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SUMMARY
Malignant rhabdoid tumor (MRT) is one of themost aggressive childhood cancers for which no effective treat-
ment options are available. Reprogramming of cellular metabolism is an important hallmark of cancer, with
variousmetabolism-based drugs being approved as a cancer treatment. In this study, we use patient-derived
tumor organoids (tumoroids) to map the metabolic landscape of several pediatric cancers. Combining gene
expression analyses andmetabolite profiling usingmass spectrometry, we find nucleotide biosynthesis to be
a particular vulnerability of MRT. Treatment of MRT tumoroids with de novo nucleotide synthesis inhibitors
methotrexate (MTX) and BAY-2402234 lowers nucleotide levels in MRT tumoroids and induces apoptosis.
Lastly, we demonstrate in vivo efficacy of MTX in MRT patient-derived xenograft (PDX) mouse models.
Our study reveals nucleotide biosynthesis as an MRT-specific metabolic vulnerability, which can ultimately
lead to better treatment options for children suffering from this lethal pediatric malignancy.
INTRODUCTION

Kidney cancer is the second most common solid cancer in chil-

dren. Pediatric kidney tumorsmostly encompassWilms tumors,

representing �80% of cases, but also renal cell carcinomas

(RCCs), clear cell sarcomas, and malignant rhabdoid tumors

(extracranial MRT [ecMRT]) can occur.1 Malignant rhabdoid tu-

mors (MRTs) are particularly aggressive malignancies that are

typically diagnosed in young children, mostly infants, and can

develop throughout the body, including in the brain, where

they are called atypical teratoid/rhabdoid tumors (AT/RTs).2–4

Based on DNA methylation patterns and transcriptome profiles,

AT/RT can be further subdivided into three subgroups called

MYC, Sonic hedgehog (SHH), and Tyrosinase (TYR).5–7 MRT

arises as a consequence of derailed differentiation and lineage

specification during fetal development,8–11 which is caused by

the biallelic inactivation of SMARCB1 (�95% of cases) or

SMARCA4 (�5% of cases), both of which are subunits of the

SWItch/Sucrose Non-Fermentable (SWI/SNF) chromatin-re-

modeling complex.12–14 To date, patient survival is dependent

on intensive therapeutic approaches, including chemotherapy,

radiotherapy, and surgical intervention. However, in patients

that are younger and/or present with metastatic disease, the
Cell Reports Medicine 6, 101878, Janu
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survival rates remain exceedingly low, highlighting the urgent

need for therapeutic innovation.

Metabolic rewiring is considered a hallmark of cancer,15 indis-

pensable for tumor cells to maintain their proliferative capacity.

As such, metabolic inhibitors have a long history of success in

cancer treatment, with compounds targetingmetabolic enzymes

being in various stages of drug development.16–18 Metabolic re-

programming is also profound in adult clear cell RCC,19–21 where

vast changes in glucose, lipid, and amino acid metabolism are

often observed.22 These broad changes in cellular metabolism

result from genetic mutations in important metabolic regulators.

Notable examples include mutations in the von Hippel-Lindau

(VHL) gene,23 resulting in accumulation of hypoxia-inducible

factor 2a (HIF-2a),22 and the PI3K/AKT/mTOR axis, amajor regu-

lator of cellular metabolism that is modestly mutated yet aber-

rantly activated in adult RCC24,25 as well as in many other cancer

types.26,27 Importantly, the first generation of mTORC1 inhibitors

was first approved for use in advanced RCC,28 underscoring that

intervening in metabolic processes can lead to opportunities in

clinical practice. Also, a recent study in AT/RT29 revealed that

targeting metabolic vulnerabilities in synergy with standard-of-

care therapeutics was able to improve therapeutic outcomes,

highlighting the potential of metabolic therapy in rhabdoid
ary 21, 2025 ª 2024 The Author(s). Published by Elsevier Inc. 1
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tumors. However, the metabolic vulnerabilities of pediatric kid-

ney cancers, and in particular the metabolic rewiring undergone

by MRT, so far remain largely unexplored.

Recapitulating many features of the tissues they were derived

from, organoids represent a more relevant in vitromodel system

to study tissue homeostasis and disease than the classical 2D-

grown (cancer) cell models.30 While maintaining the genetic

and phenotypic heterogeneity to a large extent, tumor-derived

organoids (tumoroids) typically do not capture the tumor micro-

environment. Organoids therefore represent a reductionist

model allowing for the study of tumor-intrinsic vulnerabilities.31

Originally established for a wide range of different adult can-

cers,32–36 organoid technology has now also been successfully

applied to several pediatric cancers, including pediatric kidney

tumors.37–41

Here, we use tumoroids to profile the metabolism of several

pediatric kidney cancers. By combining gene expression ana-

lyses on patient tissues and tumoroids, and metabolite profiling

on tumoroids using mass spectrometry, we find that nucleotide

biosynthesis is a particular vulnerability of MRT that should be

therapeutically explored.

RESULTS

Pediatric kidney tumor subtypes have distinctmetabolic
fingerprints that are maintained in tumoroids
We started our investigation into the metabolic signatures of pe-

diatric kidney tumors by analyzing a bulk mRNA sequencing

gene expression dataset of tumoroids and matching tumor tis-

sues of the three main kidney cancer subtypes (Wilms tumor,

RCC, and MRT of the kidney), as well as normal kidney-derived

organoids.38 Principal-component (PC) analysis focusing on

metabolic genes specifically (Table S1) showed that tumoroids

and tumor tissues clustered based on histopathological entity

(Figure 1A), indicating that tumor entity-specific metabolic pro-

files are largely retained in tumoroids, at least at the gene

expression level. While Wilms tumors displayed a more hetero-

geneous metabolic gene expression pattern, MRT tissues and

tumoroids derived thereof represented a distinct cluster sepa-

rate from the other renal tumor entities and normal kidney orga-

noids (Figure 1A).

To identify which metabolic pathways are responsible for the

MRT-specific expression profile, we performed Gene Ontology
Figure 1. Pediatric kidney tumor subtypes have different metabolic fin

(A) Unsupervised principal-component (PC) analysis of gene expression profiles f

organoid samples and n = 15 matching patient tissue samples), showing the differ

brown), and Wilms tumor samples (n = 29, brown). Organoid/tumoroid samples ar

(B) Gene Ontology (GO) term enrichment analysis of the top 100 MRT-specifyin

significantly enriched biological processes according to gene ratio, i.e., the perc

(C) Schematic and simplified representation of the purine and pyrimidine monop

cursors are written in bold. Colors indicate purine biosynthesis enzymes (purple

pathways (brown).

(D) Z score-based heatmap visualizing the average expression of genes involv

pathways for each kidney sample type group. All n = 8 MRT (n = 4 organoid; n = 4

tumor (n = 20 organoid; n = 9 tissue samples), and n = 4 normal kidney (n = 4 or

(E)Z score-based heatmap representing hierarchical clustering of themetabolites

metabolomics study. In total, n = 7 models (n = 2 Wilms tumor; n = 2 normal kid

subtype.
(GO) term enrichment analysis on the top 100 MRT-specific

metabolic genes (Figure 1B; Table S2). MRT tissues and tumor-

oids displayed a significant enrichment of genes involved in pu-

rine and pyrimidine nucleotide biosynthesis (Figure 1B). Using

unsupervised hierarchical clustering based onmRNAexpression

of de novo nucleotide biosynthesis genes, we observed tumor-

specific clustering with the highest expression in MRT (Figure 1C

and 1D).Wilms tumors, on the other hand, displayed a significant

increase in genes involved in (glycero)phospholipid metabolism

(Figures S1A and S1B), underscoring that different pediatric kid-

ney tumor subtypes display unique metabolic traits. These asso-

ciations were corroborated using an independent gene expres-

sion dataset of pediatric renal tumor tissues, derived from the

TARGET database42(Figures S1C–S1F).

To verify that the identified metabolic gene signatures also

result in differential metabolite levels, we performed liquid chro-

matography-mass spectrometry (LC-MS)-based metabolomics

in MRT and Wilms tumoroids as well as in normal kidney tis-

sue-derived organoids (Figure 1E). Unsupervised hierarchical

clustering of the metabolites detected across all samples shows

distinct metabolic profiles in MRT and Wilms tumoroids as

compared to normal kidney organoids. Moreover, levels of me-

tabolites involved in both pyrimidine and purine biosynthesis

were highest in MRT tumoroids (dihydroorotate, N-carbamoyl-

aspartate, uridine monophosphate [UMP] and inosine mono-

phosphate [IMP], guanine monophosphate [GMP], and adeno-

sine monophosphate [AMP]) (Figure 1E). These elevated purine

and pyrimidine metabolite levels in MRT tumoroids, relative to

normal kidney organoids, were confirmed and further character-

ized in subsequent studies (Figure S1G). Wilms tumoroids, on

the other hand, displayed high levels of tricarboxylic acid

(TCA)-cycle metabolites. Together, these data show that pediat-

ric kidney tumor subtypes have distinct metabolic profiles based

on gene expression and metabolite levels, with MRT showing

increased nucleotide biosynthesis.

Inhibition of de novo nucleotide synthesis is a
vulnerability of MRT
To investigate whether the observed increase in nucleotide

metabolism in MRT represents a putative therapeutic vulnera-

bility in ecMRT specifically or in rhabdoid tumors in general,

we set out to inhibit these pathways pharmacologically in a range

of rhabdoid and non-rhabdoid tumoroids. Methotrexate (MTX)
gerprints

or metabolic genes (n = 2,076 genes) present across all n = 45 samples (n = 30

ence between normal kidney (n = 4, blue), MRT (n = 8, purple), RCC (n = 4, dark

e represented by dots, and matching tissue samples are depicted as triangles.

g, differentially expressed metabolic genes (DEGs). Image shows the top 25

entage of DEGs within a given GO term.

hosphate biosynthesis pathways. The main nucleotide monophosphate pre-

), pyrimidine biosynthesis enzymes (pink), and enzymes shared between the

ed in the purine and pyrimidine ribonucleoside monophosphate biosynthesis

tissue sample), n = 4 RCC (n = 2 organoid; n = 2 tissue samples), n = 29 Wilms

ganoid samples) samples were included for this analysis.

detected across all indicated organoid/tumoroid cultures in a 24-h steady-state

ney; n = 3 MRT) were used that were representative for each kidney organoid
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interferes with purine nucleotide and thymidylate synthesis

via multiple mechanisms (Figure 2A) and is widely used in the

clinic to treat different cancer types.43–47 BAY-2402234 (BAY,

Orludodstat) is a potent inhibitor of the de novo pyrimidine syn-

thesis enzyme DHODH48,49 (Figure 2A). Recently, BAY has

shown promising preclinical results in various (pediatric) brain tu-

mors.48–51 Hence, we treated three MRT and six AT/RT rhabdoid

tumoroid models (three AT/RT-SHH and three AT/RT-MYC41)

with different concentrations of MTX and BAY. Normal kidney or-

ganoids as well as tumoroids derived from other tumor entities,

such as rhabdomyosarcoma (RMS)40 and Wilms tumors, were

also included. A detailed overview describing the clinical charac-

teristics of the patient-derived tumoroid models can be found in

Table S3. All testedMRT and AT/RT tumoroids were significantly

more sensitive to MTX treatment compared to normal kidney or-

ganoids (Figure 2B), RMS, and Wilms tumoroids (Figure 2D and

Figures S2A, S2B, and S2E). Whereas the average IC50 value of

MTX in rhabdoid tumoroids was 24.6 nM (±13.4), the majority of

normal kidney, RMS, and Wilms tumor organoids did not reach

50% inhibition by MTX (Figure 2D). A more heterogeneous

response was observed upon BAY treatment with MRT, AT/

RT, and RMS consistently showing very high sensitivity with

IC50 values within the nanomolar range (average IC50 values:

4.7 nM [±1.4], 6.1 nM [±3.8], and 7.8 nM [±8.8], respectively),

while normal kidney organoids and Wilms tumoroids displayed

a lower and more variable sensitivity (Figure 2C and 2E and

S2C–S2E). Next, we performed Annexin V/DAPI labeling on

MRT tumoroids and normal kidney organoids to determine

whether the observed inhibitory effects were cytotoxic or cyto-

static. We found that treatment of normal kidney organoids did

not induce any significant apoptosis. In contrast, a significant in-

crease in early and late apoptotic cells could be observed inMRT

tumoroids upon treatment with either MTX (2.7-fold [±0.56]

change) or BAY (2.5-fold [±0.40] change) (Figures 2F, 2G, S2F,

and S2G). Summarizing, our results show that targeting nucleo-

tide metabolism marks a therapeutic vulnerability in MRTs.

MTX and BAY inhibit de novo nucleotide biosynthesis in
MRT
To further analyze nucleotide metabolism in MRT, we optimized

previously established isotope tracer workflows52,53 in our

normal kidney organoid and tumoroid models. MRT tumoroids

and normal kidney organoids were grown in the presence of

[U-13C6]-glucose, after which the incorporation of 13C carbons

in nucleotides over timewasmonitored using LC-MS.Our results

show that MRT primarily utilize glucose to produce metabolites

involved in glycolysis, the TCA cycle, the pentose phosphate
Figure 2. De novo nucleotide synthesis is a metabolic vulnerability of r

(A) Schematic overview of the mechanisms of action of methotrexate (MTX) and

synthesis via inhibition of the enzymes dihydrofolate reductase (DHFR), 5-aminoim

(ATIC), and thymidylate synthase (TYMS). BAY targets de novo pyrimidine synth

(B and C) Dose-response curves of MTX (B) and BAY (C) for the indicated organo

can be found in Table S3. Data points are represented as the mean ± SD of thre

Data are normalized to DMSO vehicle (100%). The gray dashed horizontal line re

(D and E) Scatterplots showing individual IC50 values of MTX (D) and BAY (E) for

(F andG) Bar graphs representing live (green), early apoptotic (pink), and late apop

with 400 nMMTX (F) or 50 nM BAY (G) for 120 h. The means ± SEM of n = 3 kidne

paired Student’s t test (*, p < 0.05; **, p < 0.01; ****, p < 0.0001).
pathway (PPP), oxidative processes, and nucleotide biosyn-

thesis pathways. Additionally, a substantial incorporation of

labeled glucose was detected in the methylation-related metab-

olites S-adenosyl-homocysteine and S-adenosyl-methionine

and amino acids alanine, aspartate (ASP), glutamate, and serine,

the majority of which play key roles in de novo nucleotide

synthesis. As expected, the nine essential amino acids (HIS,

ILE, LEU, LYS, MET, PHE, THR, TRP, and VAL), which cannot

be endogenously synthesized by human cells, remained unla-

beled (Figure S3A).

Focusing on nucleotide production, glucose-derived carbons

contribute to both purines (e.g., IMP) and pyrimidines (e.g.,

UMP) via several routes (Figure 3A), whereby de novo synthesis

and salvage pathways result in different isotopologues. The PPP

generates ribose-5-phosphate, thereby providing the pentose

sugar ([M+5]) for both purines and pyrimidines. The serine syn-

thesis pathway (SSP) provides glycine ([M+2]) and 10-formyl-

tetrahydrofolate (10-F-THF, [M+1]), which are incorporated in

the purine nucleobase, while aspartate ([M+3]), which is pro-

duced via the TCA cycle, contributes carbons to pyrimidine nu-

cleobases. Thus, de novo synthesis of purines and pyrimidines

can result in isotopologues with 1–9 labeled carbons ([M+1–

9]), whereas solely the ribosemoiety is labeled during nucleotide

salvage, resulting in [M+5] isotopologues only. Total nucleotide

levels were higher in MRT compared to normal kidney organo-

ids, as exemplified by ADP (purine) and UDP (pyrimidine) (Fig-

ure 3B). In addition, while in normal kidney organoids only ADP

and UDP [M+0] and [M+5] were present, MRT tumoroids dis-

played amplified levels of ADP and UDP [M+6–8], indicating

increased de novo synthesis of nucleotides (Figure 3B). Similar

labeling patterns were observed for the nucleotide monophos-

phates, the end products of the nucleotide biosynthetic path-

ways. However, due to lower overall levels of nucleotide mono-

phosphates in normal kidney organoids, which hindered the

detection and visualization of all isotopologues, we here show

the nucleotide diphosphates. Investigating the fraction of 13C la-

beling in nucleotides over time, MRT showed a significantly

faster production of [M+5] ADP and UDP (i.e., labeling of the

ribose moiety), reaching a plateau at the same level as normal

kidney organoids after 24 h (Figure 3C). Moreover, the combined

fraction of isotopologues higher than [M+5] increased over time

in MRT tumoroids but was absent in normal kidney organoids.

These findings were recapitulated in AT/RT tumoroids, in which

[U-13C6]-glucose-derived carbons were incorporated into ADP

and UDP at rates comparable to MRT and ADP and UDP

[M+>5] were also produced (Figures S3B–S3D). Together, these

findings indicate that MRT and AT/RT tumoroid models show
habdoid tumors

BAY-2402234 (BAY). MTX targets de novo purine synthesis and thymidylate

idazole-4-carboxamide ribonucleotide formyltransferase/IMP cyclohydrolase

esis via inhibition of the dihydroorotate dehydrogenase (DHODH) enzyme.

id and tumoroid cultures. Clinical characteristics of our patient-derived models

e independent experiments, each consisting of quadruplicate measurements.

presents a viability of 50% (IC50).

different tumoroid and organoid models, grouped per histopathological entity.

totic (purple) cell fractions ofMRT and normal kidney organoids upon treatment

y organoid models are plotted. p values were generated by performing multiple
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increased de novo nucleotide biosynthesis as compared to

normal kidney organoids.

MTX is known to inhibit the de novo purine synthesis by acting

on dihydrofolate reductase (DHFR), which is involved in one-car-

bon/folate metabolism. BAY, on the other hand, is a specific

inhibitor of DHODH, an enzyme involved in the de novo pyrimi-

dine synthesis (Figures 2A and 3A). To examine the impact of

MTX and BAY on glucose-dependent metabolic pathways,

particularly de novo nucleotide synthesis, we performed

[U-13C6]-glucose tracing in MRT organoids in the presence and

absence of MTX or BAY. Focusing on metabolites exhibiting

R40% glucose incorporation after 24 h of labeling, as identified

in Figure S3A, treatment with BAY (Figure S3F) had broader

effects on [U-13C6]-glucose incorporation into glucose-depen-

dent metabolites than MTX (Figure S3E), with the effects primar-

ily being inhibitory. The most pronounced alterations were

observed in the nucleotide biosynthesis pathways, amino acids,

and the TCA cycle, with minimal to no changes detected for

glycolytic metabolites (Figures S3E and S3F). While the MTX-

induced changes in fractional incorporation of glucose were

smaller, the most substantial changes were observed in metab-

olites related to nucleotide synthesis pathways (Figure S3E). In

addition to reducing glucose incorporation into nucleotides,

MTX also decreased the total levels of purines, in particular the

[M>+5] fractions (Figure 3D). After BAY treatment, a marked

decrease in levels of all UDP isotopologues was observed,

indicating that pyrimidine synthesis is inhibited (Figure 3E). As

expected, BAY treatment also resulted in accumulation of

metabolites upstream of DHODH, such as aspartate and carba-

moyl-aspartate, and lower levels of its downstream metabolite

orotate (Figure S3G).

To confirm the metabolic impact of MTX and BAY on the tran-

scriptional level, we set out to investigate the effects of these

drugs on the expression of pivotal enzymes in the de novo nucle-

otide synthesis pathway. Hence, we performed mRNA bulk

sequencing on patient-matchedMRT tumoroids and normal kid-

ney organoids exposed to DMSO, MTX, or BAY. In line with our

previous results (Figure 1D), MRT displayed higher expression

levels of de novo nucleotide biosynthesis genes compared to

normal kidney organoids (Figure S3H). Treatment with MTX
Figure 3. MTX and BAY target MRT via inhibition of de novo nucleotid

(A) Schematic overview of the incorporation of carbons from [U-13C6]-glucose

phosphate pathway (PPP; brown), resulting in UMP [M+5] and IMP [M+5]. The s

glycine (light brown, [M+2]) or one-carbonmetabolism (blue; [M+1]). Combination

providing carbons for the pyrimidine nucleobase (green; [M+3]), giving rise to

represent nitrogen.

(B) Isotope distribution of ADP and UDP in three normal kidney organoids and th

between normal and MRT was performed on mean peak area of the sum of all is

(C) Incorporation of glucose-derived 13C in ADP and UDP over time in three no

culturing in [U-13C6]-glucose. The effect of organoid type (normal kidney or MRT)

interaction term of class and time. Significant interaction between class and timew

a model lacking this interaction. Student’s t tests were performed on individual t

(D and E) Isotope distribution of ADP and UDP in three MRT tumoroids after 24 h

(D) or 5 nMBAY (E). Student’s t test between normal andMRT organoids was perf

(F) Graphical representation of the mechanism by which folinic acid and nucleos

(G and H) Bar graph showing the viability of three MRT organoid lines after 120 h

with either nucleosides or folinic acid. Bars show the mean ± SEM of four technica

each separate MRT line. (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001)
and BAY induced a downregulation of the majority of nucleotide

biosynthesis genes in MRT specifically (Figures S3I and S3J).

Notably, BAY treatment effectively restored the expression

levels of its direct target DHODH in MRT to those comparable

to normal kidney organoids at baseline (Figure S3K). These re-

sults validate the metabolic effects of MTX and BAY at the tran-

scriptional level and indicate that the MRT-specific sensitivity to

nucleotide biosynthesis inhibition is, at least in part, attributable

to the higher baseline expression of key enzymes in MRT tumor-

oids compared to normal kidney organoids.

To further confirm that the observed cytotoxicity of MTX and

BAY onMRT is caused by on-target effects of the drugs, we per-

formed rescue experiments by supplementing folinic acid (FA) or

nucleosides during drug treatment (Figure 3F). Both FA and nu-

cleosides completely rescued the MTX-induced cell death (Fig-

ure 3G), while only nucleoside supplementation rescued BAY-

induced cell death (Figure 3H), which is in line with the proposed

mechanisms of action of both drugs on the nucleoside biosyn-

thesis pathways. Together, these results verify that MTX and

BAY induce cell death in MRT via inhibition of de novo nucleotide

synthesis.

MTX inhibits in vivo MRT growth
Since MTX is already broadly used in the clinic as an anti-cancer

therapy, we next aimed to investigate whether MTX can inhibit

MRTgrowth in vivo. Toprevent folic acid,which isnormallypresent

in high levels in mouse chow, from abrogating the efficacy of

MTX,54 all micewere put on a folic acid-depleted diet during treat-

ment. To this end, immunodeficient non-obesediabetic (NOD)-se-

vere combined immunodeficiency (SCID) IL2Rgnull mice were

subcutaneously injectedwithMRT tumoroids,giving rise to tumors

that histologically resembled primary MRT tissue (Figure S4A).

When tumor volumes reached 100–150 mm3, mice were transi-

tioned to a folic acid-depleted diet. After one week on the diet,

mice were subjected to daily intraperitoneal (i.p.) injections of

0.75 mg/kg MTX, established by prior maximum tolerated dose

studies or vehicle (saline) for a duration of four weeks (Figure 4A).

The 78T MRT model showed accelerated in vivo growth

(Figures 4C, 4E, 4G, S4C, and S4D) compared to the 103T MRT

model (Figures 4B, 4D, 4F, and S4B). Based on the differences
e biosynthesis

into purines and pyrimidines. The ribose ring is produced via the pentose

erine synthesis pathway (SSP) provides carbons for the purine nucleobase via

s of these pathways result in various purine labeling patterns. Aspartate (ASP) is

the various pyrimidine labeling patterns. Circles represent carbon; triangles

ree MRT tumoroids after 24 h of culturing in [U-13C6]-glucose. Student’s t test

otopologues of individual cell lines.

rmal kidney organoids (blue) and three MRT tumoroids (purple) after 24 h of

on glucose incorporation over time was analyzed using a linear model with an

as defined as an improvedmodel fit with interaction term of class and time over

ime points.

of culturing in [U-13C6]-glucose in the presence and absence of 400 nM MTX

ormed onmean peak area of the sum of all isotopologues of individual cell lines.

ides (blue fonts) rescue the effects of MTX and BAY.

of treatment with 400 nM MTX (G) or 50 nM BAY (H), alone and in combination

l replicates. Results were normalized to DMSO-treated control cells (100%) for

.
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in growth dynamics between the two PDX models, mice were

treated with MTX for either 21 (78T) or 28 days (103T).

In line with our in vitro observations, MTX treatment resulted in

a delayed growth and decreased proliferation of MRT tumors

compared to the saline-treated mice (Figures 4B–4G and S4B–

S4D). However, body weight measurements did show signs of

MTX-related toxicity, showing >20% weight loss in some MTX-

treated mice (Figure S4E). Despite associated toxicity, daily

treatment with MTX effectively delayed the growth and reduced

the proliferation of MRT in vivo, consistent with our in vitro

observations.

DISCUSSION

To accommodate their high energy demand and sustain growth,

tumors must rewire their metabolism. As such, metabolic rewir-

ing is considered one of the hallmarks of cancer,15 which can

potentially provide an ‘‘Achilles heel’’ of tumors that can be ther-

apeutically exploited. We here investigated the metabolic signa-

tures of MRT, an aggressive childhood malignancy with dismal

prognosis,55 using MRT tumor organoids (tumoroids). Such pa-

tient-derived tumoroid models have emerged as robust preclin-

ical models for cancer research,31 recapitulating several features

of the tissues they were derived from, such as genetic, transcrip-

tomic, and phenotypic features.38 To which extent the metabolic

profiles of tumoroids alsomatch those of the primary tissues was

so far unclear. We here demonstrate that pediatric kidney tumor-

oids largely retain the metabolic profiles of the tumors they were

derived from, with high expression of enzymes involved in nucle-

otide biosynthesis and (glycero)phospholipidmetabolism inMRT

and Wilms tumors, respectively. Notably, mapping the metabo-

lome of our patient-derived tumoroid models revealed patient-

specific metabolic signatures, demonstrating that interpatient

heterogeneity is captured by our patient-derived tumoroids,

which we consider a valuable strength of our in vitro 3D models.

Despite the patient-specific heterogeneity, nucleotide meta-

bolism consistently emerged as a metabolic dependency across

our MRT models. We therefore reasoned that the observed in-

crease in nucleotide biosynthesis in MRT could present a thera-

peutic opportunity. Indeed, we demonstrate that ecMRT as well

as their intracranial counterpart AT/RT are particularly sensitive

to the anti-folate drugMTXandDHODH inhibitor BAY, in contrast

to normal kidney organoids. All MRT tumoroidmodels were high-

ly responsive to treatment with MTX and BAY, with IC50 values in

the nanomolar range. Validation of our findings in two indepen-

dent MRT PDX models demonstrated that treatment utilizing

MTX delayed tumor growth in vivo. Given the observed tumor
Figure 4. Methotrexate demonstrates in vivo efficacy in MRT xenograf

(A) Experimental overview of in vivo MTX testing. Mice were subcutaneously inje

were subjected to a folic acid-depleted diet. After oneweek on the diet, mice recei

duration of four weeks.

(B and C) Tumor growth of MRTmodels 103T (n = 9 mice per treatment arm, B) an

(blue) or 0.75 mg/kg MTX (purple). The dotted blue line from days 21–28 in the sa

volume >1,500 mm3. Data are represented as means ± SEM. p value was calcul

(D and E) Hematoxylin & Eosin (HE) and Ki67 staining on saline vehicle-treated (

(D) and 78T (E). Scale bars: 200 mm.

(F and G) Scatterplots showing Ki67 labeling index in saline vehicle-treated (blue

(F) and 78T (G). Individual data points as well as the mean ± SD are given. p valu
progression under treatment and the highly aggressive nature

ofMRT,MTXmonotherapywill likely not be sufficient for effective

clinical application. Incorporation of MTX into the current stan-

dard-of-care treatment for MRT patients, however, could poten-

tially enhance patient survival rates. Since intrathecal administra-

tion of MTX is already part of the standard treatment protocol for

AT/RT patients,56 this approach appears feasible. As the com-

bined use of MTX and BAY did not demonstrate any synergistic

or additive effects in vitro (data not shown), further evaluation of

this combination therapy was not pursued.

Nucleotide synthesis inhibitors are clinically tolerated with a

manageable toxicity profile. The history of MTX dates to 1948,

when the anti-folate aminopterin was successfully used for the

treatment of childhood acute lymphoblastic leukemia (ALL).57

In current treatment protocols, the related agent MTX is part of

the treatment regimen of many adult58 as well as childhood can-

cers, including pediatric ALL,43 non-Hodgkin’s lymphoma,59 os-

teosarcoma,60–62 and various brain tumors,63–66 including AT/

RT.67 Although the therapeutic value of MTX is clear, its use

can be associated with a variety of adverse effects, with more

frequent and more severe side effects being observed with

increased dose or dosing frequency.68 Therefore, patients

treated with MTX receive close monitoring of their health and,

if necessary, dose changes and/or leucovorin (FA) rescue ther-

apy.56,58 Also in our in vivo experiments, daily administration of

MTX led to significant weight loss/toxicity in two of the fourteen

treated mice, underscoring the potential harmful effects of long-

term, frequent dosing as well as the importance of close moni-

toring when administering this therapy to patients.

Our study also suggests that BAY provides a therapeutic op-

portunity for the treatment of children with rhabdoid tumors,

which merits further evaluation. Given the different mode of ac-

tion of BAY compared to MTX and the observed effects in our tu-

moroidmodels, BAYmay provide a better tolerable alternative to

MTX for the treatment of ecMRT and AT/RT. Recent literature

has shown that monotherapy with BAY results in increased sur-

vival rates in mice bearing (pediatric) brain tumor xeno-

grafts.48–51 Notably, a recent clinical trial investigating advanced

myeloid malignancies (NCT03404726) found that daily oral

administration of BAY was safe. The demonstrated efficacy in

animal models and the previously established safety profiles of

BAY in both animal models and human clinical trials suggest sig-

nificant potential for the commencement of clinical trials us-

ing BAY.

Consistent with our findings, several studies propose that

gemcitabine, a pyrimidine nucleoside analog, stands out as

one of the few effective chemotherapeutic options to manage
t models

cted with MRT organoids. When tumor volumes reached 100–150 mm3, mice

ved daily intraperitoneal (i.p.) injections of 0.75mg/kgMTX or saline vehicle for a

d 78T (n = 5 mice per treatment arm, C) in mice treated with either saline vehicle

line group (C) indicates the period during which n = 1 mouse reached a tumor

ated using a two-tailed unpaired Student’s t test (**, p < 0.01).

top) and MTX-treated (bottom) mice tumor tissues of MRT PDX models 103T

) and MTX-treated (purple) tumor tissues derived from MRT PDX models 103T

e was calculated using a two-tailed Mann-Whitney U test (**, p < 0.01).
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MRT growth.69,70 In conjunction with our discoveries, these

studies suggest a pivotal role of pyrimidines in MRT that could

potentially serve as a therapeutic vulnerability for thesemarkedly

aggressive tumors.

In conclusion, we here demonstrate that mapping the meta-

bolic landscape of patient-derived tumoroids can be used to

identify tumor-specific metabolic traits that can be exploited

therapeutically. By comparing the metabolome of normal kidney

organoids and pediatric kidney tumoroids, we found de novo

nucleotide synthesis to be an MRT-specific metabolic vulnera-

bility that can be therapeutically exploited by MTX and BAY

treatment in vitro and by MTX treatment in vivo.Our studies sup-

port future (pre-)clinical investigation of these compounds for the

treatment of children with rhabdoid tumors, which can ultimately

lead to better treatment options for the currently incurable MRT.

Limitations of the study
This study has several limitations. Our results show that, in the

absence of BAY, nucleoside supplementation enhanced survival

by 30% in one of the MRTmodels. These data suggest that MRT

cells can take up and scavenge circulating nucleosides or nucle-

obases from their environment and rely less on de novo nucleo-

tide synthesis when exogenous supply is available. Future in vitro

experiments under conditions that more accurately reflect phys-

iological nutrient concentrations,71,72 such as human plasma-

like serum,73 Plasmax,74 or tumor interstitial fluid-based me-

dia,75 would further strengthen the robustness of our (tumor)

organoid models and the validity of the proposed therapeutic

strategy. In addition, assessment of nucleotide levels in tumor

tissues and blood during treatment with nucleotide inhibitors

could demonstrate more comprehensively that the observed

delay in MRT growth in vivo is primarily attributable to reduced

intratumoral nucleotide pools, rather than secondary or systemic

effects of the drugs. Lastly, this study did not address the poten-

tial mechanisms of resistance and combination therapies, which

may be warranted considering the aggressive nature of MRT.
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D-Glucose Gibco Cat# 15023-021

EGF Peprotech Cat# AF-100-15

EmbryoMax Nucleosides Sigma-Aldrich Cat# ES-008-D

FGF10 Peprotech Cat# 100-26

Folinic Acid (Leucovorin) Sigma-Aldrich Cat# 47612
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HEPES Gibco Cat# 15630106

L-Glutamine Gibco Cat# 25030081

LC/MS grade water Biosolve Cat# 232178

Methanol ULC/MS grade Biosolve Cat# 136841

Methotrexate Merck Cat# M1000000

N-acetylcysteine Sigma Aldrich Cat# A9165

Penicillin/Streptomycin Gibco Cat# 15140163

Primocin Invivogen Cat# ant-pm-1

RhoKinase inhibitor Y-27632 Abmole Bioscience Cat# M1817

SILAC advanced DMEM/F12 Flex Media ThermoFisher Scientific Cat# A2494301

TRIzolTM Reagent Invitrogen Cat# 15596026

TrypLE Express ThermoFisher Scientific Cat# 12605010

[U-13C6]-Glucose Cambridge isotope

laboratories (Buchem)

Cat# CLM-1396-PK

Critical commercial assays

CellTiter-Glo 3D reagent Promega Cat# G9683

Deposited data

Processed data and scripts supporting

this manuscript

This paper https://doi.org/10.5281/zenodo.14007800

RNA bulk sequencing pediatric kidney tumors Calandrini et al.38 EGA, EGAD00001005319 and EGAD00001005318

RNA bulk sequencing DMSO, MTX and

BAY-treated normal kidney organoids

and MRT tumoroids

This paper EGA,

EGAD00001015391

Experimental models: Organisms/strains

NOD-Scid IL2Rgnull mice The Jackson Laboratory JAX (2210)

Software and algorithms

GraphPad Prism v.9.3.1 GraphPad software https://www.graphpad.com/

GSEA Broad institute https://www.gsea-msigdb.org/gsea/index.jsp

ImageJ NIH https://imagej.nih.gov/ij/

Color_Deconvolution2 algorithm71 ImageJ plugin https://blog.bham.ac.uk/intellimic/

g-landini-software/colour-deconvolution-2/

FlowJo software V10 BD Biosciences https://www.bdbiosciences.com/en-us/

products/software/flowjo-v10-software

RStudio software v4.3.3 RStudio https://www.r-project.org/

TraceFinder software ThermoFisher Scientific https://www.thermofisher.com/order/

catalog/product/OPTON-31001
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals
Mouse experiments were conducted in agreement with the Animal Welfare Committee of the Royal Netherlands Academy of Arts

and Sciences, and the Netherlands Cancer Institute, the Netherlands. 8-week-old NOD-Scid IL2Rgnull mice (male and female) were

used as acceptors for subcutaneous injections of MRT organoids. Mice were randomized into groups without blinding. Handling

injections, tumor measurements and culling of the mice was performed by the animal technicians of Intervention Unit team at

theMouse Cancer Clinic of the Netherlands Cancer Institute. Daily welfare check was performed by the animal caretakers and tech-

nicians of the Mouse Cancer Clinic. Mice were kept under standard temperature and humidity conditions in individually ventilated

cages (Innovive), with food and water provided ad libitum. All animal experiments were approved by the Animal Welfare Committee

of the Netherlands Cancer Institute and performed in accordance with institutional, national, and European guidelines for animal

research (AVD30100202011584 EGP 24.4.10633, 24.1.10951 and AVD30100202011584 EGP 24.1.11316).
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Human tissue
Approval for use of human material was provided by the medical ethical committee of the Erasmus Medical Center (Rotterdam, the

Netherlands) and the Princess Máxima Center for pediatric oncology (Utrecht, the Netherlands). Written informed consent was pro-

vided by all patients and/or parents/guardians. Approval for use of the subject’s tissue samples within the context of this study has

been granted by the Máxima biobank and data access committee (https://research.prinsesmaximacentrum.nl/en/core-facilities/

biobank-clinical-research-committee) (biobank request nr. PMCLAB2018.005 and PMCLAB2018.006). All organoid models used

in this study were previously established by Calandrini et al. (2020),38 Meister et al. (2022),40 and Paassen et al. (2023).41 An overview

of the clinical characteristics of the patients from which the models were derived can be found in Table S3.

Patient-derived organoids
Experiments with human material were approved by the medical ethical committee of the Erasmus Medical Center (Rotterdam, the

Netherlands) and Princess Máxima Center for Pediatric Oncology (Utrecht, the Netherlands). Informed consent was obtained from

the parents of all participants. Approval for use of the subject’s tissue samples within the context of this study has been granted by

the Máxima biobank and data access committee (https://research.prinsesmaximacentrum.nl/en/core-facilities/biobank-clinical-

research-committee) (biobank request nr. PMCLAB2018.005 and PMCLAB2018.006). Patient-derived kidney organoid cultures

have been established with protocols previously described by Calandrini et al., 2020.38 Normal kidney and kidney tumor organoids

were cultured in reduced growth factor BME (Cultrex, 3533-010-02) topped with kidney organoid medium (KOM). KOM consists of

AdDF+++ (Advanced DMEM/F12 containing 1x GlutaMAX, 10mM HEPES, and antibiotics; Gibco), supplemented with 1.5% B27

supplement (Gibco), 10% R-spondin-conditioned medium, EGF (50 ng/mL, Peprotech), FGF-10 (100 ng/mL, Peprotech),

N-acetylcysteine (1.25 mM, Sigma), Rho-kinase inhibitor Y-27632 (10 mM, AbMole), and A83-01 (5 mM, Tocris Bioscience).37 KOM

was changed every 3–4 days, and organoids were passaged every 1–3 weeks. Organoids were either passaged by mechanical

dissociation (MRT organoids), or with TrypLE Express (Invitrogen, 1260510) with 10 mMRho-kinase inhibitor Y-27632 (normal kidney

organoids, Wilms tumor organoids, RCC organoids). After adding 5–10 mL AdDF+++ and centrifugation at 300 rcf, cells were re-

seeded in BME and topped with KOM. Atypical teratoid/rhabdoid tumoroid and rhabdomyosarcoma tumoroid cultures were main-

tained as described by Paassen et al. 2023 and Meister et al. 2022.

METHOD DETAILS

Bulk RNA sequencing
Bulk RNA sequencing on organoids and matching patient tissue was performed as described by Calandrini et al., 2020.38 For bulk

RNA sequencing on normal kidney model 103H andMRTmodel 103T upon 24-h treatment with DMSO, Methotrexate (MTX) or BAY-

2402234 (BAY), 2.500 single cells/mL were seeded in a 6 well suspension plate (Greiner CELLSTAR, cat-no. 657-185) using 300 mL

BME droplets per well (75%BME; 25%cell suspension) topped upwith 2.5mL of kidney organoidmedium (KOM). Three (103T) to six

days (103H) after seeding, medium was removed and exchanged for medium containing DMSO (vehicle), 400 nM MTX (Merck,

M1000000), or 50 nM BAY (DC Chemicals, DC23745). After 24 h, RNA was extracted from the organoids using Trizol reagent (Invi-

trogen), and quality was checked with Bioanalyzer2100 RNA Nano 6000 chips (Agilent, Cat. 5067-1511).

The NEBNext Ultra RNA Library Prep Kit (New England Biolabs) was used to prepare sequencing libraries. Paired-end sequencing

was performed on the Illumina HiSeq or Illumina NovaSeq X Plus by Novogene (Germany).

Bulk mRNA sequencing kidney data originating from Wilms and Rhabdoid tumors were downloaded from the TARGET database

(ocg.cancer.gov/programs/target/data-matrix) through access links provided by NCBI. Paired-end files from each sample were

downloaded with SRA-toolkit with parameters that kept only biological reads that passed quality filters and with no tags. After quality

control with fastqc, raw files were aligned against human genome hg38 using STAR (v.2.7.2) and read counts quantified with featur-

eCounts (v. 1.6.7) using genome annotation from Gencode v. 37.

Raw count files from each sample were then merged into a single matrix and processed in R 4.2.1 using the R package DESEq2.

Prior to any downstream analysis the count matrix was filtered to keep only genes with at least 5 read counts across all samples,

normalized, and transformed into log2 scale.

For both datasets, Gene Ontology analysis was performed using the R package clusterProfiler using a 0.05 q-value cutoff; heat-

maps were generated with pheatmap.

Drug screens
Drug screens on rhabdomyosarcoma (RMS) organoids and atypical teratoid/rhabdoid tumoroids were performed as described by

Meister et al., 202240 and Paassen et al. 2023.41 For the kidney organoids, 500 cells per well were plated in a 5% BME slurry with

KOM in black 384 wells plates (Corning), using a volume of 40 mL per well. Plating of the cells was done with a Multi-drop Combi

Reagent 8 Dispenser (Thermo Scientific).

Methotrexate (Merck, M1000000) and BAY-2402234 (DCChemicals, DC23745) were addedwith a Tecan D300e Digital Dispenser.

Final concentrations used for drug screenings with Methotrexate were: 0.1 nM, 1 nM, 10 nM, 100 nM, 1 mM and 10 mM, and final

concentrations for BAY-2402234 were: 0.01 nM, 0.05 nM, 1 nM, 10 nM, 100 nM and 1 mM. Drug concentrations were normalized
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by the Tecan D300e dispenser for DMSO content. Cells treated with DMSO served as negative controls. For each organoid model,

three independent experiments were performed, using four technical replicates per experiment.

120 h after adding the drugs, ATP levels were assessed with CellTiter-Glo 3D reagent (Promega) according to the manufacturer’s

instructions on a BMGLabtech FLUOstar Omegamicroplate reader. Results were normalized to DMSO vehicle (100%). Survival data

was analyzed and visualized in GraphPad Prism (version 9.3.1). IC50 values were calculated in RStudio, using the drc pack-

age (v.3.0-1).

Flow cytometric analysis of Annexin V/DAPI positive cells
For this experiment, a slightly adjusted version of the protocol fromCalandrini et al., 202139 was used. Normal kidney (lines 16H, 57H,

60H, 71H) andMRTorganoids (lines 60T, 78T, 103T)werepassaged1:2 and1:4, respectively, andplated in 75%BMEdroplets topped

with KOM. After three (MRT organoids) to six days (normal kidney organoids), cells were re-plated in 5% BME slurry with KOM and

treatedwith either DMSO, 400 nMMTX (Merck,M1000000) or 50 nMBAY-2402234 (DCChemicals, DC23745). After 120 h, organoids

and supernatant were harvested andmade into a single-cell suspension using TrypLE Express (ThermoFisher) with Rho-kinase inhib-

itor Y-27632 (AbMole). Staining of single cells was done with APC-Annexin V (BD Biosciences, #550475) and DAPI (ThermoFisher,

#D1306) in Annexin V binding buffer supplemented with 2.5mMCa2+. For flow cytometric analysis of the cells, the Beckman Cytoflex

LXwasused.Datawere subsequently analyzedwithFlowJoSoftware (BDBiosciences, version10). Apoptotic indiceswere calculated

by normalizing the percentages to DMSO controls (set to 1). Live and apoptotic fractions were calculated by dividing the number of

events in that gated population through the sum of all gated events (Live + Early Apoptotic + Late Apoptotic = 1).

Folinic acid/nucleoside rescue after drug treatment
Organoids were dissociated and made into a single-cell solution using mechanical disruption. Single cells were plated at a density of

2.000–2.500 cells/mL in 5 mL 75% BME droplets topped with KOM in a flat-bottom 96 wells plate (Greiner, 655-160). For each con-

dition, cells were plated in quadruplicate. After 48 h (78T and 103T) to 72 h (60T), treatment with DMSO, 400 nM MTX (Merck,

M1000000) or BAY-2402234 (DC Chemicals, DC23745) alone or in combination with either 1x EmbryoMax Nucleosides (Sigma-

Aldrich, ES-008-D) or 10 mM Folinic acid (Leucovorin, Sigma-Aldrich, #47612) was started. In all the wells, medium was refreshed

daily, due to the instability of the nucleosides in the medium. All treatments lasted for 120 h. At the day of the readout, all medium

was removed and 45 mL of adDF+++ together with 50 mL of the CellTiter-Glo 3D solution (Promega) was added to each well. After

5min of shaking and 30 min at RT in the dark, 80 mL of each well was transferred into a black clear bottom 396-wells plate (Corning).

Luminescence was measured with the FLUOstar Omega microplate reader (BMG Labtech) and data was analyzed with GraphPad

Prism software (version 9.3.1). Results were normalized to DMSO-only treated cells (100%) for each separate organoid line.

Liquid chromatography – Mass spectrometry (LC-MS)-based metabolomics
Kidney organoids

Normal kidney (lines 37H, 57H, 71H, 117H) and kidney tumor organoids (Wilms lines: 88T, 51T;MRT lines: 60T, 78T, 103T) weremade

single cell as described in previous sections. For each condition, 0.5x106 cells were plated in triplicate in 75%BME droplets in KOM.

When cells had reached confluency, 6 or 24-h labeling with [U-13C6]-glucose (Cambridge Isotopes, CLM-1396-PK) was started. For

the LC-MS-based metabolomics experiments with MTX and BAY-2402234 in MRT organoids, 0.2-0.25x106 single cells were imme-

diately after plating treatedwith either DMSO, 400 nMMTX (Merck,M1000000) or 5 nMBAY-2402234 (DCChemicals, DC23745) for a

duration of 120 h. 96 h after adding the drugs, 24-h labeling with [U-13C6]-glucosewas started. For labeling, adDF+++ culturemedium

was replaced for glucose-free SILAC Advanced DMEM/F-12 (Gibco, A2494301) supplemented with 17 mM [U-13C6]-glucose (Cam-

bridge Isotopes, CLM-1396-PK), 2 mM L-Glutamine (Gibco, 25030081), 10 mM HEPES (Gibco, 15630080), 0.7 mM L-Arginine

(Sigma-Aldrich, A5131), 0.5 mM L-Lysine (Sigma-Aldrich, L5626), and antibiotics. Since BME compositions could change after

extended culturing, BME containing no cells was plated in triplicate for each tumor type to correct for possible background effects.

6 or 24 h after labeling, themediumwas removed and all wells were washedwith 1mL cold PBS, without disrupting the BMEdroplets.

PBS was removed and 500 mL ice-cold MS lysis solvent (LS) composed of methanol/acetonitrile/Milli-Q (2:2:1) was added to each

well. Plates were put on a plate Rocker at 4�C for 10min to induce lysis. After 10min, LS was removed from the wells and collected in

1.5mL Eppendorf tubes that were then put in a Thermoshaker at 4�C for 15min. Samples were cleared by centrifugation at 12.000 rcf

for 15 min. Samples were frozen at �80�C until further use.

AT/RT tumoroids

AT/RT tumoroids and MRT organoids were made single cell by mechanical dissociation, plating 0.5x106 single cells in triplicate per

condition in tumor stemmedium (TSM, formulation described by Paassen et al. 2023). The next day, 6- or 24-h labeling with [U-13C6]-

glucose was started. For labeling, TSM culture medium was replaced for a 50:50 mix of DMEM/F12 without glucose, glutamine and

HEPES (Biowest, L0091) and Neurobasal A without glucose and sodium pyruvate (Gibco, A2477501), supplemented with 21.25 mM

[U-13C6]-glucose (Cambridge Isotopes, CLM-1396-PK), 2 mML-Glutamine (Gibco, 25030081), 10mMHEPES (Gibco, 15630080), 1x

MEM non-essential amino acid solution (Gibco, 11140050), 1.5 mM sodium pyruvate (Gibco, 11360070), and the standard growth

factors.41 6 or 24 h after labeling, the medium was removed, cells were washed with cold PBS and lysed in 75 mL ice-cold LS for

10 min in a 4�C Thermoshaker. After 10 min, samples were cleared by centrifugation at 12.000 rcf for 15 min and frozen at �80�C
until further use.
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LC-MS analyses of metabolites were performed on a Q Exactive HFmass spectrometer (Thermo Scientific) coupled to a Vanquish

autosampler and pump (Thermo Scientific) or Exactive mass spectrometer (Thermo Scientific) coupled to a Dionex Ultimate 3000

autosampler and pump (Thermo Scientific). Sample injection volumes were always 5 mL. The MS operated in polarity-switching

modewith spray voltages of�3.5 kV and 4.5 kV. Sheath gas, auxiliary gas, and sweep gas flow rateswere 35, 10, and 1 units, respec-

tively. Separation of metabolites was done using a Sequant ZIC-pHILIC column (2.1 3 150 mm, 5 mm; Merck) coupled to a ZIC-

pHILIC guard column (2.1 3 20 mm, 5 mm; Merck), using elution buffers acetonitrile for A, and 20mM (NH4)2CO3, 0.1% NH4OH in

LC/MS grade water (Biosolve) for B. Column temperature was 30�C. Flow rates were set at 100 mL/min for the Q Exactive and

150 mL/min for the Exactive and a gradient ran from 80%A to 20%A. Data was analyzed using LCquan or TraceFinder software

(Thermo Scientific). Identification and quantification of metabolites was based on exact mass within 5 ppm and validated further

by concordance with m/z, retention times and peak shape of reference standards of metabolites of interest that were included in

the same run. Peak intensities were normalized based on total ion count and distributions of isotopes were corrected for natural

abundance of 13C. The fraction of 13C-labelled metabolites was calculated by dividing the amount of 13C-labeled metabolites

([M+R01]) by the total metabolite pool (sum of labeled [M+R01] and unlabeled [M+00] isotopologues) multiplied by 100. The log2
fold-change (log2FC) in 13C-labelled fractions was calculated for MTX- and BAY-treated tumoroids relative to DMSO controls. For

visualization, the log2FC values were constrained by binning, using a lower threshold of �5 and an upper threshold of 5.

Histology and immunohistochemistry
Tissues were fixed in 4% paraformaldehyde, dehydrated, and embedded in paraffin. Formalin fixed and paraffin embedded (FFPE)

tissues were cut into 4 mm sections using the HM-355S microtome (Thermo Fisher Scientific). Hematoxylin and eosin (HE) staining

experiments were performed using a Ventana automated tissue staining system (BenchMark Ultra, Roche). Immunostaining for Ki67

was performed on an automated Leica BOND-III system, using a Ready-To-Use primary antibody against Ki67 (BOND, MM1,

#PA0118). Quantification of Ki67 immunohistochemical staining was performed in ImageJ FIJI software, using the built-in HDAB vec-

tor of the Color_Deconvolution2 plugin.76 Following deconvolution, manual thresholding was applied to the DAB-only image to deter-

mine the percentage Ki67-positive area. For each treatment condition, two different tumor tissues were analyzed. Within each tissue

sample, Ki67-labeling quantification was performed in three different regions representative of the entire tumor tissue.

In vivo studies
250.000 small size MRT organoids (78T and 103T) were harvested and implanted subcutaneously in the right flank of NOD-Scid

IL2Rgnull mice, using a 1:1 BME:Cell suspension.

When tumor volumes reached 100–150 mm3, mice were put on a folic acid depleted diet (SAFE, #U8958, Version 194). After one

week on the diet, mice were randomly assigned to either the MTX or saline treatment groups. Depending on the treatment group,

mice received daily intraperitoneal injections of 0.75 mg/kg MTX (Emthexate PF, TEVA Pharmachemie) or saline for a total of three

(78T) to four (103T) weeks.

Tumor volumes were monitored two (78T) or three (103T) times a week via caliper measurements. Mice were sacrificed when

reaching humane endpoint (losing >20%body weight or having a tumor >1500mm3). Whenmice reached a tumor volume exceeding

1500 mm3 before the end of the treatment, this volume (>1500 mm3) was reported and maintained for that mouse until the treatment

period was completed. Tumors and organs were collected for further histological analyses.

QUANTIFICATION AND STATISTICAL ANALYSIS

For comparison of live and early/late apoptotic cell fractions between DMSO control and drug treated organoids, multiple paired Stu-

dent’s t tests were used. To compare the mean percentages of viability of MRT organoids in the different treatment groups of the

nucleotide/folinic acid rescue studies a one-way ANOVA Bonferroni’s multiple comparisons test was used. For mass spectrometry

experiments, P-values were acquired using Student’s t tests using the mean peak areas of the different organoid models. The effect

of organoid type (normal kidney or MRT) on glucose incorporation over time was analyzed using a linear model with an interaction

term of class and time. Significant interaction between class and time was defined as an improved model fit with interaction term of

class and time over a model lacking this interaction. For comparison of tumor volumes between the MTX- and saline treatment arms

in the in vivo experiment a two-tailed unpaired Student’s t tests was used. To compare the Ki67 labeling indices of MTX- and saline

treated tumor tissues a two-tailedMann-Whitney U test was used. p values < 0.05 were considered significant. All statistical data can

be found in the figure legends.
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