
 International Journal of 

Molecular Sciences

Article

iPSC-Derived Embryoid Bodies as Models of
c-Met-Mutated Hereditary Papillary Renal
Cell Carcinoma

Jin Wook Hwang 1, Christophe Desterke 1 , Olivier Féraud 1, Stephane Richard 2 ,
Sophie Ferlicot 3,4, Virginie Verkarre 5,6, Jean Jacques Patard 7, Julien Loisel-Duwattez 8,
Adlen Foudi 1,9 , Frank Griscelli 1,10,11, Annelise Bennaceur-Griscelli 1,10,12 and
Ali G Turhan 1,10,12,*

1 INSERM UMR-S 935 and ESTeam Paris Sud, Université Paris Sud, 94800 Villejuif, France;
jinwook.hwang@inserm.fr (J.W.H.); christophe.desterke@inserm.fr (C.D.); olivier.feraud@inserm.fr (O.F.) ;
adlen.foudi@inserm.fr (A.F.); frank.griscelli@gmail.com (F.G.); abenna@hotmail.fr (A.B.-G.)

2 Réseau National de Référence pour Cancers Rares de l’Adulte PREDIR, labellisé par l’INCa, et Service
d’Urologie, AP-HP, Hôpital Bicêtre, 94270 Le Kremlin-Bicêtre, France; Génétique Oncologique EPHE, PSL
Université, INSERM UMR 1186, Gustave Roussy, Faculté de Médecine et Université Paris-Sud,
94800 Villejuif, France; stephane.richard@u-psud.fr

3 INSERM, UMR 1186, Gustave Roussy, Paris-Sud University, Paris-Saclay University, 94800 Villejuif, France;
sophie.ferlicot@aphp.fr

4 Department of Pathology, Bicêtre Hospital, AP-HP, 94270 Le Kremlin-Bicêtre, France
5 Service d’Anatomie Pathologique, Hôpital Européen Georges Pompidou, AP-HP, 75015 Paris, France;

virginie.verkarre@aphp.fr
6 Faculté de médecine, Université Paris Descartes, 75006 Paris, France
7 Service d’Urologie, Centre Hospitalier de Mont de Marsan, 40024 Mont de Marsan, France;

jean-jacques.patard@ch-mdm.fr
8 INSERM U1195, Université Paris Sud, Faculté de Médecine, APHP, Service de Neurologie, Hôpital Bicêtre,

94276 le Kremlin Bicêtre, France; julien.loisel-duwattez@inserm.fr
9 ATIP Avenir INSERM UMR-S 935, Université Paris Sud, 94800 Villejuif, France
10 INGESTEM National IPSC Infrastructure, 94800 Villejuif, France
11 Paris Descartes University, Faculty Sorbonne Paris Cité, Faculté des Sciences Pharmaceutiques et

Biologiques, 75006 Paris, France
12 Division of Hematology, Paris Sud University Hospitals, Le Kremlin Bicêtre 75006,

94800 Villejuif, France
* Correspondence: turviv33@gmail.com; Tel.: +33-1-45-212006; Fax: +33-1-45-212847

Received: 2 September 2019; Accepted: 24 September 2019; Published: 30 September 2019 ����������
�������

Abstract: Hereditary cancers with cancer-predisposing mutations represent unique models of human
oncogenesis, as a driving oncogenic event is present in germline. Currently, there are no satisfactory
models to study these malignancies. We report the generation of IPSC from the somatic cells of a
patient with hereditary c-met-mutated papillary renal cell carcinoma (PRCC). From these cells we have
generated spontaneous aggregates organizing in structures which expressed kidney markers such as
PODXL and Six2. These structures expressed PRCC markers both in vitro and in vivo in NSG mice.
Gene-expression profiling showed striking molecular similarities with signatures found in a large cohort of
PRCC tumor samples. This analysis, applied to primary cancers with and without c-met mutation, showed
overexpression of the BHLHE40 and KDM4C only in the c-met-mutated PRCC tumors, as predicted by
c-met-mutated embryoid bodies transcriptome. These data therefore represent the first proof of concept of
“hereditary renal cancer in a dish” model using c-met-mutated iPSC-derived embryoid bodies, opening
new perspectives for discovery of novel predictive progression markers and for drug-screening for future
precision-medicine strategies.
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1. Introduction

Hereditary cancers are due to oncogenic mutations or deletions and represent a major challenge
in terms of diagnosis, prognosis, and prevention [1]. Recently, the development of the iPSC technology
allowed these cancers to be modeled using patient-derived pluripotent stem cells [2–4]. It has been shown
that this strategy can be used for modeling BRCA1-mutated breast cancer [5] and Li–Fraumeni syndrome
with TP53 deletions [3]. The major problem regarding the modeling of cancer using iPSC is that the effects
of oncogenic mutations may appear only in the tissue in which the cancer develops [6]. Indeed, in a
model of pancreatic cancer using iPSC, cancer phenotype appeared only when the specification of the
endoderm had been achieved [6]. Similarly, the use of drug targeting strategies requires the generation of
tissue-specific embryoid bodies, a technology which has been achieved in many tissues using either primary
cells or pluripotent stem cells [7]. However, the feasibility and clinical use of iPSC-derived cancer embryoid
bodies harboring a hereditary oncogenic mutation has not been shown so far. We show here the proof of
concept of the feasibility of this strategy by generating iPSC lines bearing a c-met mutation. We developed
from these patient-specific iPSC, embryoid bodies using a 3D in vitro culture system followed by extensive
analysis by immunochemistry, transmission electron microscopy, and transcriptome studies.

The results reported here show the possibility of generating structures reminiscent of kidney
embryoid bodies with phenotypic PRCC markers using an in vitro, 3D culture system and in vivo after
transplantation into NSG mice. Strikingly, transcriptome analysis of c-met-mutated-iPSC-derived renal
progenitor cells revealed a gene profiling pattern similar to that reported in c-met-mutated primary
human PRCC. In addition, the markers that we have discovered in iPSC-derived embryoid bodies
are overexpressed only in primary PRCC with c-met-mutation. These results validate the feasibility
of generating unlimited sources of embryoid bodies structures from iPSC for future drug-screening
strategies in all hereditary cancers.

2. Results

2.1. Patients

The propositus patient is a patient in whom the diagnosis of the c-met mutation was performed during
a genetic study realized in her family, because of the occurrence of PRCC in her mother. This analysis
showed the presence of a mutation in the c-met oncogene atc.3900 G > A, p.Val1238Ile. After the molecular
diagnosis, the patient had regular follow-ups in the urology clinic using nuclear magnetic resonance (NMR)
imaging. In 2005, she developed two kidney carcinomas. Since this date, the stability of the disease allowed
an annual radiological assessment and follow-up in urology clinic without specific therapy.

The characteristics of 5 additional patients whose tumors have been analyzed in the study are
shown in Table S1. The mother of the patient (UPN5) had developed two recurrent, c-met-mutated
PRCC (Tumor Sample UPN5) and presented as expected, the same mutation as the patient (c.3900 G >

A, p.Val1238Ile). A second patient with c-met-mutated PRCC (Tumor Sample UPN4) presented the
c-met mutation (c.A3523G, p.His1112Arg) as published previously [8]. As controls, primary PRCC
tumors from three patients without c-met mutation (Tumor samples UPN1, UPN2, and UPN3) were
included in the study for immunostaining experiments.

2.2. Generation and Characterization of c-Met-Mutated iPSC

Cellular programming was performed using the patient’s bone marrow mononuclear cells after her
informed consent and the approval of Inserm ethical committee. Hereditary PRCC with c-met-mutated
iPSC (met-IPSC) lines were generated using Sendaï virus-mediated gene transfer of the four Yamanaka
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factors (Figure S1A). As a control we used iPSC generated from bone marrow mononuclear cells of
a normal donor. Flow cytometric analysis demonstrated that the majority of met-IPSC as well as
control iPSC co-expressed SSEA4 and TRA-1-60 (91.3% and 89.8% respectively) markers (Figure S1B,C)
as expected for human pluripotent stem cells. In vivo teratoma induction assay in NSG recipient
mice revealed differentiation towards all three germ layers (Figure S1D) such as neural rosettes
(ectoderm), immature cartilage (mesoderm), and glandular epithelia (endoderm). The same results
were obtained using control iPSCs (Figure S1E). These data demonstrated the successful generation of
fully reprogrammed met-IPSC using this technology.

2.3. Generation and Characterization of c-Met-Mutated iPSC Aggregates

To demonstrate that hereditary PRCC with c-met-mutated iPSC aggregates (met-IPSC-A) can lead
to formation of embryoid bodies spontaneously, we cultured met-IPSC-A under ultra-low attachment
conditions. First, met-IPSC-A were characterized using immunocytochemistry for expression of
phospho-Met and Brachyury. As shown in Figure S2A–D, these experiments demonstrated that both
control and met-IPSC-A contained cells expressing phosphorylated c-Met protein (phospho-Met) and
expressing Brachyury at 1 and 6 days (Figure S2C,D). Of note, the level of phospho-Met expression was
higher in both control and met-IPSC-A culture as compared to the monolayer counterparts (Figure S2B).
met-IPSC-A were then further characterized using immunocytochemistry for expression of kidney
related markers SIX2 (SIX homeobox 2, a marker of kidney progenitors) and PODXL (podocalyxin-like,
a marker of glomerular podocytes) as described [9,10]. Immunocytochemistry analyses showed the
detection of both SIX2- and PODXL-positive cells at day 3 and day 6 (Figure S3A–C). These data
demonstrate that aggregate formation strongly favors the emergence of double-positive SIX2 and
PODXL expressing kidney progenitors from both control and met-IPSC.

2.4. Evaluation of a 3D Culture System for Induction of Kidney Differentiation from Met-IPSC

We performed a 3D culture system protocol to induce kidney differentiation for 12 days. (Figure
S3D,E). 3D culture system was compared with the monolayer culture (day 6) of both control and
met-IPSC to evaluate the efficiency of differentiation into kidney at day 12 (Figure S4A). The expression
of kidney markers von Hippel-Lindau (VHL) and PODXL was determined by immunocytochemistry.
As seen in Figure S4B, the 3D culture system outperformed the monolayer conditions in terms of
level of VHL and PODXL expression. When only a weak expression of both proteins is observed in
cells cultured in monolayers, a strong signal is noticed in cells grown in 3D cultures in both groups
(Figure S4C). This result indicates that 3D cultures surpassed monolayers as they robustly enabled the
generation of VHL- and PODXL-positive cells.

2.5. Characterization of Embryoid Bodies Containing Cells with Kidney Markers

To investigate whether we can generate kidney-like structures from the iPSC-A using our 3D
culture system, control iPSC-A as well as met-IPSC-A were plated on 24- or 96-well Geltrex-coated
dishes or 8-well culture chambers and cultured for another 6 days (Figure S5A). At 12 days whole-mount
immunostaining was performed using antibodies against phalloidin (a cytoskeleton marker) and
PODXL. After 12 days of differentiation, we obtained two types of structures based on their 3D shape,
designed as “cup-like embryoid bodies” type (Figure S5B,D,F) and a “fusion embryoid bodies” type
(Figure S5C,E,G). Whole-mount immunostaining revealed that in the “cup-like embryoid bodies” with
cavitation, PODXL expression was markedly detected in the center and periphery of the embryoid
bodies whereas phalloidin expression was restricted to the periphery (Figure S5B,D). In the “fusion
embryoid bodies” type structures we detected strong expression of both PODXL and phalloidin
throughout (Figure S5C,E). These results indicate that renal differentiation of met-IPSC could be
assessed within 2 weeks with the formation of specific kidney embryoid bodies expressing PODXL
glomerular marker. We then performed kidney embryoid bodies from both control and met-IPSC
to compare the expression of glomerular or tubular markers. As seen in Figure 1, our embryoid
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bodies markedly expressed the glomerulus-specific marker Nephrin, the endothelial marker CD31,
phospho-Met and the lotus tetragonolobus lectin (LTL) a marker of proximal tubule epithelial cells
(Figure 1B,E). Interestingly, glomerulus and tubulin structure in control kidney embryoid bodies seems
to be spatially organized (Figure 1B,D), as shown by staining distribution, and shape of the embryoid
bodies than the met-IPSC-derived kidney embryoid bodies (Figure 1E,G).Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 4 of 24 
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of glomerulus and tubule markers with nephron structure. (E) Confocal analysis and whole-mount 

immunostaining for Nephrin, CD31, LTL, PODXL, phospho-Met, and DAPI in met-IPSC-derived 

kidney embryoid bodies. Scale bar: 100 μm. (F) Optical image of met-IPSC-derived embryoid bodies 
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met-IPSC-derived vesicles (E) present an irregular morphology as compared to controls (B). 

2.6. Structural and Functional Evaluation of Embryoid Bodies 

Figure 1. Embryoid bodies with kidney markers from control or met-IPSC in 3D culture. (A) Schematic
representation of the generation of iPSC-derived structures from control or met-IPSC. (B) Confocal
analysis and whole-mount immunostaining for Nephrin, CD31, LTL, PODXL, phospho-Met, and DAPI
in control iPSC-derived kidney embryoid bodies showing nephron structure. Scale bar: 100 µm.
(C) Optical image of control iPSC-derived kidney embryoid bodies at day 12 showing the formation
of tubule structures. Scale bar: 100 µm. (D) Schematic representation of glomerulus and tubule
markers with nephron structure. (E) Confocal analysis and whole-mount immunostaining for Nephrin,
CD31, LTL, PODXL, phospho-Met, and DAPI in met-IPSC-derived kidney embryoid bodies. Scale bar:
100 µm. (F) Optical image of met-IPSC-derived embryoid bodies at day 12 showing the formation of
tubule structures. Scale bar: 100 µm. (G) Schematic representation of glomerulus and tubule markers
with nephron structure. Note: The met-IPSC-derived vesicles (E) present an irregular morphology as
compared to controls (B).
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2.6. Structural and Functional Evaluation of Embryoid Bodies

Spatiotemporal organization and ultrastructure of embryoid bodies were analyzed by performing
transmission electron microscopy (TEM) (Figure 2A,D, Figure 3 and Figure S6). As can be seen
in Figure 2A, these experiments clearly showed ultrastructures corresponding to the generation of
tight junctions (Figure 2A) and brush border-like structures expected to be seen in proximal tubules
(Figure 2A). Interestingly, the brush borders detected by TEM in met-IPSC-derived kidney embryoid
bodies were well developed as compared to brush borders from control iPSC-derived kidney embryoid
bodies (Figure 2A,D and Figure S6D). In the same sections used for TEM, these structures have been
found to express PODXL and LTL, confirming the presence of glomerular and tubular cells derived
from met-IPSC or control iPSC (Figure 2C,F). Interestingly, large amounts of glycogen granules were
observed in met-IPSC-derived kidney embryoid bodies (Figure 2D, and Figure 3C,F,G). We then
analyzed the functionality of proximal tubule structures by using a dextran uptake assay in embryoid
bodies at day 12. These assays demonstrated the selective uptake of dextran–Alexa488 from the media
after 48 h of exposure in kidney embryoid bodies (Figure 2G,H). These findings demonstrated that
the embryoid bodies structures obtained in our experiments corresponded to kidney cells generated
in vitro from met-IPSC and control iPSC. Next, by using kidney embryoid bodies model, we asked
whether biomarkers expressed in kidney cancer, could be expressed in met-IPSC-derived kidney
embryoid bodies. For this purpose, we performed whole-mount immunostaining using cytokeratin 7
(Cy7) [11], TFE3, and Cubilin antibodies, well-established markers of PRCC (Figure 4A). As can be
seen in Figure 4B, cytokeratin 7 and Cubilin expression were detected in met-IPSC-derived kidney
embryoid bodies whereas TFE3 expression was similar to that observed in control iPSC-derived kidney
embryoid bodies (Figure 4B,C). As compared with control iPSC-derived kidney embryoid bodies,
phospho-Met signal was strongly detected in met-IPSC-derived kidney embryoid bodies (Figure 4B,C).
Next, to explore the genomic consequences of constitutionally active c-met signaling pathway in kidney
cells and to explore the genomic circuitry activated in kidney embryoid bodies, we performed a
global transcriptome analysis in the met-IPSC-derived kidney embryoid bodies compared to gene
profile of controls. As seen in Table S2 and Figure S7A, 244 genes were found up-regulated and
71 down-regulated. Gene set enrichment analysis (GSEA) revealed an enrichment of targets involved
in kidney development specifically in met-IPSC-derived kidney sample such as regulation of epithelial
cell differentiation involved in kidney development (Normalized Enrichment Score (NES = +1.55, p
< 0.001, Figure S7B), renal tubule development (NES = +1.51, p < 0.001, Figure S7C), and positive
regulation of kidney development gene set (NES = +1.48, p < 0.001, Figure S7D). Also, GSEA analysis
revealed implication of pathophysiological process between these two kidney sample conditions with
an enrichment of renal cell carcinoma (NES = +1.40, p < 0.001, Figure S7E) and aging kidney gene
sets (NES = +1.67, p < 0.001, Figure S7F) specifically in met-IPSC-derived kidney embryoid bodies
compared to control counterparts.
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control iPSC-derived embryoid bodies, the presence of glycogen granules(*) were noted (D). (G–H) 

Evaluation of functional analysis of proximal tubules structures in kidney embryoid bodies by using 

Figure 2. Ultrastructure and immunohistochemistry analyses by confocal microscopy.
(A–C) Representative electron microscopy images of glomeruli and tubules of control and
met-IPSC-derived embryoid bodies (EBs) showing podocyte-like cells (P), podocyte-like foot process
(Pfp), mitochondria (M) and brush borders. The immunohistochemistry analysis in paraffin cuts reveals
both PODXL and LTL positivity in embryoid bodies. Scale bar: 50 µm. (D–F) Representative electron
microscopy images glomeruli and tubules of met-IPSC-derived kidney embryoid bodies revealing
podocyte-like cells (P), podocyte-like foot process (Pfp), tight junctions, and typical brush border
structures. Immunohistochemistry analysis in paraffin cuts by confocal imaging showed embryoid
bodies structures co-expressing PODXL and LTL. Scale bar: 50µm. As compared to control iPSC-derived
embryoid bodies, the presence of glycogen granules(*) were noted (D). (G–H) Evaluation of functional
analysis of proximal tubules structures in kidney embryoid bodies by using Dextran uptake assays.
Embryoid bodies were incubated for 48 h in the presence of Dextran–Alexa 488 followed by analysis
using wide-field microscopy. Dextran uptake was seen in normal (G) as well as in met-IPSC-derived
embryoid bodies (H) with a more intense uptake in the latter structures (see text). Scale bar: 100 µm.
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Figure 3. Ultrastructural analysis of kidney embryoid bodies derived from control or c-met-mutated
iPSC. (A) Schematic representation of the experimental protocol used. (B,C) Representative electron
microscopy images of glomerulus and tubules structures of control or c-met-mutated iPSC-derived
kidney embryoid bodies. (D,E) Representative electron microscopy images cytoplasm region of
control iPSC-derived kidney embryoid bodies. (F,G) Representative electron microscopy images
cytoplasm region of c-met-mutated iPSC-derived kidney embryoid bodies, podocyte-like cells.
Glycogen granules (*).
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2.7. Kidney Capsule Transplantation Experiments of Met-IPSC-Derived Embryoid Bodies 

To determine if met-IPSC-derived structures can recapitulate the features observed in vivo, we 

transplanted them under the kidney capsule of NSG mice. At 4 weeks post-transplant, mice were 

Figure 4. Characterization of met-IPSC-derived kidney embryoid bodies. (A) Schematic representation
of the generation of control or met-IPSC-derived kidney embryoid bodies and characterization of
clinicopathological cancer markers cytokeratin 7, TFE3, and Cubilin. (B) Whole-mount staining
for Cytokeratin 7, TFE3, LTL, Cubilin, and DAPI in control iPSC-derived kidney embryoid bodies.
Scale bar: 500 µm. (C) Whole-mount staining for Cyto-keratin 7, TFE3, LTL, Cubilin, and DAPI in
met-IPSC-derived kidney embryoid bodies. Scale bar: 500 µm.

2.7. Kidney Capsule Transplantation Experiments of Met-IPSC-Derived Embryoid Bodies

To determine if met-IPSC-derived structures can recapitulate the features observed in vivo,
we transplanted them under the kidney capsule of NSG mice. At 4 weeks post-transplant, mice were
sacrificed, and harvested structures were subjected to histopathological and immunohistochemistry analyses
(Figure 5A). We observed that met-IPSC-derived embryoid bodies generated larger teratoma-like tumors
compared to controls (Figure 5B,C). Histopathological analyses using H&E staining revealed the presence
of immature cartilage in tumors of met-IPSC group (Figure 5F). Moreover, disorganized structures were
observed in the cross-sections of met-IPSC-derived embryoid bodies-like structures (Figure 5E,G). In contrast,
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control iPSC showed normal structures (Figure 5D). Immunohistochemistry analysis using Nephrin and
CD31 antibodies (Figure 5H,I) demonstrated the presence of podocytes and endothelial cells in both groups.
Notably, expression of PRCC markers cytokeratin 7 and TFE3 (Figure 5H,I) were found markedly increased
in met-IPSC-derived embryoid bodies as compared to controls. Altogether, these data suggest that a
PRCC-like phenotype can be recapitulated in vivo using met-IPSC-derived embryonic structures.
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Figure 5. Analysis of tumors generated by transplantation of kidney embryoid bodies. (A) Experimental
protocol used. (B,C) Macroscopic aspect of kidney NSG mouse 1 month after transplantation of control
(*) or met-IPSC-derived kidney embryoid bodies (**), mouse kidney (arrow). (D,H) Pathological
analysis of tumors generated by transplantation of control kidney embryoid bodies at 1 month showing
the presence of normal embryoid bodies-like structures expressing kidney differentiation markers.
(E–G,I) Pathology of c-met-mutated tumors after transplantation of met-IPSC-derived kidney embryoid
bodies at 4 weeks, showing disorganized structures with expression of kidney cancer markers TFE3 and
cytokeratin 7. Immature cartilage (arrow). Scale bar: 100 µm.
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2.8. Hereditary PRCC with c-Met-Mutated iPSC Aggregates Reproduce Molecular Features of Human PRCC

To determine the gene-expression pattern of met-IPSC, we performed transcriptome analysis on
both met-IPSC and met-IPSC-A. Supervised analysis between the 2 classes of culture met-IPSC versus
met-IPSC-A by ranking products algorithm enabled us to identify 196 differentially expressed gene
probes (Table S3). 148 of these genes were found to be down-regulated in met-IPSC-A as compared to
met-IPSC. A small fraction of them (n = 48) were found to be up-regulated in met-IPSC-A as compared
to met-IPSC (Figure 6A and Tables S3 and S4). In parallel, we investigated analysis of TCGA consortium
Next Generation Sequencing dataset of PRCC tumor samples from the most recent cohort study of
transcriptome with mutation sequence status that was available [12]. This allowed us to stratify the
transcriptome of PRCC by their c-met mutation status: 23 mutations were found to be present in
21 patients (Table S5). Machine learning supervised by c-met status performed on PRCC RNA-seq
samples allowed to characterize 1333 predictive genes with a minimum error of misclassification (data
not shown). Meta-analysis between met-IPSC signature and PRCC signature revealed a significant
enrichment of met-IPSC profile as predictive of c-met-mutated PRCC tumor status (Fold of enrichment:
5.68; p-value < 2.2 × 10−16, Figure 6B). Unsupervised principal component analysis performed with
meta-analysis intersection genes (77 genes, Table S4) on the transcriptome of PRCC tumor patients
confirmed a significant stratification of these tumor samples taking into account their c-met mutation
status (p-value = 2.25 × 10−10, Figure 6C). Expression heat map performed on PRCC tumors samples
with the 77 meta-analysis intersection genes (Figure 6D) revealed a distinct expression pattern of these
genes in PRCC patients that carried c-met mutations as compared to others; also the proportion of
up-regulated and down-regulated genes is even in this subgroup of patients. These results suggest that
the gene-expression profile of met-IPSC-A is an efficient model predictor of PRCC tumor stratification
taking into account their c-met mutation status. To understand the influence of met-IPSC-A signature
study in the PRCC, a protein-protein interaction (PPI) network was built with extraction of the
protein interactions from innateDB database concerning the 77 genes found at the intersection of
the meta-analysis (Table S4). This interaction network analysis allowed to build a principal network
comprising 65 seeds, 1713 nodes and 2204 edges (Figure 6E). Analysis of topology network importance
revealed central connectivity of key molecules such as EGR1 and other stem cell related molecules
(EZH2, NOTCH2, GLI3) (red nodes in Figure 6E). Functional inference performed on this interaction
network performed with projection of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
database revealed significant implication of genes already involved in renal carcinoma (green nodes
in Figure 6E, and green bar in Figure 6F). Among these 26 kidney cancer genes, HGF which is the
ligand of c-met was predicted to be connected in this network (Figure 6E). Fold-change concordance
analysis between met-IPSC-A model and PRCC tumors revealed 11 up-regulated markers with c-met
mutation status (Figure 6G). Among these 11 genes some were found with high connectivity on the
previous interaction network such as KDM4C, which is implicated in chromosomal aberrations found
in tumors and BHLHE40 an important regulator of circadian rhythms (ARNTL1 partner) and cell
differentiation (Figure 6G). This network analysis confirmed by inference that the use of iPSC-aggregates
gene signature during meta-analysis can efficiently predict c-met status stratification of PRCC tumors.
Furthermore, KDM4C expression was validated in our met-IPSC-derived embryoid bodies as we
observed a co-expression of KDM4C and phospho-Met in met-IPSC-derived kidney embryoid bodies
(Figure 6H, lower panels). Control iPSC-derived kidney embryoid bodies exhibited low levels of
KDM4C expression which did not overlap with that of phospho-Met (Figure 6H, upper panels).
These data demonstrate that met-IPSC-derived kidney embryoid bodies recapitulate some molecular
features of human PRCC and could be of major interest not only to model this hereditary cancer but
also to further understand the molecular circuitry downstream of c-met during the progression of this
hereditary disease.
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Figure 6. Transcriptome analyses of met-IPSC aggregates. (A) Expression heatmap (Euclidean distances)
of differential expressed genes found between met-IPSC (monolayer culture) and met-IPSC aggregates.
(B) Venn diagram of the meta-analysis between met-IPSC and PRCC patient analysis, p-value of
the met-IPSC signature in PRCC expression profile was calculated by hypergeometric test of Fisher.
(C) Principal component analysis performed with meta-analysis gene intersection (77 genes) on
PRCC tumor samples (Z-scores RNA-seq V2), p-value was calculated by correlation of the group
discrimination of the first principal component. (D) Expression heatmap performed with meta-analysis
gene intersection (77 genes) on PRCC tumor samples. (E) protein-protein interaction network built
with the projection of 77 meta-analysis genes on innateDB interaction database: red genes represent
connected genes with the highest topology in the network, green genes represent enriched gene
during Kyoto Encyclopedia of Genes and Genomes (KEGG) inference and related to the Renal cell
carcinoma. (F) Bar plot representing negative logarithm base 10 of False Discovery Rate (FDR) q-values
found during functional inference of KEGG database on meta-analysis protein-protein interaction (PPI)
network. (G) Concordance scatterplot of fold-change (FC) found during meta-analysis of transcriptome.
The x-axis shows FC of the genes found in met-IPSC transcriptome study and the y-axis shows the
FC of genes found in analysis of PRCC RNA-seq study. The genes found to be expressed > 1 FC are
shown by their gene symbols. (H) Whole-mount immunostaining for KDM4C (Lysine demethylase
4C), phospho-Met and DAPI in kidney embryoid bodies.
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2.9. Validation of the Expression of Markers Detected in c-Met-Mutated iPSC-Derived Kidney Embryoid Bodies
in Primary PRCC Tumors

We next asked whether the candidate genes that we have found overexpressed in met-IPSC
embryoid bodies were also expressed in primary papillary renal carcinoma. For this purpose,
we analyzed 5 primary PRCC, 2 from patients with c-met mutation (UPN4 and UPN5) and 3 from
patients without c-met-mutation (UPN1, UPN2, and UPN3). One of the c-met-mutated PRCC sample
(UPN5) is from the mother of our patient (Table S1). Among the 11 candidate genes that we have
previously identified, we focused on KDM4C and BHLHE40 genes which are known to be expressed in
PRCC. To evaluate their level of expression, we performed immunohistochemistry in primary tumors
derived from type 1 PRCC with and without and c-met mutation using specific antibodies. As seen in
Figure 7, KDM4C and BHLHE40 were markedly overexpressed in the c-met-mutated type 1 PRCC
tumors (UPN4, UPN5, Figure 7D,E) as compared to type 1 PRCC tumors without c-met mutation
(UPN1, UPN2, UPN3, Figure 7A–C). These results strongly suggested that the findings observed in
met-IPSC-derived kidney embryoid bodies are truly representative of tumor marker expression in the
primary tumors from patients with PRCC.Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 13 of 24 
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Figure 7. Immunohistochemistry of primary kidney cancer samples from patients without and with
c-met mutated PRCC. Hematoxylin-eosin (H&E) staining and immunohistochemistry for KDM4C,
BHLHE40, and DAPI from paraffin-cut primary tumor samples. (A–C) (UPN1, 2, 3): PRCC without
c-met mutation. (D–E) (UPN4, 5): PRCC with c-met mutation (see Table S1). Scale bar: 100 µm.

2.10. Drug Toxicity Assays

To test whether our embryoid bodies could be used to study kidney toxicity in vitro, we tested two
different drugs on our met-IPSC-derived kidney embryoid bodies (Figure 8). After 12 days of differentiation,
embryoid bodies were treated for 3 days with two doses of Sunitinib (either 20 µg/mL or 500 µg/mL),
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a commonly used tyrosine kinase inhibitor in PRCC therapy. Upon treatment, we analyzed the presence
of the Kidney Injury Molecule-1 (KIM-1), a biomarker up-regulated in the proximal tubules following
acute kidney injury. As seen in Figure 8H,I, KIM-1 was detected at low level in structures treated with
low dose of Sunitinib (20 µg/mL) whereas a higher dose of Sunitinib (500 µg/mL) resulted in higher
levels of KIM-1 (Figure 8H,I). Similarly, met-IPSC-derived kidney-like structures treated with cisplatin
harbored KIM-1 up-regulation albeit to lesser degree than that observed in control iPSC-derived structures
(Figure 8B–E). These data showed that met-IPSC-derived embryoid bodies with kidney features could be
used to test the nephrotoxicity and perhaps evaluate the therapeutic efficacy of novel candidate drugs
in vitro. Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 14 of 24 
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Figure 8. Figure 8. Drug toxicity experiments. (A) Schematic representation of cisplatin toxicity
experiments in met-IPSC kidney embryoid bodies. (B–C) Representative whole-mount immunostaining
for LTL, KIM-1 and DAPI in control iPSC-derived kidney embryoid bodies treated with cisplatin
(500 µg/mL) (right panels). (D–E) Representative whole-mount immunostaining for LTL, KIM-1 and
DAPI in met-IPSC-derived kidney embryoid bodies treated with cisplatin (500 µg/mL) (right panels).
(F) Schematic of drug Sunitinib toxicity test process of met-IPSC-derived kidney embryoid bodies.
(G) Photograph of met-IPSC-derived kidney embryoid bodies in 96 well plate. (H) Representative
whole-mount immunostaining for PODXL, KIM-1 and DAPI in met-IPSC-derived kidney embryoid
bodies treated with Sunitinib (20 µg/mL). (I) Representative whole-mount immunostaining for PODXL,
KIM-1 and DAPI in met-IPSC-derived kidney embryoid bodies treated with Sunitinib (500 µg/mL),
Scale bar: 100 µm.
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3. Discussion

Germline mutations at the origin of family cancers represent a major challenge in oncology as
there are no experimental models to study the future cancer development. c-met-mutated PRCC
represents a major form of hereditary kidney cancer [13] among kidney cancers which are the seventh
most common malignancies in the United States [14]. PRCC includes tumors with indolent, multifocal
presentation, and solitary tumors with an aggressive, highly lethal phenotype.

We describe here the first model to our knowledge, of a met-IPSC-derived patient-specific embryoid
bodies reminiscent of PRCC. The first step of our experiments consisted on the design of experimental
conditions allowing efficient and reproducible generation of differentiation towards embryoid bodies.
To this end, we have used 3D culture of iPSC in the presence of E8 medium. As can be seen in Figure 1F
and Figure S3E, met-IPSC can differentiate spontaneously into embryoid body-like structures under
these 3D culture conditions. Indeed, the met-IPSC-derived structures were found to express kidney cell
markers such as PODXL+, Nephrin+ and LTL+ [10,15].

Previous kidney embryoid bodies studies involved chemically defined protocols under monolayer
culture conditions at the initial stage for human embryonic stem cells [16] or human fibroblast-derived
iPSC [16,17] because these conditions allow the control of long-term clonal growth and multilineage
differentiation of the pluripotent cells. The large-scale expansion of these cells is relatively easy under
monolayer culture conditions. Despite these advantages, such cultures lack cell–cell and cell–matrix
interactions and fail to mimic cellular functions and signaling pathways occurring naturally in 3D
culture conditions. One of the most efficient kidney embryoid bodies differentiation includes indeed a
combination of monolayer and three-dimensional (3D) cultures [17]. The monolayer culture techniques
require however, the use of various chemically defined factors to induce kidney differentiation.
The method used here addressed these limitations by the occurrence of a self-organization during
spontaneous development in vitro and circumvented the disadvantages of monolayer cultures requiring
several stages of differentiation without induction of sufficient cell–cell and cell–matrix interactions.
3D culture conditions favoring these interactions generate the potential of differentiation into three
germ layers via cellular microenvironment like embryoid bodies (EBs). Such EB culture conditions
have been used to generate heart, kidney, and liver embryoid bodies [18]. Finally, we have found that
3D culture conditions induced higher expression of VHL protein as compared to monolayer cultures
creating a favorable condition for kidney embryoid body generation (Figure S4B,C). It is known that
overexpression of VHL induces kidney cell differentiation through the integration of cell–cell and
cell–matrix signaling in 786-O cells [19].

We have then used this aggregate culture conditions to determine the possibility of generation
of kidney embryoid bodies using met-IPSC and control iPSC. As can be shown in Figure S2B–D,
the comparison of monolayer cultures and aggregate cultures revealed the overexpression of
phospho-Met in both met-IPSC and control iPSC. These phospho-Met overexpressing aggregates
generated kidney embryoid bodies as demonstrated by the expression of PODXL in confocal microscopy
experiments (Figure 1E, Figure 2F and Figure S5B–G) and that of Nephrin and LTL. As shown in Figure
S5, we have found that met-IPSC aggregated spontaneously generating fusion structures undergoing
cavitation. It is known that the cavitation process is essential for providing a free epithelial surface
for the morphogenetic movement of epiblastic cells during the subsequent formation of a primitive
streak [20]. This fusion could occur through the use CXCR4/CXCL12 axis, which is known to be
essential for kidney vasculature development [21]. Indeed, whole-mount immunostaining experiments
showed the expression of CD31 in kidney embryoid bodies (Figure 1B,E). To demonstrate the efficient
kidney embryoid body generation, we have used transmission electron microscopy experiments.
These experiments confirmed, the appearance of kidney structures including glomeruli, podocytes,
glomeruli-associated basement membranes and proximal tubule with typical brush border-like
structures (Figure 2A,D and Figure S6). Interestingly, in met-IPSC-derived kidney embryoid bodies,
a well-developed brush border was observed (Figure 2D and Figure S6D) and high numbers of glycogen
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granules were observed as previously reported in primary tumors [22] (Figure 3C,F,G), demonstrating
the reproduction of a type 1 PRCC tumor phenotype in glycogen granules.

The next important question was to determine if some phenotypic cancer marker known to be
expressed in human PRCC could be found in met-IPSC-derived structures. Cy7 overexpression was
found in met-IPSC-derived cells as compared to controls (Figure 4). Moreover, to demonstrate the
malignant potential of c-met-IPSC-derived structures, we have transplanted them as well as control
cells, under the kidney capsule of NSG mice. As can be seen in Figure 5, met-IPSC-derived cells induced
larger tumors as compared to controls and expressed kidney cancer markers TFE3 (transcription factor
for immunoglobulin heavy chain enhancer 3) [23] and cytokeratin 7 [24] demonstrating the generation
in vivo cancer embryoid bodies from the met-IPSC.

We next asked whether a differential gene-expression profiling can be obtained in met-IPSC and
aggregates during the induction of aggregates as compared to control iPSC-derived cells. This analysis
allowed us to identify 196 differentially expressed genes, generating a clear transcriptome signature
during the first stages of kidney embryoid bodies differentiation (Figure 6A). Interestingly, 77 of these
genes have also been found to be expressed specifically in c-met-mutated human kidney carcinoma
(Figure 6B) which appeared to be different from the signature observed in PRCC without c-met mutation.
Most importantly, several of the 11 genes which have been identified as being overexpressed in our
met-IPSC, have also been overexpressed in primary human c-met-mutated PRCC such as KDM4C and
BHLHE40 (Figure 7). KDM4C is a member of the Jumonji-domain 2 family encoding a demethylase
involved in chromosome segregation [25]. Alteration of KDM4C gene has been shown to occur in
renal cell carcinoma [26]. We next asked whether the overexpression of this gene, which has been
reported in both our iPSC and primary human PRCC, could be reproduced in our met-IPSC-derived
kidney embryoid bodies. As can be seen in Figure 6H, KDMC4 expression was clearly seen in
phospho-Met-expressing met-IPSC as compared to controls. Similarly, the basic helix-loop helix protein
BHLHE40 known to be implicated in c-met mutated PRCC [12] was found to be overexpressed in
met-IPSC-derived embryoid bodies (Figure 6H).

Finally, it was of importance to determine if the two markers that we have discovered through the
analysis of met-IPSC could be truly representative of the primary cancer cells. To this end, we have
used primary kidney tumors from 2 patients with c-met-mutated PRCC and 3 PRCC patients without
c-met mutation. The factors KDM4C and BHLHE40 were found to be overexpressed only in the tumors
with c-met mutation, validating the use of iPSC technology for the analysis of these hereditary cancers.
We confirmed that phospho-Met, KDM4C and BHLHE40 were overexpressed in the tumors of two
patients with the c-met-mutated type 1 PRCC UPN4 and UPN5 (Figure 7D,E). These data demonstrate
for the first time, the major interest of the use of iPSC technology to model a hereditary cancer allowing
the reproduction of the “hereditary renal cancer in a dish” concept opening the perspective for novel
drug testing strategies using simple in vitro tests. From this regard, our first results using Sunitinib
and cis-Platinum, demonstrate clearly the feasibility of this approach by testing the expression of the
KIM-1 protein a known a marker for kidney proximal tubular damage and toxicity in kidney [27].

The data reported here also show the possibility of using this technology for discovering novel
therapies and targets in hereditary cancers. In recent years, major discoveries allowed rapid development
of cancer therapies including immunotherapy using checkpoint inhibitors in genito-urinary cancers [28].
More specifically, in PRCC, several novel targetable signaling pathways have been discovered such as
VEGFR, mTOR, FGFR, RET, KIT and AXL [28]. The use of the iPSC-derived organoid technology could
open unprecedented opening in terms of personalized medicine in this setting, allowing the efficacy of
targeting these signaling pathways alone or in combination. More specifically, the c-Met-mutated iPSC
organoid technology that we describe, could be also a major experimental platform for testing the efficiency
of novel and future MET inhibitors in cancer therapy [29].

In conclusion, we demonstrate in this work for the first time that c-met-mutated hereditary kidney
cancer can be modeled in vitro using patient-derived iPSC. This could be achieved by a simple and
reproducible 3D culture system leading to generate embryoid bodies without chemically defined
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induction steps. These embryoid bodies-like structures could be used for drug toxicity testing. We show
that met-IPSC-derived structures have the potential to generate the gene profiling similar to that found
in primary c-met-mutated PRCC, reproducing the expression of several genes known to be expressed
in primary cancer cells. Among these, KDM4C is a histone demethylase and its overexpression has
been shown in several cancers including breast, colon and prostate cancers [30]. In PRCC, CNV of
this gene has previously been shown [26]. The pathophysiological role of KDM4C overexpression
in c-met-mutated PRCC suggest that this pathway can be druggable, as small molecules inhibiting
KDM4C are currently been developed [31]. The BHLHE40 (DEC1/Stra13) is a well-known basic
helix-loop transcription factor and has been shown to play major roles in cell proliferation, circadian
rhythm, tumor progression [32] and has been shown to be overexpressed in papillary renal cell
carcinoma [33]. This work confirms that the discovery of the potential involvement of these pathways
is possible using cancer embryoid bodies derived from iPSC lines established from hereditary cancers.
These findings could open novel perspectives for drug-screening as well as future precision-medicine
strategies in hereditary cancers and could be applied to other hereditary cancers as previously shown in
BRCA1-mutated breast [5] and Li-Fraumeni-syndrome [3] and RET-mutated [2] cancers. Finally, in the
setting of healthy persons presenting a hereditary cancer-risk mutation, these results could pave the
way for the future use of this technology to generate predictive strategies.

4. Materials and Methods

4.1. Key Resource Table

Reagent or Resource Source Identifier

Antibodies

Brachyury Abcam (Cambridge, UK) ab140661

PODXL Abcam (Cambridge, UK) ab178566

LTL Clinisciences (Nanterre, France) FL-1321

Cubilin Abcam (Cambridge, UK) ab191073

SIX2 Euromedex (Souffelweyersheim, France) 11562-1-AP

CD31 Abcam (Cambridge, UK) ab24590

TFE 3 Abcam (Cambridge, UK) ab179804

Cytokeratin 7 Abcam (Cambridge, UK) ab9021

Nephrin Abcam (Cambridge, UK) ab85379

KIM-1 Bio-Techne (Minneapolis, USA) NBP1-76701

Phalloidin Invitrogen (Carlsbad, USA) A12381

Phospho c-Met Ozyme (Saint-Cyr-l’École, France) 3077S

KDM4C Abcam (Cambridge, UK) LS-C114684-100

VHL Bio-Techne (Minneapolis, MN USA) SC-5575

BHLHE40 Abcam (Cambridge, UK) ab70723

DAPI Sigma–Aldrich (St. Louis, MO, USA) D9542

Chemicals, Peptides, and Recombinant Proteins

Essential 8 basal medium Thermo Fisher Scientific (Waltham, MAUSA) A1516901

Essential 8 supplement Thermo Fisher Scientific (Waltham MA, USA) A1517101

Geltrex® LDEV-Free Reduced Growth Factor
Basement Membrane Matrix

Thermo Fisher Scientific (Waltham, MA, USA) A1413202
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Reagent or Resource Source Identifier

Experimental Models: Cell Lines

Human iPSC: PB33 Human (Villejuif, France) -

Human c-met mutated iPSC: PB56 Human (Villejuif, France) -

Cis-platinum Sigma–Aldrich (St. Louis, MO, USA) P4394

Osmium tetroxide solution Sigma–Aldrich (St. Louis, MO, USA) 75632

Glutaraldehyde grade I Sigma–Aldrich (St. Louis, MO, USA) G5882

Experimental Models: Organisms/Strains

Mouse: NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ N/A

Software and Algorithms

ImageJ (Public domain, USA)

4.2. Generation of Hereditary PRCC with c-Met-Mutated iPSC

Bone marrow mononuclear cells (BMNC) were obtained with the informed consent of the patient
according to the Declaration of Helsinki and the approval of the Inserm ethical committee which
gave approval for the use of iPSC generation from hereditary cancers (PP 1301 14 January 2014).
Cell programming was performed using previously reported procedures [2,34].

4.3. Flow Cytometry

Control iPSC or met-IPSC colonies were collected using 1 mg/mL collagenase IV (Thermo Fisher
Scientific, Waltham, MA, USA). A single cell suspension was obtained by incubation in Enzyme
Free Cell Dissociation Buffer (Thermo Fisher Scientific, Waltham, MS, USA) followed by mechanical
trituration. 100,000 cells were stained in 10 µL phosphate-buffered saline (PBS) supplemented with
1 µL of primary antibodies raised against SSEA4 conjugated to BD Horizon™ V450, SSEA3 conjugated
to Phycoerythrin and TRA-1-60 conjugated to Alexa Fluor™ 647 (all of them from BD Biosciences, San
Jose, CA, USA) for 30 min at 4 ◦C. Cells were then washed with PBS and analyzed using a MACSQuant
flow cytometer (MiltenyiBiotec, Bergisch Gladbach, Germany).

4.4. Teratoma Assay

Animal experimentation was performed according to French regulations. Protocols were approved
by the Ethical Committee for Animal Experimentation (CEEA n◦26) under the agreement number
2015-012-534. Experiments were performed using female mice aged 6 to 7 weeks old. Control iPSC or
met-IPSC were collected by collagenase IV treatment (Thermo Fisher Scientific, Waltham, MA, USA).
2× 106 cells were resuspended in 150 µL of GeltrexTM:DMEM/F12 (1:1) and were subcutaneously
injected into the rear leg of NSG mice (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ). After 8 or 12 weeks,
teratomas were isolated and processed for histological analysis.

4.5. Cell Culture and Generation of Cell Aggregates

Control and met-IPSC were maintained on Geltrex (Stem Cell Technologies, Inc, Vancouver,
Canada) coated flat culture dish in E8 media (Stem Cell Technologies, Inc, Vancouver, Canada)
contained DMEM/F12, L-ascorbic acid-2-phosphate magnesium (64 mg/L), sodium selenium (14 µg/L),
FGF2 (100 µg/L), insulin (19.4 mg/L), NaHCO3 (543 mg/L) and transferrin (10.7 mg/L), TGFβ1(2 µg/L)
or NODAL (100 µg/L). Osmolarity of all media was adjusted to 340 mOsm at pH7.4. All the media
were stored at 4 ◦C, and were used within 2 weeks of production. Colonies were manually harvested at
60–80% confluence. Cells were then collected and dissociated into single cells using EDTA. Cells (1× 106

or 1 × 105/well) were put onto 24- or 96-well ultra-low attachment plates (Corning, Inc., Corning, USA)
to allow them to form aggregates in suspension in a CO2 incubator at 37 ◦C, in 5% CO2. Cell aggregates
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were cultured in E8 medium (Stem Cell Technologies, Vancouver, Canada) with daily medium change
for 1–7 days.

4.6. Immunocytochemistry of iPSCs in Monolayer and Aggregate Culture

Control and met-IPSC were cultured on 8-well culture chambers were washed with PBS, fixed
with 4% paraformaldehyde in PBS for 10-30 min, permeabilized with 0.2% Triton X-100 (Sigma, St.
Louis, USA) in PBS and blocked in 10% serum. Primary antibodies were diluted in PBS 10% serum
at the following concentrations: Brachyury (ab140661, 1:200, Abcam, Cambridge, UK), phospho-Met
(3077S, 1:200, Ozyme, Saint-Cyr-l’École, France), PODXL (ab178566, 1:200, Abcam, Cambridge, UK),
SIX2 (11562-1-AP, 1:200, Euromedex, Souffelweyersheim, France), and then washed in PBS. The samples
were incubated with fluorescent secondary antibodies in antibody dilution buffer, then washed in
PBS. Nuclei were labeled with DAPI (D9542, Sigma–Aldrich, St. Louis, USA) mounting medium.
Visualization and capture were realized with a NIKON microscope (NIKON, Minato, Japan).

4.7. Immunohistochemistry of Mouse Kidney

Normal kidney in NSG mice was embedded in paraffin. Paraffin sections were deparaffinized
and permeabilized with 0.2% Triton X-100 (Sigma, St. Louis, USA) in PBS and blocked in 10% serum.
Primary antibodies were diluted in PBS containing 10% serum at the following concentrations: PODXL
(ab178566, 1:200, Abcam, Cambridge, UK), VHL (SC-5575, 1:200, Bio-Techne, Minneapolis, USA) and
washed three times in PBS. The sections were incubated with fluorescent secondary antibodies in
antibody dilution buffer for 1 h, then washed three times in PBS. Nuclei were labeled with DAPI
(D9542, Sigma–Aldrich, St. Louis, USA) mounting medium. Visualization and capture were realized
with a NIKON microscope (NIKON, Minato, Japan).

4.8. Generation of Embryoid Bodies

Control or met-IPSC aggregates were plated on a Geltrex (STEMCELL Technologies, Inc., Vancouver,
Canada) in 24 or 96-well plates or 8-well culture chambers. The aggregates were cultured in
E8 medium (STEMCELL Technologies, Inc., Vancouver, Canada) with daily medium change for
6–7 days. Photographies were taken using a NIKON microscope (NIKON, Minato, Japan).

4.9. Whole-Mount Immunostaining of 3D Embryoid Bodies

Control or met-IPSC kidney embryoid bodies cultured on 96-well culture dishes or 8-well culture
chambers were washed with PBS, fixed with 4% paraformaldehyde in PBS for 120 min, permeabilized
with 0.2% Triton X-100 (Sigma, St. Louis, USA) in PBS and blocked in 10% serum. Primary antibodies
were diluted in PBS 10% serum at the following concentrations: Nephrin (ab85379, 1:100, Abcam,
Cambridge, UK), CD31 (ab24590, 1:50, Abcam, Cambridge, UK), PODXL (ab178566, 1:100, Abcam,
Cambridge, UK), LTL (FL-132, 1:50, Clinisciences, Nanterre, France), VHL (SC-5575, 1:30, Bio-Techne,
Minneapolis, USA), Phalloidin (A12381, 1:100, Invitrogen, Carlsbad, USA), cytokeratin 7 (ab9021, 1:100,
Abcam, Cambridge, UK), TFE3 (ab179804, 1:100, Abcam, Cambridge, UK), Cubilin (ab191073, 1:50,
Abcam, Cambridge, UK), phospho-Met (3077S, 1:100, Ozyme, Saint-Cyr-l’École, France), KDM4C
(LS-C114684-100, 1:50, LSBio, Seattle, USA), BHLHE40 (ab70723, 1:50, Abcam, Cambridge, UK) and then
washed in PBS. The samples were incubated with fluorescent secondary antibodies in antibody dilution
buffer, then washed in PBS. Nuclei were labeled with DAPI (D9542, Sigma–Aldrich, St. Louis, USA)
mounting medium. Visualization and capture were realized with a Leica confocal microscope type
SP5-AOBS (Leica, Wetzlar, Germany) and NIKON microscope (NIKON, Minato, Japan).

4.10. Immunohistochemistry of 3D Structures.

Kidney embryoid bodies generated in vitro were embedded in paraffin. Paraffin sections were
deparaffinized and permeabilized with 0.2% Triton X-100 (Sigma, St. Louis, USA) in PBS and blocked
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in 10% serum. Primary antibodies were diluted in PBS containing 10% serum at the following
concentrations: PODXL (ab178566, 1:200, Abcam), LTL (FL-1321, 1:200, Clinisciences, Nanterre, France),
and washed three times in PBS. The sections were incubated with fluorescent secondary antibodies
in antibody dilution buffer for 1 h, then washed three times in PBS. Nuclei were labeled with DAPI
mounting medium. Visualization and capture were realized with a Leica confocal microscope (Leica,
Wetzlar, Germany).

4.11. Transmission Electron Microscopy (TEM)

Kidney embryoid bodies were gently centrifuged and pelleted before the TEM process as follows.
The cells were fixed in 2.5% glutaraldehyde in PBS for 1h at 4°C, washed in PBS, and fixed in 1%
osmium tetroxide in PBS for 1h. They were dehydrated in ascending series of graded ethyl alcohols,
then in acetone. Each sample was infiltrated with the resin before being embedded in epoxy resin
and polymerized for 72 h. Semi-thin sections of about 0.5 to 1 µm were obtained and colored with
Toluidine blue before being examined via a light microscope with an associated digital camera, hooked
to a computer for image processing and editing (Leica DC 300). Ultra-thin sections of about 60/90 nm
were contrasted with heavy metals (uranyl acetate and lead citrate) and were examined using a Jeol
1010 transmission electron microscope at an accelerated voltage of 80 kV. Images were photographed
on digital images Gatan Digital Micrograph: brure Erlangen 500 w: camera and edited by Microsoft
Power Point.

4.12. Functional Analysis of Proximal Tubules in Embryoid Bodies Containing Kidney Cells.

For dextran uptake assay, aggregates at day + 12 were cultured with 20 µg/mL of 10,000MW
Dextran–Alexa 488-conjugated (D-22910, Thermo Fisher Scientific, Waltham, USA) for 48 h.
Structures were then fixed in 4% PFA, washed three times in PBS. Nuclei were labeled with DAPI
(D9542, Sigma–Aldrich, St. Louis, USA) mounting medium. Visualization and capture were realized
with a NIKON microscope (NIKON, Minato, Japan).

4.13. Transcriptome Analyses of iPSC-Derived Embryoid Bodies

Microarray Clariom S human was done on total RNA from embryoid body samples (met-IPSC
and control iPSC) in duplicates. Expression matrix was built with CEL files generated on Affymetrix
Station and normalized by RMA method with Expression console software (Affymetrix, Santa Clara,
USA) version 1.4.1.46 [35]. Gene set enrichment analysis was performed between conditions with
MsigDb database version 6.0 [36].

4.14. Kidney Capsule Transplantation Experiments

Embryoid bodies containing kidney structures cultured for 12–14 days were transplanted beneath
the renal capsule of 30–32-week-old male NSG mice (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ). 4 weeks
after transplantation, mice were euthanized, kidneys were removed and processed for histology and
immunofluorescence analysis.

4.15. Kidney Histology and Immunohistochemistry Analyses

After euthanasia, the kidneys containing the transplanted embryoid bodies were fixed in
paraformaldehyde and embedded in paraffin. 4 µm sections were deparaffinized and then
permeabilized with 0.2% Triton X-100 (Sigma, St. Louis, USA) in PBS and blocked 10% serum.
Primary antibodies were diluted in PBS 10% serum at the following concentrations: Nephrin (ab85379,
1:200, Abcam, Cambridge, UK), CD31 (ab24590, 1:200, Abcam, Cambridge, UK), TFE3 (ab179804, 1:200,
Abcam, Cambridge, UK), cytokeratin 7 (ab9021, 1:200, Abcam, Cambridge, UK), then washed three
times in PBS. The sections were incubated with fluorescent secondary antibodies in antibody dilution
buffer for 1 h, then washed three times in PBS. Nuclei were labeled with DAPI (D9542, Sigma–Aldrich,
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St. Louis, USA) mounting medium. Visualization and capture were realized with a NIKON microscope
(NIKON, Minato, Japan).

4.16. Public Datasets

RNA-seq and genomic experiments from dataset of papillary renal cell carcinoma from TCGA
consortium [12] were downloaded from Cbioportal database access center [37]. This analyzed dataset
comprised 291 samples of PRCC tumors quantified by RNA-seq at level V2 Z-scores—21 patients were
found mutated for c-met in this cohort (Table S5).

4.17. Transcriptome Analyses of iPSC Aggregates

Total RNA from met-IPSC (monolayer) and met-IPSC-A (aggregates) was extracted isolation RNA
with the PureLink RNA Mini Kit (Thermo Fisher Scientific, Waltham, USA) by following manufacturer
instructions. Quantification of RNA was performed with Nanodrop technology and RNA integrity
was controlled with Agilent Bioanalyzer (Agilent technologies, Santa Clara, USA). Microarray probes
were synthetized and labeled by linear amplification kit as Affymetrix manufacturer instructions to be
hybridized to Human Clariom S microarray compatible with Affymetrix Station. Resulting scanned
files (CEL files) were normalized with RMA method with Expression console version 1.4.6 (Affymetrix,
Santa Clara, USA) [35].

4.18. Bioinformatics

Bioinformatics analysis was performed in R software environment version 3.0.2. Ranking product
analysis was performed on transcriptome controlized matrix with implementation of one hundred of
permutations [38] supervised by class description defined by culture conditions of the iPSC: met-IPSC
(monolayer culture) versus met-IPSC-A. Expression heatmap was performed with made 4 bioconductor
library by using Euclidean distances and Ward classification method [39]. Analysis of PRCC RNA-seq
dataset was performed by machine learning with library pamr [40]. Protein-protein interaction
network was built with Network Analyst application [41] on innateDB interaction database [42].
Functional inference on interaction network was enriched with KEGG database [43].

4.19. Immunohistochemistry Analysis of Primary Kidney Tumors

Two patients with c-met-mutated PRCC (Tumor Samples UPN4, UPN5) and primary PRCC
tumors from three patients without c-met mutation (Tumor samples UPN1, UPN2 and UPN3) kidney
tissue were embedded in paraffin. Paraffin sections were deparaffinized and then permeabilized with
0.2% Triton X-100 (Sigma, St. Louis, USA) in PBS and blocked 10% serum. Primary antibodies were
diluted in PBS 10% serum at the following concentrations: KDM4C (LS-C114684-100, 1:200, LSBio,
Seattle, USA), BHLHE40 (ab70723, 1:200, Abcam, Cambridge, UK) and then washed three times in
PBS. The sections were incubated with fluorescent secondary antibodies in antibody dilution buffer
for 1 h, then washed three times in PBS. Nuclei were labeled with DAPI (D9542, Sigma–Aldrich, St.
Louis, USA) mounting medium. Visualization and capture were realized with a NIKON microscope
(NIKON, Minato, Japan).

4.20. Toxicity Tests Using c-Met-Mutated iPSC-Derived Kidney Embryoid Bodies

Control or met-IPSC-derived kidney embryoid bodies cultured in 96-well plates were treated with
cisplatin (500 g/mL) for 24h or with Sunitinib at low (20 g/mL) or high (500 g/mL) concentration for 96h.
They were then fixed, and processed for immunofluorescence with KIM-1 antibodies (NBP1-7670, 1:100,
Bio-Techne), PODXL (ab178566, 1:100, Abcam), LTL (FL-1321, 1:50, Clinisciences). Nuclei were labeled
with DAPI (D9542, Sigma–Aldrich) mounting medium. Visualization and capture were realized with a
Leica confocal microscope (Leica, Wetzlar, Germany).
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