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SUMMARY
Wilms tumor is the most widespread kidney cancer in children and frequently associated with homozygous loss of the tumor suppressor

WT1. Pediatric tumorigenesis is largely inaccessible in humans. Here, we develop a human kidney organoid model for Wilms tumor for-

mation and show that deletion of WT1 during organoid development induces overgrowth of kidney progenitor cells at the expense of

differentiating glomeruli and tubules. Functional and gene expression analyses demonstrate that absence of WT1 halts progenitor cell

progression at a pre-epithelialized cell state and recapitulates the transcriptional changes detected in a subgroup ofWilms tumor patients

with ectopic myogenesis. By ‘‘transplanting’’WT1mutant cells into wild-type kidney organoids, we find that their propagation requires

an untransformed microenvironment. This work defines the role of WT1 in kidney progenitor cell progression and tumor suppression,

and establishes human kidney organoids as a phenotypic model for pediatric tumorigenesis.
INTRODUCTION

Tumor initiation and progression are typically studied in

genetically engineered mice (Kersten et al., 2017), whose

relevance to human disease is limited by species- and

strain-specific mechanisms, and the artificial induction of

multiple oncogenes at the same time. Most human cancer

models, including cell lines grown on tissue plastic or as pa-

tient-derived xenografts in mice (Hynds et al., 2018)

employ patients’ cells that are derived from tumor resec-

tions or biopsies, typically at a late stage of the disease.

Such systems depend on prolonged culture under non-

physiological conditions that alter tumor cell properties

and result in poor clinical predictiveness. Patient tumor-

derived organoids, in contrast, preserve tumor heterogene-

ity, stages of tumor progression, and drug responses.

Furthermore, engineering of cancer lesions into wild-type

organoids induces cancer-specific transcriptional changes

and predisposes to tumor formation upon xenotransplan-

tation (Clevers and Tuveson, 2019). Organoids may there-

fore be suitable to study mechanisms of tumor initiation

and progression.

Wilms tumor (WT) is themost common kidney cancer in

childhood and accounts for 7% of all pediatric cancers

(Treger et al., 2019). Stalled nephrogenesis is thought to

be themajor cause of disease. This is supported by the tran-

scriptional similarity of WT to fetal cell types and by the

function of several WT oncogenes and tumor suppressors

in normal kidney development (Treger et al., 2019).WT pa-

tients show mutations in a diverse set of genes, including

homozygous inactivation of the tumor suppressor Wilms
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tumor 1 (WT1) (Schumacher et al., 1997) and neomorphic

mutations in genes encoding the kidney transcription fac-

tors (TFs) SIX1 and SIX2. Gene expression analysis has sug-

gested that Wilms tumorigenesis initiates in distinct cell

types of origin and is influenced not only by which genes

or pathways are mutated but also by the developmental

context in which genetic lesions occur (Gadd et al., 2012).

Here, we exploited human kidney organoids to study

mechanisms of WT initiation and progression. We showed

that genetic knockout (KO) of WT1 induces overgrowth of

nephron progenitor cells (NPCs) at the expense of tubular

and glomerular differentiation. Further characterization

revealed progression into an organoid state that transcrip-

tionally and phenotypically resembles a subset of WT

patients, as well as arrest of NPC differentiation at a pre-

epithelialized cell state. Our study therefore defines WT1-

mediated developmental cell fate transitions that drive

organogenesis and protect from hyperplasia, and estab-

lishes modeling of Wilms tumorigenesis in human kidney

organoids.
RESULTS

WT1 deletion inhibits NPC epithelialization and

differentiation and induces organoid hyperplasia

We generated kidney organoids using an adaptation (Un-

gricht et al., 2021) of a two-step differentiation protocol

(Morizane et al., 2015) (Figure S1A). Organoids contained

podocytes that express WT1, PODXL, and NPHS1, and

epithelial tubule cells that express high levels of EPCAM
021 j ª 2021 Friedrich Miescher Institute for Biomedical Research. 2107
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Figure 1. Loss of WT1 induces NPC overgrowth
(A) Quantification of subpopulations in un-edited, KOiPSC, KOd4-7, KOd9-11, and KOd11-14 d21 organoids by flow cytometry of indicated
markers. Data are presented as mean percentage of positive cells ± SD derived from n = 5 (un-edited, KOiPSC, KOd4-7) or n = 2 (KOd9-11,
KOd11-14) independent experiments. Two-sided Student’s t test; p value: ns, > 0.05; *%0.05; **%0.01; ***%0.001; ****%0.0001.

(legend continued on next page)
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(EPCAMhigh) with distal and proximal segments addition-

ally labeled by CDH1 and LTL, respectively (Figures S1B

and S1C). For KO of WT1 we infected induced pluripotent

stem cells (iPSCs) harboring a doxycycline (DOX)-induc-

ible Cas9 protein (WT29-iCas9) (Figures S1D and S1E) (Un-

gricht et al., 2021) with lentiviruses driving expression of a

WT1-specific guide RNA (gRNA1) and a red fluorescent pro-

tein (RFP). We induced genome editing by adding DOX at

different stages of kidney organoid differentiation: in iPSCs

prior to differentiation (KOiPSC), during intermediatemeso-

derm specification (KOd4-7), during NPC differentiation

(KOd9-11), and during nephrogenesis (KOd11-14). To deter-

mine KO efficiency and kinetics, we quantified WT1 pro-

tein by flow cytometry. This showed that KOiPSC and

KOd4-7 impaired the steep increase of WT1-expressing cells

between day (d) 5 and d6 of organoid formation, resulting

in an approximate 80% and 70% reduction of the WT1-

positive cell fraction by d9, respectively (Figures S1F

and S1G). Although not as efficient, loss of WT1 upon

KOd9-11 and KOd11-14, similar to KOd4-7, occurred between

24 h and 48 h after Cas9 induction.

At d21, control and WT1 mutant organoids were of

similar size, except for those derived from KOiPSC cells,

whichwere considerably smaller (Figure S2A). Culture until

d30 showed that KOiPSC organoids remained small, that

KOd4-7 and KOd9-11 organoids overgrew, and that growth

of KOd11-14 organoids was similar to controls. Profiling

with cell-type-specific markers at d21 (Figures 1A, 1B, and

S2B) revealed that SIX2-positive (SIX2pos) cells were abun-

dant in KOiPSC and KOd4-7 organoids (50% and 38% of all

cells, respectively), and absent from KOd11-14 organoids

similar to controls. In addition, the proliferation marker

KI67 was elevated, in particular upon KOiPSC and KOd4-7.

Many KI67-positive (KI67pos) cells co-expressed SIX2, sug-

gesting overgrowth of NPCs. KOd9-11 organoids displayed

intermediate phenotypes that frequently did not differ

significantly from controls.

PODXL- and NPHS1-expressing podocytes were strongly

reduced in all WT1 mutant organoids, including KOd11-14

organoids (Figure 1B). Strikingly, the few detectable

PODXL-positive cells co-expressed WT1, demonstrating

that they are descendants of un-edited or heterozygous

mutant NPCs or of NPCs harboring in-frame WT1 muta-

tions. EPCAMhigh and LTL-positive (LTLpos) tubules were

reduced, indicating impaired formation of tubules (Figures

1B and 1C). We estimate that approximately 15% of WT1-
(B) Staining of indicated markers in representative d21 organoids as in
Scale bar: 25 mm.
(C) Flow cytometry-based quantification of EPCAMhigh, EPCAMmid, and
indicated time points and genotypes. Data are shown as mean percen
(d10); n = 5 (un-edited, KOiPSC, KOd4-7; d21) or n = 2 (KOd9-11, KOd11-14;
ns > 0.05; *%0.05; **%0.01; asterisks are placed above the respect
deficient cells expressed EPCAMhigh (Figure S2C). This was

lower than un-edited control organoid cells (30%), con-

firming reduced epithelialization. Defective nephrogenesis

was also observed inKOd11-14 organoids, inwhich exit from

the SIX2pos state was unperturbed, indicating that WT1

drives NPC, and proximal tubule and podocyte differentia-

tion through successive mechanisms. We sought to vali-

date these findings with two independent WT1 gRNAs

and found a reduction of WT1 and EPCAMhigh, mainte-

nance of SIX2, elevation of KI67, and co-expression of

SIX2 and KI67 in KOiPSC organoids. Notably, phenotypic

strength scaled with the KO efficiency of the respective

gRNA, demonstrating target specificity (Figures S2D and

S2E).

While quantifying EPCAM expression, we found an

expansion of EPCAMmid cells in KOiPSC and KOd4-7 d21 or-

ganoids (Figures 1C, S2C, S2F, and S2G). A proportion of

these cells expressed SIX2 (33% and 26%, respectively).

KOd11-14 organoids, in contrast, were indistinguishable

from controls. Immunofluorescence confirmed expression

of EPCAM in SIX2pos cells at lower levels than in fully

differentiated tubules and not confined to the basolateral

membrane (Figure S2H). Consistent with an epithelializing

intermediate state, these structures also expressed low

levels of CDH1 (Figure S2H). EPCAMmid cells emerged as

early as d7 and preceded the formation of EPCAMhigh cells

(Figure 1C). These cells are therefore likely equivalent to

EPCAMdim cells in the human fetal kidney (Pode-Shakked

et al., 2017), which are kidney progenitor intermediates

undergoing a mesenchymal-epithelial transition (MET)

and bridging the differentiation of EPCAMlow NPCs into

EPCAMhigh renal vesicle cells. The frequency of EPCAMmid

cells, in particular of those co-expressing SIX2, increased

steadily in developing KOiPSC and KOd4-7 organoids (Fig-

ure S2I), suggesting that WT1 promotes progression

beyond a pre-epithelial SIX2pos/EPCAMmid NPC transition

state, but not the initiation of MET.

We noted increased SIX2 protein levels in NPCs at d9

(Figure S2J). To test if this is causal for progenitor

overgrowth, we generated iPSCs with a DOX-inducible

mCherry::T2A::SIX2 transgene and induced SIX2 by

adding DOX from d7 and d9 onwards, thus initiating over-

expression inNPCs and during nephrogenesis, respectively

(Figures S2K and S2L). The former resulted in smaller orga-

noids that, compared with uninduced controls, had fewer

EPCAMhigh and LTLpos tubules andWT1-positive glomeruli
(A). Scale bar: 100 mm. White boxed regions are shown as blow-ups.

EPCAMlow populations (gating shown in Figure S2G) in organoids of
tage of positive cells ± SD derived from n = 3 (d7); n = 4 (d9); n = 2
d21) independent experiments. Two-sided student’s t test; p value:
ive populations (EPCAMhigh and EPCAMmid).
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Figure 2. Absence of WT1 impairs developmental transcription
(A) k-means clustering of 7,626 genes significantly changing in any of the shown contrasts. Left: time course of wild-type organoid
development; log2-fold expression changes relative to iPSCs. Right: changes in KOiPSC or KOd4-7 cells at indicated time points; log2-fold
expression changes relative to un-edited control at each time point. log2 FC = log2-fold change.
(B) Quantification of mRNA log2-fold expression changes of indicated gene clusters and in contrasts as specified in (A).

(legend continued on next page)
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(Figures S2M and S2N). Quantitative PCR (qPCR) showed

that SIX2 was expressed roughly 30-fold higher in d7-

induced NPCs than in uninduced controls (Figure S2K).

In both, d7- and d9-induced organoids, however, KI67

expression was unchanged. SIX2, despite heterogeneous

andmosaic expression, was detectable in differentiated EP-

CAMhigh and LTLpos tubule cells at d21 (Figure S2N).

Taken together, these observations suggest that the

removal of WT1 impairs NPC progression and leads to or-

ganoid hyperplasia. We found that over-activation of

SIX2 was not sufficient to recapitulate these phenotypes

(Figures S2K–S2N), arguing for additional WT1 targets.

Tubule and podocyte differentiation defects in KOd11-14

organoids indicate roles of WT1 in nephrogenesis that are

independent of SIX2 silencing and consistent with WT1

activating podocyte-specific genes (Kann et al., 2015) and

promoting epithelial tubulematuration (Berry et al., 2015).

WT1 drives developmental transcription

We decided to define the transcriptional changes induced

by absence of WT1, and performed RNA sequencing

(RNA-seq) of KOiPSC and KOd4-7 cells and respective con-

trols at different time points during organoid development

(Figure S3A). Inspection of cell state-specific markers (Fig-

ures S3B–S3D) revealed consistency between transcrip-

tional and phenotypic changes: (1) NPC markers were

induced by d5 and declined after d9 in control organoids

but persisted upon KO of WT1; (2) markers of differentia-

tion intermediates, and of mature podocytes and proximal

tubules, were induced by d9 and d21 in un-edited controls,

respectively, whichwas impaired inmutant organoids; and

(3) transcriptional dynamics of epithelial-mesenchymal

transition (EMT) signature genes, including EPCAM and

CDH1, were perturbed in KO organoids.

To systematically define WT1-dependent gene regula-

tion, we performed k-means clustering of transcripts that

change significantly during organoid development and/or

in KO organoids (Figures 2A and 2B Table S1). This

identified 17 gene clusters, of which some were induced

or repressed during organoid development and unchanged

in mutants (clusters 5, 7, 11, and 14), while others were de-

regulated in KO organoids, in particular at d21 (clusters 1,

8, and 13). Notably, we did not identify clusters that were

mis-regulated across all time points, suggesting that

WT1’s target genes depend on the developmental context.

Also, expression defects in KOiPSC and KOd4-7 organoids,

despite distinct growth rates (Figure S2A), were very similar,

and indistinguishable at d21.
(C) Gene set overlap significance scores (see supplemental experimen
sets as defined in Lindström et al. (2018). Z scores are color coded. D
(D) t-SNE maps of scRNA-seq data from week 16 human fetal kidney (Ho
sets as in (C) are color-coded. prol, proliferation; Prox, proximal.
Because of the differentiation defects inWT1KO organo-

ids, wewondered if any of the gene clusters reflect cell-type-

specific transcription. We made use of published gene sets

that discriminate cell types of the human fetal kidney

(Lindström et al., 2018) and calculated gene set overlap en-

richments (see supplemental experimental procedures).

This identified gene clusters 1, 8, 11, 13, and 17 to be

most similar to markers of relevant cell types in the devel-

oping kidney (Figure 2C). Notably, cluster 11 was not

changed, and cluster 17 only transiently deregulated in

KO organoids (Figure 2A, Table S1). We validated cell type

specificity of clusters 1, 8, and 13 genes by visualizing their

expression in t-distributed stochastic neighbor embedding

(t-SNE) maps of single-cell RNA-seq (scRNA-seq) of the

week 16 human fetal kidney (Hochane et al., 2019). This

confirmed co-expression with gene sets of kidney progeni-

tor cells (M1), proliferating intermediates (M12 and M13),

and podocytes (M6) and proximal tubule cells (M9), respec-

tively (Figure 2D).

Collectively, the transcriptional defects correlate with

the phenotypic persistence of kidney progenitor cells

(cluster 1) and reduced tubular and glomerular formation

(cluster 13) in mutant organoids. The specificity of the

former to WT1 depletion before d11 (Figures 1A, 1B, S2A,

S2B, S2C, S2F) is consistent withWT1 acting in and driving

differentiation of NPCs. Although we cannot exclude that

upregulation of cluster 8 genes inmutant organoids reflects

growth of a proliferating transit amplifying cell popula-

tion, we note (1) that cluster 8 genes are downregulated

specifically at d21, suggesting cell type-independent tran-

scription (Figures 2B and S3E); and (2) that a significant

proportion of SIX2pos cells co-express KI67 (Figure 1A),

whose encoding gene MKI67 is a cluster 8 gene (Table S1).

Upregulation of cluster 8 genes is therefore likely due to

NPC hyperproliferation rather than the persistence of an

additional transit amplifying cell population.

WT1 KO organoids recapitulate transcriptional

changes in Wilms tumors

To explore the similarity ofWT1 KO kidney organoids and

kidney tumors, we compared transcriptional changes in

mutant d21 organoids withmean gene expression changes

in WT (Gadd et al., 2017), kidney chromophobe tumor

(KICH) (Davis et al., 2014), kidney renal papillary cell carci-

noma (KIRP) (Network et al., 2016), and kidney renal clear

cell carcinoma (KIRC) (Creighton et al., 2013) patients.

This showed that the magnitude and the directionality of

cluster 1 and 8 deregulation was conserved in WT but not
tal procedures) of 17 gene clusters with fetal kidney cell type gene
iff, differentiate.
chane et al., 2019). Expression levels of indicated clusters and gene
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Figure 3. WT1 KO organoids recapitulate the transcriptional changes of a Wilms tumor patient subgroup
(A) Unsupervised clustering of mean expression changes of clusters 1–17 in organoids and kidney tumors. Mean log2-fold expression
changes in KOiPSC and KOd4-7 organoids relative to un-edited controls and in patient tumors relative to control tissue were used.
(B) Pearson correlation coefficients and unsupervised clustering of pairwise comparisons between scaled mean log2-fold expression
changes as described in (A).
(C) Unsupervised clustering of mean expression changes of WTPGCs 1–8 in organoids and kidney tumors. Scaled mean log2-fold expression
changes as described in (A) were used. myo_subset and non-myo_subset are the subsets of WT patients defined in Figure S3G.
(D) Unsupervised clustering of scaled mean log2-fold expression changes of WTPGC 3 genes as in (C). Gadd_1/2/3/4 are mean-centered
scaled expression changes of WT patient subsets defined in Gadd et al. (2012). Cluster containing muscle genes is highlighted.
(E) Unsupervised clustering of log2-fold expression changes of cluster 1 genes in individual WT patients relative to corresponding normal
tissue. Clusters containing NPC and muscle genes are highlighted.
KICH, KIRP, or KIRC tumors (Figure 3A). Pairwise compari-

son of transcriptome-wide changes confirmed that changes

in mutant d21 organoids correlate most strongly with

those of WT patients (Figure 3B). WT1 KO kidney organo-

ids therefore resemble WT patient tissue, despite being

derived in vitro and consisting of nephron cell types only

(Morizane et al., 2015).
2112 Stem Cell Reports j Vol. 16 j 2107–2117 j September 14, 2021
Using gene ontology (GO) analysis (Table S1) we found

enrichment of cell cycle terms in cluster 8, while cluster

1, despite containing key NPC TFs such as SIX1 and SIX2,

was highly enriched for muscle-related processes (Fig-

ure S3F). Notably, WT1 mutations are associated with

ectopic myogenesis in mice and in WT patients (Berry

et al., 2015; Gadd et al, 2012, 2017; Miyagawa et al.,



(legend on next page)
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1998). To test if WT1 KO organoids resemble this patient

subset, we first stratified WT patients by gene expression.

Using k-means clustering (Figure S3G, Table S2), we identi-

fied several WT patient gene clusters (WTPGCs), including

WTPGCs 6 and 8, that were deregulated in all 126 WT pa-

tients (Gadd et al., 2017) and enriched for developmental

and cell cycle terms, respectively (Figure S3H, Table S2).

WTPGC 3, in contrast, was upregulated in a subgroup of

15 patients only (myo_subset), enriched for muscle GO

terms (Figure S3H), induced in previously described

myogenic S2 and S4 WT patient subgroups (Gadd et al.,

2012) (Figure S3I), and upregulated in d21 KO organoids

(Figures 3C and 3D). Vice versa, unsupervised clustering

of cluster 1 genes in WT patients (Figure 3E) identified

NPC TFs upregulated in all samples, while the myogenic

TFs MYOD1 and MYOG, and the skeletal muscle genes

TNNC2 and MYLPF, were specifically dysregulated in the

myo_subset of patients. We therefore conclude that tran-

scriptional changes inWT1mutant kidney organoids reca-

pitulate those of a myogenic subset of WT patients.

Niche signals propagate WT1 mutant NPCs

The persistence of SIX2pos cells and NPC transcription in

WT1 KO organoids may result from a block or a delay in

developmental progression. We reasoned that serial

passaging in differentiation-promoting conditions would

discriminate between the two by enforcing the commit-

ment of delayed but not of blocked mutant cells. To do

so, we aggregated single cells derived fromKOd4-7 d21 orga-

noids and exposed them to organoid-forming conditions

for 12d (corresponding to d9–d21 of iPSC differentiation),

and repeated this procedure for up to four passages (Fig-

ure 4A). Since niche signals affect tumor growth and pro-

gression (Hanahan and Coussens, 2012), we also tested

the role of environment signaling in passaging of SIX2pos

cells. We therefore added defined ratios (0%, 10%, 25%,

75%, and 90%) of green fluorescent protein (GFP)-express-

ing wild-type d9 NPCs to dissociated KOd4-7 organoids dur-

ing the aggregation step at the beginning of each passage,

expecting that the wild-type kidney structures formed by

these NPCs would provide niche signals to KO cells. Quan-

tifying the percentage of GFP-expressing cells in chimeric
Figure 4. Non-cell-autonomous regulation of self-renewal and he
(A) Schematic of the experimental flow.
(B) Quantification of indicated cell populations in chimeric organoids
NPCs and at indicated passages. p0 indicates KOd4-7 d21 organoids th
mean percentage ± SD from n = 1 or 2 independent experiments. Perc
percentage of KOd4-7 cells is relative to all mutant cells, therefore ex
(C) Staining at p3 of indicated markers and mixing ratios as outlined
(D) Images of organoids obtained after adding 12,500 RFP-positive
(bottom) to ruptured wild-type GFP-expressing organoids. Images wer
bar: 1 mm.
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organoids (Figure 4B) showed stable contribution of KO

cells over passages, demonstrating that KOd4-7 d21 orga-

noid cells grew as fast as wild-type d9 NPCs. Un-edited con-

trol d21 organoid cells proliferated less (Figure S4A). The

mutant cell type composition, in contrast, varied across

passages and mixing ratios (Figures 4B, 4C, and S4B): in

the absence (0%) or presence of 10% and 25% wild-type

cells, the fraction of SIX2pos cells increased from approxi-

mately 30% to 60% after the first passage, but gradually

declined during further passaging. Un-edited control cells,

in contrast, did not gain SIX2 expression (Figure S4C).

In the presence of 75% wild-type cells, the percentage of

SIX2pos cells remained at 30% over passages for at least

60d. Presence of 90%wild-type cells stabilized SIX2-expres-

sion in 10% of KOd4-7 cells after the first passage. Therefore,

signals by wild-type cells, particularly at a wild-type/

mutant cell ratio of 3:1, support self-renewal of KOd4-7

SIX2pos cells. At and below mixing ratios of 1:3, SIX2pos

cells were lost during passaging. This was not accompanied

by an induction of EPCAMhigh cells (Figure 4B) and there-

fore not due to overt tubular differentiation.

Passaging in the presence of wild-type NPCs is not com-

parable with growth in mature tissues, such as during tu-

mor progression in patients or in patient-derived xenograft

mouse models. We therefore decided to use ruptured GFP-

expressing d21 organoids as a differentiated cell substrate

for passaging of WT1 mutant cells (Figure 4A). We esti-

mated that d21 organoids contain 150,000–200,000 cells,

to which we added 12,500 and 25,000 cells of RFP-express-

ing control or mutant single cells, corresponding to a

mixing ratio of approximately 80%–90%. KOd4-7 d21 cells

expanded visibly (Figure 4D), expressed SIX2 and KI67,

and caused chimeric organoid overgrowth (Figures 4D,

S4D, and S4E). In contrast, un-edited d21 cells contributed

poorly to organoids. To exclude that this is because of poor

survival upon dissociation or reaggregation, we used un-

edited d9 NPCs as control, and found that they integrated

as well as KOd4-7 d21 cells and contributed efficiently to EP-

CAM-positive epithelia. However, these cells did not

induce organoid overgrowth or maintain SIX2 expression

(Figures S4D–S4F). Passaging in d21 kidney organoids

therefore enables persistence of SIX2 and proliferation of
terogeneity

after passaging with indicated ratios of wild-type GFP-expressing d9
at were used as starting material for passaging. Data are shown as
entage of all cells is relative to all cells of chimeric organoids, and
cluding wild-type host cells.
in (A). Scale bar: 100 mm.
un-edited d21 organoid cells (top) and KOd4-7 d21 organoid cells
e recorded at indicated time points using an Incucyte system. Scale



WT1 mutant cells. Notably this did not require extrinsic

CHIR and FGF9 (Figures S4G–S4I), and is therefore inde-

pendent of differentiation- and growth-promoting culture

conditions.

We conclude that kidney organoids can be exploited for

tumor cell transplantation and growth in a developmental

(d9 NPCs) and mature (d21 organoids) tissue context. Our

observations suggest cell-autonomous and non-cell-auton-

omous mechanisms that drive the ectopic growth of

mutant NPCs, specifically a developmental block induced

by absence of WT1 and pro-self-renewal signals from a

wild-type niche environment.
DISCUSSION

WT1 mutations in humans predispose to familial forms of

WTandare found in10%–20%of sporadicWTpatients (Has-

tie, 2017; Treger et al., 2019). Loss of WT1 in humans is

thought to transform immature kidney progenitor cells

(Treger et al., 2019). However, direct evidence for a role of

WT1 in human NPC development is elusive. Using timed

deletion in human iPSC-derived kidney organoids, we iden-

tified two successive functions ofWT1: driving exit from the

NPCstateandMET,andpodocyteandtubuledifferentiation.

The second, later, function is reminiscent of the role of

mouse Wt1 in glomerulus and renal tubule development

(Berry et al., 2015; Kann et al., 2015), suggesting that WT1

promotes lineage progression through conserved target

genes, such as podocyte-specifying TFs (Kann et al., 2015).

The first, earlier, function of WT1 appears less conserved

in organoids, although it remains to be determined if this

is due to actual species-specific mechanisms or different

experimental settings: (1) early deletion of Wt1 in mice re-

sults in an expansion of mesenchymal cells, but not in

ectopic NPC marker expression or tumor formation (Berry

et al., 2015;Huang et al., 2016),whileKOofWT1 inorgano-

ids was sufficient for SIX2pos cell overgrowth. (2) Early

deletion of Wt1 in mice blocks MET and, consequentially,

formation of CDH1-expressing tubule cells (Berry et al.,

2015). Accumulation of SIX2pos cells co-expressing

EPCAMmid in KO organoids indicates that humanWT1 co-

ordinates NPC differentiation and epithelialization, too.

However, the perturbed transcriptional induction of MET

genes WNT4, CDH1, EPCAM, and other EMT signature

genes, such as Claudins, at d11/12 was rescued by d21 (Fig-

ure S3D), and KO cells differentiated into EPCAMhigh-ex-

pressing tubule cells, although with reduced efficiency

(Figure S2C). Importantly, formation of EPCAMhigh cells

was impaired not only in KOiPSC and KOd4-7 but also in

KOd11-14 organoids, in which exit from the NPC state and

EPCAMmid regulation was unperturbed. Tubular differenti-

ation defects in KO organoids are therefore due to WT1’s
role in epithelial maturation rather than its earlier function

in activating MET. Notably, epithelial elements are also

found in WT with WT1 lesions (Schumacher et al., 1997),

andWT1mutations canbe detected in epithelial cells of pa-

tient-derived organoids (Calandrini et al., 2020).

In addition to perturbing kidney development, early loss

ofWT1 causes upregulation ofmuscle genes both inmouse

(Berry et al., 2015) and in human kidney organoids. This

indicates a conserved role of WT1 in repressing competing

paraxial mesoderm fates, and suggests that expression of

myogenic genes in a subset of WT patients (Gadd et al,

2012, 2017; Miyagawa et al., 1998) reflects the develop-

mental history rather than plasticity of the tumors (Shuk-

run et al., 2014).

In mouse, constitutive WT1 deletion causes apoptosis of

the metanephric mesenchyme (Kreidberg et al., 1993),

while NPC induction is largely unperturbed in KOiPSC

and KOd4-7 organoids (Figure S3B). Although this differ-

ence may be because of species-specific WT1 functions or

because of non-cell-autonomous rescue in organoids by

unrecombined wild-type cells, we speculate that in vitro

culture conditions compensate for WT1 deficiency: Dele-

tion of FGF receptor 1 (Fgfr1) and Fgfr2, and of Fgf20 and

Fgf9 in mice causes phenotypes that are reminiscent of

loss of WT1 (Barak et al., 2012; Poladia et al., 2006). WT1

directly binds to and regulates the transcription of several

Fgf genes, and treatment of WT1 mutant embryonic kid-

neys with recombinant FGF20 rescues cell death (Mota-

medi et al., 2014). The extrinsic FGF9 that is added between

d7 and d14 of organoid formation may therefore suppress

the pro-apoptotic effect of WT1 loss and expose WT1’s

oncogenic role in developmentally more advanced NPCs.

Passaging in organoids showed that wild-type cells

provide niche signals that maintain proliferation and

expansion of mutant SIX2pos cells in the presence of differ-

entiation-promoting cues. In particular, we were not able to

propagate mutant SIX2pos cells in isolation. Future studies

will be required to dissect how cell-to-cell contact, secreted

signals, and spatial organization establish a growth-permis-

sive environment. It is conceivable that WT1 ablation in

developing organoids resembles cancer initiation in an

intact tissue context, while cell mixing recapitulates subse-

quent aspects of tumor growth in patients.Wenote that pri-

mary WT biopsies can be repeatedly passaged as spheroids

(Wegert et al., 2020) and organoids (Calandrini et al.,

2020) in three dimensions. Although growth conditions

differ, it is possible that WT1 KO kidney organoids recapit-

ulate early stages of the disease, and that further tumor pro-

gression leads to independence of niche signals.

Taken together, we here establish a human kidney orga-

noid-based tumorigenesis model by inducible deletion of

WT1, complementing the current toolbox of pre-clinical

WTmodels.We show thatWT1 drives exit from the human
Stem Cell Reports j Vol. 16 j 2107–2117 j September 14, 2021 2115



NPC state and, consequentially, prevents NPC hyperplasia,

and that loss of WT1 recapitulates defects observed in

a clinically relevant patient subset. Overall, our work

motivates the use of human kidney organoids to study

pediatric kidney tumorigenesis. Tumor organoids provide

access to the cancer cell type of origin, to crosstalk between

different oncogenes and tumor suppressors, to interactions

with the niche environment, and, eventually, to organo-

typic and phenotypic platforms for drug discovery and

development.
EXPERIMENTAL PROCEDURES

Kidney organoids
iPSCs were differentiated into NPCs for 9 days on Laminin

(Biolamina #LN521)-coated six-well-plates and, after single cell-

dissociation using TrypLE Express (Thermo Fisher #12604013),

transferred into ultra-low-attachment 96-well plates (Thermo

Fisher #174925) for organoid formation in suspension culture

(Morizane et al., 2015; Ungricht et al., 2021). SIX2 and Cas9

were induced by adding 1 mg/mL and 0.2 mg/mL DOX (Clontech

#631311), respectively. Chimeric organoids were generated by

aggregating single-cell suspensions of WT1 KO d21 organoids

with GFP-expressing WT29-iCas9 d9 NPCs or with ruptured GFP-

expressing WT29-iCas9 d21 organoids. See supplemental experi-

mental procedures for details.
Flow cytometry
Single cells were fixed using the BD Cytofix/Cytoperm Fixation/

Permeabilization Kit (BD Biosciences #554714) according to the

manufacturer’s instructions with the exception that 0.4% bovine

albumin fraction V solution (Thermo Fisher #15260037) in PBS

was added before centrifugation. Cells were incubated with pri-

mary antibodies in permeabilization buffer at 4�C for 60 min,

washed three times, incubated with secondary antibodies at 4�C
for 60 min, washed three times, and resuspended in permeabiliza-

tion buffer. Flow cytometry was performed on a BD LSRFortessa or

BD LRSII, and data analyzed using FlowJo software.

Immunofluorescence
Kidney organoids were washed with PBS twice and fixed with 4%

paraformaldehyde in PBS for 20 min at 4�C. After washing three

timeswith PBS, organoidswere resuspended in 50% sucrose (Sigma

#84097) in PBS and stored at 4�C. Organoids were embedded in a

7.5% gelatin solution (Millipore #48722 dissolved in 10% sucrose

in PBS) overnight at 4�CandmountedwithQ Path TissueOCTMe-

dium (VWR#0011243) to generate frozen blocks that were cut into

10–14-mm sections using a Leica CM3050S cryostat. Sections were

stained (see supplemental experimental procedures), images

acquired on Zeiss LSM710 and LSM900 scanning head confocal

microscopes, and processed with Fiji software.

Data availability
The accession number for the RNA-seq data reported in this study

is ArrayExpress : E-MTAB-9957.
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geest, E., Bialecka, M., Nieveen, M., Menschaart, M., Chuva de

Sousa Lopes, S.M., and Semrau, S. (2019). Single-cell transcriptom-

ics reveals gene expression dynamics of human fetal kidney devel-

opment. PLoS Biol. 17, e3000152.

Huang, L., Mokkapati, S., Hu, Q., Ruteshouser, E.C., Hicks, M.J.,

and Huff, V. (2016). Nephron progenitor but not stromal progeni-

tor cells give rise toWilms tumors inmouse models with b-catenin

activation or Wt1 ablation and Igf2 upregulation. Neoplasia 18,

71–81.

Hynds, R.E., Vladimirou, E., and Janes, Sam.M. (2018). The secret

lives of cancer cell lines. Dis. Model Mech. 11, dmm037366.

Kann, M., Ettou, S., Jung, Y.L., Lenz, M.O., Taglienti, M.E., Park,

P.J., Schermer, B., Benzing, T., and Kreidberg, J.A. (2015).

Genome-wide analysis of Wilms’ tumor 1-controlled gene expres-

sion in podocytes reveals key regulatory mechanisms. J. Am. Soc.

Nephrol. 26, 2097–2104.

Kersten, K., de Visser, K.E., van Miltenburg, M.H., and Jonkers, J.

(2017). Genetically engineered mouse models in oncology

research and cancer medicine. Embo Mol. Med. 9, 137–153.

Kreidberg, J.A., Sariola, H., Loring, J.M., Maeda, M., Pelletier, J.,

Housman, D., and Jaenisch, R. (1993). WT-1 is required for early

kidney development. Cell 74, 679–691.

Lindström, N.O., Brandine, G.D.S., Tran, T., Ransick, A., Suh, G.,

Guo, J., Kim, A.D., Parvez, R.K., Ruffins, S.W., Rutledge, E.A.,

et al. (2018). Progressive recruitment of mesenchymal progenitors
reveals a time-dependent process of cell fate acquisition in mouse

and human nephrogenesis. Dev. Cell 45, 651–660, e4.

Miyagawa, K., Kent, J., Moore, A., Charlieu, J.-P., Little, M.H., Wil-

liamson, K.A., Kelsey, A., Brown, K.W., Hassam, S., Briner, J., et al.

(1998). Loss of WT1 function leads to ectopic myogenesis in

Wilms’ tumour. Nat. Genet. 18, 15–17.

Morizane, R., Lam, A.Q., Freedman, B.S., Kishi, S., Valerius, M.T.,

and Bonventre, J.V. (2015). Nephron organoids derived from hu-

man pluripotent stem cells model kidney development and injury.

Nat. Biotechnol. 33, 1193–1200.

Motamedi, F.J., Badro, D.A., Clarkson, M., Lecca, M.R., Bradford,
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