency, and metabolite levels. a-b, Scatter plots
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(log, transcripts per million, TPM) or (b) in vitro CRISPR dependency of the
indicated genes, from the Dependency Map portal. Each pointrepresentsa
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a | Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
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
Only common tests should be described solely by name; describe more complex techniques in the Methods section.
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A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
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Software and code

Policy information about availability of computer code

Data collection  Bioluminescence imaging data were acquired with Living Image software (v.4.7.2, PerkinElmer). Incucyte data were acquired with IncuCyte
Live Cell Analysis Imaging System S3 (Sartorius). Mass spectrometry data was acquired using a LC-MS system composed of a QExactive
benchtop orbitrap mass spectrometer equipped with an lon Max source and a HESI Il probe, which was coupled to a Dionex UltiMate 3000
HPLC system (Thermo Fisher Scientific).

Data analysis Bioluminescence imaging data were analysed with Living Image software (v4.7.2). Mass isotopologue distributions were corrected for natural
abundance using IsoCorrector v3.18. Graphs and statistical analyses were generated using commercial Graphpad Prism version 10.3.1. LCMS
data were analysed using XCalibur v2.2 (Thermo Fisher Scientific) or Compound Discoverer v3.3 (Thermo Fisher Scientific). Western blot
quantification was performed with FIJI v2.0.0. Analysis of incucyte data were analyzed with IncuCyte Zoom Analysis S3 v2018B (Sartorius). For
data analysis, R (version 4.3.1) was used, along with the packages dplyr (version 1.1.2) for data manipulation, ggplot2 (version 3.4.3) for data
visualization, bootstrap (version 2019.6.0) for resampling statistics, and reshape2 (version 1.4.4) for data reshaping.

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

Any associated Extended Data Figures, Extended Data Tables, and Nature Portfolio reporting summary are provided. Datasets can be found in Supplementary Tables
1-3. The metabolomics data have been deposited to Metabolights with the study identifiers: MTBLS13151, MTBLS13152, MTBLS13164, MTBLS13165. Unprocessed
western blots can be found in Supplementary Figure 1. Any additional information required to reanalyze the data reported in this paper is available from the lead
contact. Source data are provided with this paper.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Human participants were not used in this study.

Reporting on race, ethnicity, or Human participants were not used in this study.
other socially relevant

groupings

Population characteristics Human participants were not used in this study.
Recruitment Human participants were not used in this study.
Ethics oversight Human participants were not used in this study.

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 Statistical methods were not performed to pre-determine sample size for animal studies. The number of animals assigned per condition was
selected empirically to account for the variability of the examined phenotypes based on prior experience with the model, as described in refs.
12, 13. For tissue culture experiments, statistical methods were not performed to pre-determine sample sizes. All tissue culture experiments
were performed with sample sizes of n = 3 independent biological replicates per condition. This number was selected based on prior
experience showing that n = 3 consistently captures biological variability and is sufficient to detect reproducible and statistically significant
differences in cell growth and metabolite abundance between experimental conditions.

Data exclusions  Data were not excluded from analyses.

Replication All'in vitro experiments were independently repeated at least twice, and key findings were reproduced in at least one additional experiment.
For standard proliferation and metabolomics assays, n = 3 independent biological replicates were used per condition in each experiment.
Animal studies were performed once per condition unless otherwise specified in the figure legends. All results were consistent across
independent repeats of comparable experiments.

Randomization  All experimental groups for animal studies were age-matched, numbered, and randomly assigned to treatment or control groups to minimize
bias. Randomization was performed using a randomized numbering sequence at the time of injection or treatment. For tissue culture
experiments, cells were maintained within the same passage range and plated at equal densities across all conditions to control for variation.
For metabolomics experiments, samples were processed and analyzed in randomized order to avoid batch-related artifacts.

Blinding Investigators were not blinded during animal injections or treatments because the experimental setup required knowledge of group identity
(e.g., cell line or injection site). However, researchers were blinded to group allocation during data acquisition and quantification, including
bioluminescence imaging and endpoint analyses. For tissue culture and metabolomics experiments, blinding was not relevant because all
samples were processed in parallel using standardized protocols and automated analyses (e.g., LC/MS quantification and IncuCyte imaging),
which minimize observer bias.
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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.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChlIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
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Plants
Antibodies

Antibodies used ASNS (Proteintech, 14681-1-AP, 1:1,000), ASS1 (Cell Signaling Technology, 70720, clone D404B, 1:1000), PHGDH (Sigma-Aldrich,
HPA021241, 1:1000), PYCR1 (Proteintech, 13108-1-AP, 1:1000), PYCR2 (Proteintech, 17146-1-AP, 1:1000), PYCRL (Novus Biologicals,
NBP2-03337, clone OTI1B12, 1:1000), PYCRL (ABclonal, A17763, 1:1000), DHODH (Santa Cruz Biotechnology, sc-166348, clone E-8,
1:100), GART (Proteintech, 13659-1-AP, 1:1000), B-actin (Cell Signaling Technology, 8457, clone D6A8, 1:5,000), and vinculin (Cell
Signaling Technology, 13901, clone E1E9V, 1:1,000). HRP-linked anti-rabbit (Cell Signaling Technology, 7074, 1:5,000), HRP-linked
anti-mouse (Cell Signaling Technology, 7076, 1:5,000)

Validation The PYCRL antibody (ABclonal, A17763, 1:1000) was validated for use in Western blot in human and mouse cells by loss of the

specific PYCRL (PYCR3) band in PYCR3 knockout cells. Loss of the band corresponded with the expected molecular weight and was
accompanied by a functional phenotype when combined with PYCR1/2 knockout, consistent with total PYCR loss. All other primary
antibodies were validated by the manufacturers for use in Western blot and for the species used in this study (human and/or mouse),
as indicated on the respective product datasheets. In our experiments, each antibody detected a single band at the expected
molecular weight, and loss of signal in corresponding knockout samples confirmed specificity where applicable.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) MDA-MB-231 and HCC1806 cells were obtained from the American Type Culture Collections (ATCC). EO771 cells were
obtained from CH3 BioSystems.

Authentication Cell lines used were not authenticated.

Mycoplasma contamination All cell lines were routinely tested for mycoplasma contamination and were confirmed to be negative.

Commonly misidentified lines  No commonly misidentified cell lines were used in these studies.
(See ICLAC 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 Female NOD scid gamma (NSG) (The Jackson Laboratory 005557) or female C57BL/6) mice (The Jackson Laboratory 000664) at age
6-10 weeks of age were used. Mice were housed at ambient temperature and humidity (18-23°C, 40-60% humidity). For all
experiments involving metabolite measurements, mice were analyzed at the same time of day to account for potential effects of
circadian rhythm on metabolism.

Wild animals No wild animals were used in this study.

Reporting on sex We use only female mice for this study, as we study triple-negative breast cancer, which is of low prevalence in males (PMID:
34419351). The oestrous cycle was not accounted for or controlled during experimental procedures.

Field-collected samples  No samples were collected in the field in this study.

Ethics oversight All experiments conducted in this study were approved by the MIT Committee on Animal Care (CAC) or MGH Institutional Animal
Care and Use Committee (IACUC).




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

Plants

Seed stocks Plants were not used in this study.

Novel plant genotypes  Plants were not used in this study.

Authentication Plants were not used in this study.
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