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SUMMARY
Malignant rhabdoid tumors (MRTs) represent one of the most aggressive childhood malignancies. No effec-
tive treatment options are available, and prognosis is, therefore, dismal. Previous studies have demonstrated
that tumor organoids capture the heterogeneity of patient tumors and can be used to predict patient
response to therapy. Here, we perform drug screening on patient-derived normal and tumor organoids to
identify MRT-specific therapeutic vulnerabilities. We identify neddylation inhibitor MLN4924 as a potential
therapeutic agent. Mechanistically, we find increased neddylation in MRT organoids and tissues and show
that MLN4924 induces a cytotoxic response via upregulation of the unfolded protein response. Lastly, we
demonstrate in vivo efficacy in an MRT PDX mouse model, in which single-agent MLN4924 treatment signif-
icantly extends survival. Our study demonstrates that organoids can be used to find drugs selectively target-
ing tumor cells while leaving healthy cells unharmed and proposes neddylation inhibition as a therapeutic
strategy in MRT.
INTRODUCTION

Malignant rhabdoid tumors (MRTs) are aggressive childhood tu-

mors that occur in infants and young children (Weeks et al.,

1989). They can arise in the brain (atypical teratoid rhabdoid tu-

mor [ATRT]) as well as extracranially (kidney and soft tissues),

where they are collectively called MRTs. MRTs are uniquely

characterized by one common genetic driver event, bi-allelic

loss of SMARCB1 (95%) or SMARCA4 (5%), key members of

the SWI/SNF chromatin-remodeling complex (Biegel et al.,

1999; Versteege et al., 1998). In addition, MRTs are considered

genetically cold tumors with low mutational burden and a lack

of chromosomal alterations (Chun et al., 2016; Lee et al.,

2012). Therapy is multimodal, consisting of a combination of sur-

gical intervention, radiotherapy, and heavy regimens of chemo-

therapy (Kerl et al., 2013). Despite that treatment, the prognosis

remains dismal, with an overall survival of only �25% (Reinhard

et al., 2008). Furthermore, survivors suffer from side effects of the

intense treatment regimen. MRTs, therefore, remain one of the
This is an open access article und
big challenges in childhood cancer, and the identification of

less-toxic therapeutic strategies is urgently needed.

The lack of physiologically relevant in vitro models has

hampered therapeutic innovation in the MRT field. Patient-

derived organoid models have emerged as robust pre-clinical

models for cancer research (Drost and Clevers, 2018) and to

be predictive of patient treatment response (Ganesh et al.,

2019; Ooft et al., 2019; Tiriac et al., 2018; Vlachogiannis et al.,

2018; Yao et al., 2020). We recently succeeded in generating pa-

tient-derived organoid models from MRTs of the kidney and

demonstrated that these tumor organoids recapitulate the ge-

netic, transcriptional, and DNA methylation profiles of the pri-

mary MRT tissue (Calandrini et al., 2020; Ooms et al., 2020).

Here, we set out to identify therapeutic agents for patients with

MRT by performing drug screens on patient-derived MRT orga-

noid cultures (kidneys and additional established cultures from

extrarenal MRTs). By comparing the efficacy of the compounds

in MRT to that of organoids derived from Wilms tumor and

healthy tissues, we identified the neddylation inhibitor
Cell Reports 36, 109568, August 24, 2021 ª 2021 The Author(s). 1
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Figure 1. Drug screening of MRT organoids reveals tumor specific drug sensitivities

(A) Schematic overview of the organoid drug screening workflow.

(B) Compound screening of ~150 targeted drugswere performed on six patient-derivedMRT organoid cultures (Figure S2A). The top-30 compounds are depicted

ranked based on area under the curve (AUC) values for three representative MRT cultures. Color scale blue to red indicates decreasing ATP levels relative to

DMSO control as a measure of cell viability.

(legend continued on next page)
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MLN4924 as an MRT-specific vulnerability. MRT organoids

demonstrate increased neddylation activity, whichwe confirmed

in patient MRT tissues. Mechanistically, we suggest that this

vulnerability is, at least partially, caused by increased endo-

plasmic reticulum (ER) stress and the activity of the unfolded pro-

tein response (UPR) in MRTs. In conclusion, we have identified

neddylation inhibition as a promising therapeutic strategy for pe-

diatric MRTs.

RESULTS

Drug screening of MRT organoids reveals tumor- and
patient-specific drug sensitivities
To find therapeutic agents for MRTs, we used our previously

described patient-derived MRT of the kidney organoid models

(Calandrini et al., 2020) as a platform for drug screens. In addi-

tion, we included an additional established organoid model

from an MRT growing in the pelvic area (Table S1). Extensive an-

alyses revealed that the organoids have retained crucial charac-

teristics of the parental tissue (Figures S1A–S1E), as we previ-

ously described for our MRTs of the kidney models (Calandrini

et al., 2020; Chun et al., 2019). We screened a total of six MRT

organoid lines derived from five patients with MRTs, including

three primary tumors, one metastasis, and one case of patient-

matching primary and metastatic tissue (Calandrini et al.,

2020).We screened an in-house-developed drug library contain-

ing approximately 150 targeted compounds (Figure 1A; Table

S2). Screening the library at six different concentrations allowed

us to draw dose-response curves. We first selected targeted

compounds that appeared most effective in at least five of six

screened MRT organoid cultures based on the area under the

curve (AUC) values (Figures 1B, S2A, and S2B), which yielded

21 compounds (Figure 1C). Next, we checked for MRT-specific

activity of those compounds by comparing the half-maximal

inhibitory concentration (IC50) values of the selected drugs with

the IC50 values of previously screened Wilms tumor organoids

(Calandrini et al., 2020) (Figure S2C; Table S3). This yielded 14

drugs with more-potent efficacy on MRTs versus Wilms tumor

organoids. Among those were drugs previously identified as po-

tential therapies for MRTs, such as histone deacetylase (HDAC)

inhibitors, HSP90 inhibitors, and the proteasome inhibitor borte-

zomib (Carugo et al., 2019; Muscat et al., 2016; Tran et al., 2020).

We also identified multiple mTOR inhibitors, which we previously

described as having a cytostatic effect in MRTs (Custers et al.,

2021).

Despite their highly similar genetic-driver landscape, we found

that some MRT cultures showed differential sensitivities toward

specific drugs. For instance, organoid culture 78T was markedly

less sensitive to the inhibitor of apoptosis (IAP) AZD5582

compared with that of other MRT organoid cultures (Figure S2D).

No genetic cause could be identified in whole-genome
(C) Schematic of the selection strategy to find MRT-specific drug vulnerabilities.

(D) Dose-response curves of MLN4924 for the indicatedMRT and patient-matchin

independent experiments, each consisting of quadruplicate measurements.

(E) Average log(IC50) values of MLN4924 in the indicated MRT- and patient-ma

represents the average of technical quadruplicates of an individual organoid cultu

sided. ****p < 0.0001.
sequencing (WGS) data of those cultures. Resistance to

AZD5582 in pancreatic cancer models was previously linked to

decreased expression of TNFR1 and TNFR2 (Moon et al.,

2015). Using bulk RNA sequencing (RNA-seq) (Calandrini et al.,

2020), we observed significantly reduced expression of both

TNFR1 and TNFR2 in 78T compared with that of all other

analyzed MRT organoids (Figure S2D). This may provide an

explanation for the decreased sensitivity of 78T to AZD5582

and demonstrates that organoids can be used to find patient-

specific drug vulnerabilities.

A drug showing efficacy in all tested MRT organoid cultures

could be of therapeutic value for treatment of patients with

MRTs. We identified MLN4924 as having a consistent IC50 value

in all screened MRT organoid cultures, which was significantly

less than the average IC50 value in Wilms tumor organoids (Fig-

ure S2C; Table S3). To further confirm the increased vulnerability

of MRTs to MLN4924 treatment, we tested the effect of the drug

on a panel of healthy-tissue-derived organoid lines. We included

three patient-matching healthy kidney-tissue-derived organoids,

as well as a small intestine and a hepatocyte-derived organoid

culture (Drost et al., 2015; Hu et al., 2018; Schutgens et al.,

2019) to test for potential nephrotoxicity, intestinal toxicity, and

hepatotoxicity of MLN4924 treatment, respectively. Further-

more, we expanded the range of concentrations of MLN4924

to determine more-accurately the IC50 values for the different or-

ganoid lines. MRT organoids were markedly more sensitive to

MLN4924 compared with patient-matching healthy kidney orga-

noids and hepatocyte organoids (Figures 1D, 1E, and S2E; Table

S4). Moreover, wemeasured an average IC50 value for MRT lines

of �75 nM, a concentration well below its reported maximum

tolerated plasma dose in adult patients (Swords et al., 2018).

Small-intestine organoids showed comparable sensitivity to

MLN4924 as that of MRT organoids (Figure S2E). However, so

far, no severe side effects related to the intestines have been re-

ported during the first phases of clinical trial for MLN4924 (Na-

wrocki et al., 2012), which could potentially be explained by

the high regenerative capacity of the intestinal lining.

Together, patient-derived MRT organoids can be used for

drug testing, allowing us to find patient-specific drug vulnerabil-

ities, as well as MLN4924, as a potentially promising targeted

compound for MRT treatment.

Low-dose MLN4924 treatment induces apoptosis in
MRT
To further characterize the drug-induced effects, we investi-

gated whether MRT organoids can regrow after MLN4924

washout (Figure 2A). Three patient-derived MRT organoid lines

with different growth rates were selected to conduct the exper-

iment (Figure S3A). The mTOR inhibitor sirolimus and doxoru-

bicin were included as controls because these drugs are known

to have a cytostatic and cytotoxic effect on MRTs (Custers et al.,
g healthy kidney-tissue-derived organoid cultures. Error bars represent SD of 2

tching healthy kidney-organoid lines. Each value (two per organoid culture)

re. p values were calculated using a two-tailed unpaired Student’s t test, two-
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2021), respectively. Indeed, although significant regrowth was

observed upon sirolimuswithdrawal (Figures 2B and S3B), no re-

growth occurred upon removal of doxorubicin (Figures 2B and

S3B). Interestingly, no regrowth was observed upon MLN4924

washout in all three tested MRT lines, suggesting that

MLN4924 treatment has a cytotoxic effect on MRT (Figures 2B

and S3B). To further confirm that, we performed Annexin V/

DAPI labeling upon treatment with MLN4924. Compared with

the mock control as well as mTOR inhibition, a significant in-

crease of apoptotic (i.e., Annexin V-positive) cells was observed

upon MLN4924 treatment (Figures 2C, 2D, and S3C–S3F). Of

note, no apoptotic response was observed upon MLN4924

treatment of patient-matching normal kidney organoids, again

confirming an MRT-specific vulnerability (Figures 2C, 2D, S3C,

and S3D). These results were further confirmed by immunofluo-

rescence staining for cleaved caspase 3, demonstrating an in-

crease in positively stained, apoptotic MRT organoids upon

MLN4924 treatment compared with normal kidney organoids

(Figure 2E). Overall, these findings suggest that MLN4924 has

a cytotoxic effect in MRT, further substantiating its therapeutic

potential.

MRTs demonstrate increased neddylation and a UPR-
mediated apoptotic response upon MLN4924 treatment
Neddylation is a post-translational modification that regulates

protein turnover via the conjugation of the ubiquitin-like protein

NEDD8 to substrates in a three-step enzymatic process (Enchev

et al., 2015; Kamitani et al., 1997). MLN4924 is a selective inhib-

itor of the neddylation-activating enzyme (NAE, enzyme E1), and

its action hampers the overall neddylation process, resulting in

cell-cycle arrest, apoptosis, or senescence in a cell-type-spe-

cific manner (Soucy et al., 2009). To investigate why MRTs

show increased sensitivity toward MLN4924, we first analyzed

the level of neddylation activity inMRT.Western blot analyses re-

vealed strongly elevated levels of NEDD8 as well as neddylated

proteins in MRT organoids compared with normal kidney and

Wilms-tumor-derived organoids (Figures 3A and S3G). As ex-

pected, a strong downregulation of neddylated proteins was

observed upon MLN4924 treatment in MRT samples (Figures

3A and S3G). Furthermore, and in line with previous reports

(Godbersen et al., 2014; Jia et al., 2011; Knorr et al., 2015; Liu

et al., 2017; Mackintosh et al., 2013), treatment with MLN4924

caused significant upregulation of the pro-apoptotic factor

NOXA as well as cell-cycle regulators P21 and WEE1 (Figures
Figure 2. Low-dose MLN4924 treatment induces apoptosis in MRTs

(A) Experimental overview of the drug-washout experiment.

(B) Bar graph represents cell viability of three MRT organoid lines at day 5 (T5) and

were treated with either DMSO (vehicle), MLN4924 (100 nM; = IC70), sirolimus (2 nM

(n = 3 independent experiments, each consisting of an average of three technic

treatment. p values were calculated using a two-tailed unpaired Student’s t test.

found in Figure S3B.

(C) Bar graph representing Annexin-V-positive cell indices of MRTs and normal

positive cell-index values were calculated by normalizing apoptosis percentages t

independent experiments). p valueswere calculated using a two-tailed unpaired S

(D) Representative brightfield pictures of MRT and normal kidney organoids treate

bars: 500 mm, zoom in: 150 mm.

(E) Immunofluorescence three-dimensional (3D) imaging of MRT and normal

(magenta), and DAPI (blue) after treatment with DMSO or 50 nM MLN4924 for 12
S3H and S3I; Table S5). To confirm that the increase in protein

neddylation observed in MRT organoids was not induced

in vitro, we next performed immunohistochemistry for NEDD8

on patient tumor tissues. In line with the expression levels in or-

ganoids (Figure S3J), strong staining for NEDD8 was detected in

MRT tissue (Figure 3B), whereas low or a complete lack of stain-

ing was observed in normal kidney and Wilms tumor tissue,

respectively (Figure 3B). To find the potential cause of the

increased neddylation in MRTs, we assessed mRNA expression

levels of several E1 and E2 neddylation enzymes in MRTs, Wilms

tumors, and normal kidney tissues and organoids (Calandrini

et al., 2020; Schutgens et al., 2019). This revealed increased

expression of NAE1 (E1) and UBE2M (E2) enzymes in MRTs

compared with Wilms tumor and/or normal kidney tissue and or-

ganoids (Figures 3C and 3D). We further corroborated these re-

sults by western blot (organoids) and immunohistochemistry an-

alyses (tissues) (Figures 3E and S3K).

MRTs are typically driven by the inactivation of SMARCB1

(Biegel et al., 1999; Versteege et al., 1998). Analyzing gene

expression levels of E1 and E2 enzymes in MRT organoids in

which SMARCB1 expression was reconstituted by lentiviral

transduction (Custers et al., 2021) revealed that mRNA levels

of NAE1 and UBE2M, the same enzymes we found to be specif-

ically upregulated in MRTs (Figures 3C and 3D), were signifi-

cantly downregulated upon SMARCB1 re-expression

(Figure 3F).

Together, our data show that MRTs demonstrate elevated

neddylation, which is potentially caused by an increase in E1

and E2 enzyme expression driven by SMARCB1 loss.

Recent reports have shown that blocking neddylation by treat-

ment with MLN4924 activates UPR (Chen et al., 2016; McGrail

et al., 2020), a cellular mechanism induced by ER stress and

the consequent accumulation of misfolded proteins (Cao and

Kaufman, 2012; Hetz, 2012). When cells are not able to alleviate

severe ER stress, the UPR triggers an apoptotic response via the

upregulation of the pro-apoptotic transcription factor CHOP

(Chen et al., 2016). Interestingly, it has been reported that

MRTs display enrichment for UPR gene expression compared

with other tumor entities, suggesting that MRTs are character-

ized by baseline activation of the UPR (Carugo et al., 2019). By

gene set enrichment analysis (GSEA) on bulk RNA-seq data (Cal-

andrini et al., 2020), we confirmed that the UPR signature is

significantly upregulated in MRT tissues and organoids as

compared with Wilms tumors, pediatric renal cell carcinoma
day 10 (T10) relative to the DMSO control. 78T, 33T, and 103T MRT organoids

; = IC70), or doxorubicin (100 nM; = IC70). Data are represented asmeans ± SD

al replicates). Regrowth was assessed by comparing T10 to T5 for each drug

*p < 0.05, **p < 0.01, ***p < 0.001. Representative brightfield pictures can be

kidney organoids upon treatment with 50 nM MLN4924 for 120 h. Annexin-V-

o the respective DMSO vehicles. Data are represented as means ± SEM (nR 3

tudent’s t test. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figures S3C andS3D.

d with DMSO vehicle or 50 nMMLN4924 for 120 h. Related to Figure 2C. Scale

kidney organoids immunolabeled for cleaved caspase 3 (green), phalloidin

0 h. Scale bars: 250 mm.
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and normal kidney (Figures 4A–4D). To further validate the pres-

ence of ER stress and UPR response in MRTs, we performed

transmission electron microscopy (TEM) on normal kidney and

MRT organoid samples. Although kidney organoid cells showed

a healthy-structured ER (Figures 4E, top left, and S3L), MRT cells

displayed more, but thinner and fragmented, ER, accompanied

by an increased presence of lipid droplets and helical ER fila-

ments; altogether, these are signs of ER stress and UPR activa-

tion (Bernales et al., 2006; Carter et al., 2021; Ha et al., 2020; Li

et al., 2008; Lu et al., 2020) (Figures 4E, top right, and S3L).

Furthermore, we tested the effect of MLN4924 on MRT and

normal kidney organoids by TEM. Although normal kidney orga-

noids displayed minor signs of ER stress upon MLN4924 treat-

ment, such as ER dilation, and a minor formation of lipid droplets

(Figures 4E, bottom left, and S3L), MRT organoids presented

with a dramatic accumulation of lipid droplets and extreme ER

phenotypes (fragmented, disorganized, and enlarged; presence

of helical fragments or completely missing ER) (Figures 4E, bot-

tom right, and S3L). These MRT-specific phenotypes were also

accompanied by the first signs of apoptosis and necrosis

(Figure S3L).

To further corroborate the UPR-mediated apoptotic response

in MRT upon MLN4924 treatment, we examined the expression

of the downstream UPR effector CHOP in MRT organoids using

qRT-PCR. Compared with the untreated control, significant up-

regulation of CHOP mRNA levels was observed in most of the

tested MRT organoid lines upon treatment with MLN4924 (Fig-

ure 4F; Table S5). In addition to CHOP induction, we observed

a significant induction of the apoptotic marker BIM (Figure 4F),

previously described to be activated by CHOP in the UPR-medi-

ated apoptotic response (Puthalakath et al., 2007).

Altogether, these results provide further evidence thatMRT or-

ganoids experience ER stress and an UPR signature at baseline,

which is further induced upon MLN4924 treatment.

MLN4924 inhibits MRT growth and increases survival
in vivo

After demonstrating the efficacy of MLN4924 in vitro, we set out

to investigate whether MLN4924 showed activity against MRT

in vivo. For this purpose, we established an in vivoMRT xenograft

model by subcutaneous injection of MRT organoids in immuno-

compromised mice, yielding tumors histologically recapitulating

patient MRTs (Figure S4A).
Figure 3. MRT demonstrate increased neddylation activity

(A) Western blot analysis of NEDD8 and neddylated protein expression in the indic

was included as a loading control. See also Figure S3G.

(B) NEDD8 immunostaining on normal kidney (top, left), Wilms tumor (top, right),

(C) Normalized counts of E1 (NAE1 and UBA3) and E2 (UBE2M and UBE2F) enzy

(nR 7). Depicted are values for MRT, Wilms tumor, and normal kidney derived or

*p < 0.05, **p < 0.01.

(D) Same analysis as in (C) conducted on tissue samples. Data are represented a

Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001.

(E) Immunostaining for enzyme NAE1 (left panel) and UBE2M (right panel) on norm

(F) Log2-fold change values of enzymes involved in neddylation pathway genera

luciferase controls. Log2-fold change values were calculated using the R packag

ments were conducted in biological duplicates. Adjusted p values were calculate

***p < 0.001.
To demonstrate in vivo efficacy of MLN4924 in MRT, we sub-

cutaneously injected MRT organoids in immunocompromised

mice and administered either vehicle or MLN4924 at 60 mg/kg

BID for 5 weeks (five cycles of 5 days on/2 days off) when

tumors reached a volume of �250 mm3 (Figure 5A) (Soucy

et al., 2009). To demonstrate that the in vitro observed drug re-

sponses recapitulated the in vivo response, we also tested the

effects of the mTOR inhibitor temsirolimus, showing a cytostatic

effect in vitro (Figures 2B, S3B, S3E, and S3F; Custers et al.

[2021]), in MRT xenografts (5 mg/kg for six cycles of 5 days

on/2 days off for 6 weeks). Temsirolimus treatment resulted in

a significantly decreased growth rate of the MRT tumors

compared with vehicle-treated mice (Figure S4B). However, tu-

mors still progressed under treatment, indicative of a cytostatic

effect. Indeed, histological analysis of the tumors upon treat-

ment termination revealed decreased proliferation and no

apparent increase in apoptotic marker expression (Figure S4C).

Instead, we observed significant shrinkage of tumor volume af-

ter two to three cycles of MLN4924 treatment, suggesting a

cytotoxic effect of MLN4924 on MRT in vivo (Figures 5B and

5C). After that, tumor size remained stable during the course

of the treatment. In line with that, no dramatic increase in the

percentage of cleaved caspase-3-positive cells could be

observed, possibly because the tumor size had stabilized at

the time of harvesting the tumors (Figure S4D). Thus, the

observed in vitro responses of MRT to mTOR and neddylation

inhibition were recapitulated in vivo, further confirming the pre-

dictive value of in vitro organoid drug sensitivity for in vivo drug

response. Furthermore, NEDD8 immunostaining on MRT tis-

sues from vehicle- and MLN4924-treated mice showed a

decrease in total NEDD8 levels in MLN4924-treated mice

compared with vehicle, indicative of an on-target effect of the

treatment (Figure S4E). Finally, mice treated with MLN4924

showed a significant increase in survival compared with

vehicle-treated mice (Figure 5D). Histological characterization

of kidneys, liver, small intestine, and body weight measure-

ments did not reveal any signs of treatment-related toxicity in

MLN4924-treated mice (Figures S5A–S5D).

In conclusion, using drug screens on patient-derived normal

and tumor organoids, we found that the neddylation inhibitor

MLN4924 inhibits MRT growth in vitro and in vivo, supporting

future clinical investigation of this compound for the treatment

of children with MRT.
ated organoid cultures treated for 120 h with 50 nMMLN4924 or DMSO. Bactin

and MRT tissues (bottom). Scale bars: 200 mm.

mes involved in neddylation pathway. Data are represented as means ± SEM

ganoids. p values were calculated using a two-tailed unpaired Student’s t test.

s means ± SEM (n R 3). p values were calculated using a two-tailed unpaired

al kidney, Wilms tumor, and MRT tissues. Scale bars: 200 mm, zoom in: 25 mm.

ted from three SMARCB1-reconstituted MRT organoid lines over respective

e DESeq2 starting from transcripts per kilobase million (TPM) values. Experi-

d using the Wald significance test with multiple-testing corrections. **p < 0.01,
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Figure 4. MLN4924 triggers a UPR-mediated apoptotic response

(A) GSEA on bulk RNA-seq data, demonstrating enrichment of UPR gene expression in MRT organoids versus Wilms tumor, renal cell carcinoma, and normal

kidney organoids (MRT, n = 6; others, n = 30).

(legend continued on next page)
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DISCUSSION

MRT is an aggressive and often fatal childhood malignancy.

Even though patients are treated with intense multimodal ther-

apy, in many cases, tumors become resistant to the treatment.

In our study, we found that the neddylation inhibitor MLN4924

has a cytotoxic effect on MRTs specifically. We found an

increased neddylation pathway and a UPR signature in MRT or-

ganoids and patient tissues, suggesting that neddylation might

be an interesting therapeutic target inMRTs, whichmerits further

evaluation. We confirmed our in vitro results with an in vivo study

in an MRT PDX model generated by subcutaneous injection of

MRT organoids. To exclude the in vitro organoid step from se-

lecting for specific subpopulations of MRT cells, PDX models

directly derived from patient tissues could be used. Moreover,

tumor growth dynamics are known to be influenced by the

microenvironment. Therefore, orthotopic MRT PDX models

may provide a more-representative model than the widely

used subcutaneous models. Lastly, PDX models of other tumor

entities may be used to further test the MRT-specific effects of

MLN4924.

Patient-derived organoids are a rapidly emerging model for

studying cancer biology and identifying therapeutic targets

(Drost and Clevers, 2018; Ooms et al., 2020). Growing

organoids from healthy tissues and exploiting them for drug

screening purposes in parallel with tumor organoids, poten-

tially allows for the identification of therapeutic agents

targeting tumor cells while leaving healthy cell unharmed (Vla-

chogiannis et al., 2018). Indeed, recent studies have demon-

strated that kidney, hepatocytes, and oral mucosa organoids

can be exploited for nephrotoxicity, hepatotoxicity, and oral

toxicity testing, respectively (Driehuis et al., 2020; Meng,

2010; Takasato et al., 2015). Using a similar strategy, we

screened kidney, hepatocytes, and small-intestine-derived or-

ganoids, which allowed us to find MRT-specific drug vulnera-

bilities, thereby limiting the possibility of toxic effects of

MLN4924 in these healthy tissues.

MLN4924, or Pevonedistat, is currently being investigated in

phase I–III clinical trials as a single agent (and in combination)

for the treatment of different types of adult cancer (Sekeres

et al., 2018; Zhao et al., 2014). Promising results from the phase

I and II trials recently led to the initiation of the first trial

of MLN4924 in pediatric solid and brain tumors, in combina-

tion with irinotecan and temozolomide (clinicaltrials.gov:

NCT03323034). Our data suggest that monotherapy treatment

with MLN4924 induces partial tumor regression but is likely not
(B) Normalized counts of top-10 upregulated genes involved in the UPR as a resu

Depicted are values for MRT, Wilms tumor, renal cell carcinoma, and normal kid

(C) Same analysis as in (A), but in patient MRT tissues versus Wilms tumors, rena

others, n = 16).

(D) Normalized count of top-10 upregulated genes involved in the UPR as a resul

Depicted are values for MRT, Wilms tumor, renal cell carcinoma, and normal kid

(E) Representative TEM images of normal kidney and MRT organoids. (Top) Pic

MLN4924 for 48 h. Nuclei, ER, and lipid droplets are marked in the figure. The ER

(cyan). Scale bars: 500 nm. Additional images can be found in Figure S3L.

(F) Relative CHOP (top) and BIM (bottom) expression in four MRT organoid lines

represented as means ± SD (nR 3 independent experiments, each consisting of

tailed unpaired Student’s t test. *p < 0.05, **p < 0.01.
sufficient to induce complete tumor regression. Therefore,

combining MLN4924 with other chemotherapeutic agents could

be an interesting therapeutic strategy to explore further. Along

the same lines, testing MLN4924 in combination with the current

standard-of-care treatment could be of interest. Lastly, given the

ability of MLN4924 to cross the blood brain barrier, neddylation

inhibition could potentially be applied for the treatment of pa-

tients with atypical teratoid rhabdoid tumors (ATRTs) as well

(Hua et al., 2015).
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Figure 5. MLN4924 demonstrates in vivo efficacy in an MRT xenograft model

(A) Experimental overview of in vivo MLN4924 testing. Twenty-four mice (12 per experimental arm) bearing subcutaneous MRT tumors were injected with either

60 mg/kg BID MLN4924 or vehicle for a total of five cycles (5 days on, 2 days off), as previously described (Soucy et al., 2009). After completion of two cycles of

treatment, as well as at the end of treatment, threemice per armwere sacrificed (time point, 1; time point, 2). The sixmice left per armwere used for overall survival

studies.

(B) MRT tumor growth in mice treated with either vehicle (black) or 60 mg/kg BID MLN4924 (blue) for up to five cycles. Values depicted are relative to the tumor

volume at the start of treatment. Data are represented asmeans ± SEM (n = 12 until time point 1; n = 9 until time point 2). p value was calculated using a two-tailed

unpaired Student’s t test. ****p < 0.0001.

(C) MRT tumors volume for single mice in treatment as described in (B).

(D) Kaplan-Meier survival analysis ofmice treated as described in (A). n = 6mice per arm. p valuewas calculated using a two-tailed unpaired Student’s t test. ***p <

0.001.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

APC-AnnexinV BD Biosciences Cat# 550475; RRID:AB_2868885

NEDD8 Cell Signaling Technology Cat #2754; RRID:AB_659972

GAPDH Abcam ab-9485; RRID: AB_307275

bActin Abcam ab-6276; RRID:AB_2223210

CHOP Cell Signaling Technology Cat #2895; RRID:AB_2089254

NAE1 Thermo Fisher Cat #PA5-59836; RRID:AB_2644435

UBE2M Abcam ab-109507; RRID:AB_10892148

Cleaved caspase 3 Cell Signaling Technology Cat #9661; RRID:AB_2341188

Alexa Fluor 647 phalloidin Thermo Fisher Cat# A22287; RRID:AB_2620155

WEE1 Santa Cruz #SC5285; RRID:AB_628447

P21 Santa Cruz #SC6246; RRID:AB_628073

Ki67 Monosan MONX10283; RRID:AB_1833494

DAPI Thermo Fisher Cat# D1306; RRID:AB_2629482

Biological samples

Patient-derived organoid line 60T Calandrini et al., 2020 N/A

Patient-derived organoid line 60M Calandrini et al., 2020 N/A

Patient-derived organoid line 78T Calandrini et al., 2020 N/A

Patient-derived organoid line 103T Calandrini et al., 2020 N/A

Patient-derived organoid line PMC-MRTK1 Calandrini et al., 2020 N/A

Patient-derived organoid line 33T This paper N/A

Patient-derived organoid line 51T Calandrini et al., 2020 N/A

Patient-derived organoid line 86T Calandrini et al., 2020 N/A

Patient-derived organoid line 80T Calandrini et al., 2020 N/A

Patient-derived organoid line 68T Calandrini et al., 2020 N/A

Patient-derived organoid line KK2 Hu et al., 2018 N/A

Patient-derived organoid line STE076 Drost et al., 2015 N/A

Patient-derived organoid line 60H Calandrini et al., 2020 N/A

Patient-derived organoid line 78H Calandrini et al., 2020 N/A

Patient-derived organoid line 103H Calandrini et al., 2020 N/A

Chemicals, peptides, and recombinant proteins

MLN4924 – neddylation inhibitor MedChem Express HY-70062

Sirolimus – mTOR inhibitor MedChem Express HY-10219

Doxorubicin MedChem Express HY-15142

Temsirolimus – mTOR inhibitor MedChem Express HY-50910

Collagenase Sigma Aldrich Cat# C9407

RhoKinase inhibitor Y-27632 Abmole Bioscience Cat# M1817

EGF Peprotech Cat# AF-100-15

FGF10 Peprotech Cat# 100-26

A83-01 Tocris Cat# 2939/10

Advanced DMEM/F12 ThermoFisher Scientific Cat# 12634010

B27 supplement ThermoFisher Scientific Cat# 17504044

BME Trevigen Cat# 3533-010-02

(Continued on next page)

Cell Reports 36, 109568, August 24, 2021 e1



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

GlutaMAX - L-alanine/L-glutamine GIBCO Cat# 35050061

HEPES GIBCO Cat# 15630106

N-acetylcysteine Sigma Aldrich Cat# A9165

Penicillin/Streptomycin GIBCO Cat# 15140163

Primocin - broad-range antibiotics Invivogen Cat# ant-pm-1

Critical commercial assays

CellTiter-Glo 3D reagent Promega G9683

Deposited data

RNA sequencing, Whole genome Sequencing 33T This paper EGA, EGAD00001007947; EGA, EGAD00001007948

DNA methylation 33T This paper GEO: GSE178737

RNA sequencing pediatric kidney tumors Calandrini et al., 2020 EGA, EGAS00001003853

DNA methylation pediatric rhabdoid tumors Chun et al., 2019 GEO: GSE123601

RNA sequencing SMARCB1 re-expression This paper; Custers et al., 2021 EGA, EGAD00001007948; EGA, EGAD00001006574

Experimental models: Organisms/strains

NOD-Scid IL2Rgnull mice The Jackson Laboratory JAX: 005557

Oligonucleotides

See Table S5 This paper N/A

Software and algorithms

GraphPad Prism v7.04 GraphPad software https://www.graphpad.com/

Kaluza analysis software v2.1 Beckman https://www.beckman.com/flow-cytometry/

software/kaluza

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

GSEA Broad Institute https://www.gsea-msigdb.org/gsea/index.jsp
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Jarno Drost

(J.Drost@prinsesmaximacentrum.nl).

Materials availability
This study did not generate new unique reagents.

Data and code availability

d Whole genome and RNA sequencing data have been deposited to the European Genome-Phenome Archive (https://

ega-archive.org/ega/) under accession numbers EGA: EGAD00001007947 and EGA: EGAD00001007948. DNA methylation

data has been deposited (https://www.ncbi.nlm.nih.gov/geo/) under accession number GEO: GSE178737.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the Lead Contact upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
Mouse experiments were conducted in agreement with the AnimalWelfare Committee of the Royal Netherlands Academy of Arts and

Sciences, and the Netherlands Cancer Institute, the Netherlands. 8-12 weeks old NOD-Scid IL2Rgnull mice, 50% male and 50%

females, were used as acceptors for subcutaneous injections of MRT organoids. Mice were stratified into groups without blinding.

Sample sizes were calculated using statistical power analysis.
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Patient-derived organoid lines
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 (UMBRELLA and ITHER studies). Patient-derived organoids cultures have been established with

protocols previously described and previously characterized (Calandrini et al., 2020). Briefly, rhabdoid tumor tissues were minced

into 1 - mm3 pieces, digested with collagenase (1 mg ml-1, Sigma, C9407) supplemented with Rho-kinase inhibitor Y-27632

(10 mM, Abmole) for 45minutes at 37�C. The digested tissuewaswashedwith AdDF+++ and plated in factor-reduced BME (Trevigen,

3533-010-02). MRT and normal kidney organoids were cultured in BME, topped with kidney organoid medium (AdDF+++ supple-

mented with 1.5%B27 supplement (GIBCO), 10%R-spondin-conditioned medium, N-acetylcysteine (1.25 mM, Sigma), Rho-kinase

inhibitor Y-27632 (10 mM, Abmole), FGF-10 (100 ng ml-1, Peprotech), A83-01 (5 mM, Tocris Bioscience) and EGF (50 ng ml-1, Pepro-

tech) (Schutgens et al., 2019). Small intestinal and hepatocyte organoids lines have been cultured in conditions previously described

(Drost et al., 2015; Hu et al., 2018).

METHOD DETAILS

Whole genome sequencing and RNA sequencing
Tissue and organoid samples derived from patient 33T have been processed, sequenced and analyzed following the INFORM pipe-

line (Worst et al., 2016). Briefly, whole genome sequencing was performed using 100ng of the Illumina adaptor-containing libraries

produced with the Agilent Sureselect Version 5 protocol. RNA sequencing libraries were prepared with the TruSeq RNA Sample

Preparation Kit v2 (Illumina) following the manufacturer’s instructions. After library preparation all samples were 2x100bp paired-

end sequenced on an Illumina HiSeq 4000. Whole genome read pairs were mapped to the 1000 Genomes Phase 2 assembly of

the human reference genome (NCBI build 37.1) using the BWA aligner (version 0.6.2). RNA sequencing reads were mapped using

the STAR algorithm version 2.3.0e onto the 1000 genomes reference sequence with Gencode version 17 transcript annotations.

Whole genome sequencing coverage calculations considered all informative bases of the reference genome, excluding Ns, and

were aggregated in 10kbp windows. Bulk RNA sequencing for SMARCB1 re-expression line 33T has been performed and analyzed

as previously described (Custers et al., 2021). Bulk RNA sequencing data from different sources (Calandrini et al., 2020; Schutgens

et al., 2019) wasmerged and normalized counts were generatedwith the R-packageDESeq2 using the vst function (Love et al., 2014).

The 2500most variable genes were used for a principal component analysis of which the 5 first components were used as an input for

the tSNE function of the M3C R-package (John et al., 2020).

DNA methylation profiling
Tissue and organoid samples derived from patient 33T have been processed, sequenced and analyzed as previously described

(Custers et al., 2021).

High throughput drug screening and validation
MRT organoids were digested into single cells 3 days prior to the screen. On the day of the screen, MRT organoids were harvested

and washed in AdDF+++. Next, organoids were filtered using a 70 mm cell strainer (Falcon) and resuspended in 5% BME in kidney

organoid medium. Afterward, �500 organoids per well were plated using the Multi-dropTM Combi Reagent Dispenser on repellent

black 384-well plates (Corning) to which medium with compounds was added (6 different concentrations, 0.1nM to 10mM) using

the Caliper Sciclone – Robotic Liquid Handling robot. Five days after drug addition, ATP levels were measured using CellTiter-Glo

3D (Promega) according to the manufacturer’s instructions. Results were normalized to vehicle (100%). For the validation assays,

10 concentrations and 4 technical replicates were included. Drugs were dispensed with Tecan D300e Digital Dispenser. Normal kid-

ney, small intestinal and hepatocytes organoids were prepared following the same protocol as for MRT organoids but plated in

respective growth medium. AUC values were calculated with GraphPad Prism v7.04.

Regrowth assay
MRT organoids were dissociated, and 5000 single cells were seeded in 70% BME in kidney organoid medium with the addition of

different drugs (Sirolimus (MedChem Express), MLN4924 (MedChem Express) and doxorubicin (MedChem Express)) or DMSO

(Sigma-Aldrich). Three different plates have been prepared for the experiment. Cell viability wasmeasured for the first plate with Cell-

Titer-Glo 3D reagent (Promega) according tomanufacturer’s instructions (T0). Five days after, cell viability was assessed for a second

plate (T5). At the same time, medium was changed for medium without drugs in the third plate. Five days after drug removal, cell

viability was measured again (T10). Results were normalized to the DMSO control of T5 (100%).

Annexin V/DAPI double staining
Organoids were harvested and plated in 5% BME in kidney organoid medium and treated with either DMSO, MLN4924 50nM or Si-

rolimus 2nM. After 120h, organoids and supernatant were harvested. Organoids were dissociated into single-cell suspensions using

TrypLE Express (Thermo Fisher) with the addition of Rho-kinase inhibitor Y-27632. Single-cell suspensions were stained with APC-

AnnexinV (BD Biosciences, # 640920) and DAPI (Thermo Fisher, # D9542) in Annexin V binding buffer with the addition of 2.5mM
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Ca2+. Cells were acquired with Beckman Cytoflex LX flow cytometer. Data were analyzed with software Kaluza analysis v2.1. Annex-

inV positive cell index was calculated by normalizing the percentages to DMSO controls.

Western blot
Western blot on organoids was performed as described (Drost et al., 2015). NEDD8 (Cell SignalingTechnology, #2754), bActin (Ab-

cam, ab-6276), NAE1 (Thermo Fisher, #PA5-59836), UBE2M (Abcam, ab-109507), P21 (Santa Cruz, #SC6246), WEE1 (Santa Cruz,

#SC5285) and GAPDH (Abcam, ab-9485) were used as primary antibodies.

Histology and immunohistochemistry
Tissues and organoids were fixed in 4% paraformaldehyde, dehydrated, and embedded in paraffin. Immunostaining was performed

according to standard protocols on 4 mm sections. The following primary antibodies were used for immunohistochemical staining:

NEDD8 (Cell Signaling Technology, #2754), Ki67 (Monosan, MONX10283), Cleaved caspase 3 (Cell Signaling Technology, #9661),

NAE1 (Thermo Fisher, #PA5-59836) and UBE2M (Abcam, ab-109507). Imaging was performed using Leica DMi8 microscope.

3D immunofluorescence staining
Normal kidney andMRT organoids were disrupted into single cells. Three days later, organoids were harvested and plated in a cham-

bered coverslip (IBIDI, #80826) in a slurry of 5%BMEwith the addition of DMSOor 50nMMLN4924. After 120h, samples were fixated

and 3D imaging on organoids was performed as described (Dekkers et al., 2019). The following antibodies were used: Cleaved cas-

pase 3 (Cell Signaling Technology, #9661), Alexa Fluor 647 phalloidin (Thermo Fisher, # A22287), DAPI (Thermo Fisher, # D9542).

Imaging was performed using Leica SP8 microscope.

Resin electron microscopy
Organoids - cultured in 5%BME slurry with either DMSO or 50nMMLN4924 - were harvested after 48 hours and fixed in a mixture of

2% formaldehyde and 2.5% glutaraldehyde in 0.1M phosphate buffer pH 7.4 at room temperature for 2 hours. Afterward, organoids

were rinsed and stored in 1% formaldehyde in 0.1M Phosphate Buffer pH 7.4 at 4�C overnight. Organoids were rinsed again with

0.1M Phosphate Buffer pH 7.4, and post-fixation was performed with 1% OsO4, 1.5% K3Fe(III)(CN)6 in 1M Phosphate Buffer PH

7.4 for 2 hours. Organoids were then dehydrated in a series of acetone (70% overnight, 90% 15 min, 96% 15 min, 100% 3x

30min), and embedded in Epon (SERVA). Ultrathin sections of 65 nmwere cut (Leica Ultracut UCT), collected on formvar and carbon

coated TEM grids and stained with uranyl acetate and lead citrate (Leica AC20). Micrographs were collected on a JEM1010 (JEOL)

equippedwith a Veleta 2k3 2kCCD camera (EMSIS,Munster, Germany) or on a Tecnai12 (FEI Thermo Fisher) equippedwith a Veleta

2k 3 2k CCD camera (EMSIS, Munster, Germany) and operating SerialEM software.

RNA isolation, cDNA preparation, and qRT-PCR
Organoids were harvested in RLT lysis buffer and RNAwas isolated using theQIAGENRNeasy kit (QIAGEN) followingmanufacturer’s

instruction. The extracted RNA was used for cDNA production using GoScript reverse transcriptase (Promega) following manufac-

turer’s instructions. qRT-PCR was performed using IQ SYBR green mix (Biorad) following manufacturer’s instructions. Results were

calculated using the DDCt method. Primer sequences: NOXA_FW (GTGTGCTACTCAACTCAG), NOXA_RV (ATTCCTCTCAATTA

CAATGC) (Drost et al., 2010), P21_FW (TACCCTTGTGCCTCGCTCAG), P21_RV (GAGAAGATCAGCCGGCGTTT) (Drost et al.,

2015), WEE1_FW (ATTTCTCTGCGTGGGCAGAAG), WEE1_RV (CAAAAGGAGATCCTTCAACTCTGC) (Wang et al., 2016), BIM_FW

(ATGTCTGACTCTGACTCTCG), BIM_RV (CCTTGTGGCTCTGTCTGTAG) (Delannoy et al., 2018), CHOP_FW(ACCAAGGGAGAAC

CAGGAAACG),CHOP_RV(TCACCATTCGGTCAATCAGAGC) (Toral et al., 2017), GAPDH_FW(TGCACCACCAACTGCTTAGC),

GAPDH_RV(GGCATGGACTGTGGTCATGAG) (Vandesompele et al., 2002).

In vivo drug study
250 000 small size MRT organoids were harvested and implanted subcutaneously in the right flank of NOD-Scid IL2Rgnull mice,

in a solution 1:1 with BME. When tumors reached approximately 250mm3, mice were randomized to MLN4924 (n = 12 mice),

Temsirolimus (n = 9 mice) or respective vehicles. MLN4924 (60mg/kg) or vehicle (10% cyclodextrin) were injected subcutane-

ously twice daily for 35 days (5 cycles of 5 days on, 2 days off). Temsirolimus (5mg/kg) or vehicle (saline) were administered via

intraperitoneal injection once a day for 42 days (6 cycles of 5 days on, 2 days off). Tumor volume was monitored 3 times a week

by caliper measurement. When reaching halfway and the end of the treatment, 3 mice per arm were sacrificed for histological

analysis of the tumors and organs. The other 9/6 mice were kept for survival studies. Mice were sacrificed when reaching hu-

mane endpoint (tumor > 1500 mm3).

QUANTIFICATION AND STATISTICAL ANALYSIS

For comparison between two sample groups, statistical analysis was conducted using the two-tailed unpaired Student’s t tests. All

statistical data can be found in the figure legends.
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