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“A	model	is	a	lie	that	helps	you	see	the	truth.“	
	

Howard	Skipper	 	
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Abstract	

Kidney	cancer	has	been	the	8th	most	common	malignancy	overall	in	Europe	since	2020	and	

cases	 have	 been	 increasing	 constantly.	 Despite	 the	 widespread	 application	 of	 targeted	

therapies	and	immune	checkpoint	inhibitors,	the	five-year	survival	rate	for	metastatic	clear	

cell	 renal	 cell	 carcinoma	 (ccRCC)	 is	 below	 15%,	 as	 unpredictable	 progression,	 therapy	

resistance,	and	tumor	relapse	occur.	In	order	to	improve	patient	outcome,	novel	models	are	

needed	 that	 recapitulate	 tumor	 heterogeneity	 and	 allow	 for	 a	more	 personalized	 therapy	

development.	In	the	first	part	of	my	PhD	thesis,	I	established	organoid	cultures	directly	from	

patient	 tumors	 and	 sorted	 cancer	 stem	 cells	 (CSCs).	 I	 characterized	 these	 organoids	

thoroughly,	 drawing	 direct	 comparisons	 to	 primary	 tumor	 tissue	 in	 terms	 of	 CSC	

maintenance,	 tumor	 cell	 differentiation,	 and	 recapitulation	 of	 ccRCC	 characteristics.	 The	

roles	of	WNT	and	NOTCH,	which	were	previously	determined	in	ccRCC	CSCs,	were	confirmed	

in	organoid	 cultures	and	 could	be	exploited	as	a	 therapeutic	weakness	 via	 small	molecule	

inhibition.	 These	 results	 highlight	 the	 potential	 of	 patient-derived	 organoids	 (PDOs)	 for	

personalized	 therapy	 and	 further	 the	 potential	 of	 WNT	 and	 NOTCH	 inhibition	 for	 ccRCC	

treatment.		

PDOs	present	 suitable	 tools	 for	 personalized	medicine,	 but	 provide	 little	 insight	 into	 early	

stages	of	 tumorigenesis.	 In	recent	years,	high-throughput	genome	sequencing	efforts	have	

identified	 the	 most	 commonly	 mutated	 genes	 in	 ccRCC.	 Moreover,	 advances	 in	 genome	

editing	as	well	as	the	development	of	complex	organoid	cultures	have	presented	the	unique	

opportunity	to	model	the	 interplay	of	a	range	of	genetic	drivers	 in	close-to-human	 in	vitro	

systems.	Therefore,	in	the	second	part	of	my	thesis,	I	targeted	VHL,	PBRM1,	and	SETD2	–	the	

three	most	 frequently	mutated	 genes	 in	 ccRCC	 –	 using	 an	 inducible	 CRISPR-Cas9	 genome	

editing	 strategy	 in	 induced	pluripotent	 stem	 cell	 (iPSC)-derived	 kidney	organoids.	 I	 used	 a	

previously	published	protocol	to	differentiate	iPSCs	into	kidney-specific	cells	originating	from	

both	metanephric	mesenchyme	and	ureteric	bud	epithelium.	An	inducible	knockout	strategy	

was	 developed	 to	 target	 the	 three	 tumor	 suppressor	 genes	 in	 single,	 double,	 and	 triple	

knockouts.	Knockout	of	VHL,	PBRM1,	and	SETD2	led	to	the	upregulation	of	hypoxia-inducible	

genes	and	knockout	effects	could	be	enhanced	by	longer	cultivation	times	and	cell	selection	

through	 FACS.	 Although	 ccRCC-specific	 signaling	 pathways	 were	 activated,	 a	 growth	

advantage	of	transformed	cells	was	not	observed.	Nevertheless,	these	organoids	present	a	

unique	model	that	could	be	applied	to	other	nephropathies	to	further	advance	kidney	and	

kidney	cancer	research.	
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Zusammenfassung	

Nierenkrebs	ist	seit	dem	Jahr	2020	die	achthäufigste	bösartige	Tumorerkrankung	in	Europa	

und	 Fälle	 nehmen	 stetig	 zu.	 Trotz	 der	 breiten	 Anwendung	 zielgerichteter	 Therapien	 und		

Immuncheckpoint-Inhibitoren,	 liegt	 die	 5-Jahres-Überlebensrate	 beim	 metastasierten	

klarzelligen	Nierenkarzinom	(ccRCC)	unter	15	%,	da	unvorhersehbare	Krankheitsprogression,	

Therapieresistenz	 und	 Tumorrezidive	 auftreten.	 Um	 den	 Therapieerfolg	 für	 Patienten	 zu	

verbessern,	werden	neue	Modelle	benötigt,	die	die	Tumorheterogenität	rekapitulieren	und	

eine	 personalisierte	 Therapieentwicklung	 ermöglichen.	 Im	 ersten	 Teil	 dieser	 Doktorarbeit	

habe	 ich	 in	 unserem	 Labor	 Organoidkulturen	 direkt	 aus	 Patiententumoren	 und	 sortierten	

Krebsstammzellen	 (CSCs)	 etabliert.	 Ich	habe	diese	Organoide	 im	Detail	 charakterisiert	 und	

direkte	 Vergleiche	 mit	 primärem	 Tumorgewebe	 in	 Bezug	 auf	 CSC-Erhaltung,	

Tumorzelldifferenzierung	 und	 Rekapitulation	 von	 ccRCC-Charakteristika	 gezogen.	 Die	 Rolle	

von	 WNT	 und	 NOTCH,	 die	 zuvor	 in	 ccRCC	 CSCs	 bestimmt	 wurde,	 wurde	 in	 Organoiden	

bestätigt	und	konnte	mit	Hilfe	von	molekularen	Inhibitoren	als	therapeutische	Schwachstelle	

ausgenutzt	 werden.	 Diese	 Ergebnisse	 heben	 das	 Potenzial	 von	 Patienten-abgeleiteten	

Organoiden	(PDOs)	für	die	personalisierte	Medizin	und	das	Potenzial	von	WNT	und	NOTCH	

Inhibierung	in	der	ccRCC	Behandlung	hervor.	

PDOs	stellen	geeignete	Werkzeuge	für	die	personalisierte	Medizin	dar,	geben	jedoch	wenig	

Einblick	 in	die	frühen	Stufen	der	Tumorentstehung.	 In	den	 letzten	Jahren	wurden	mit	Hilfe	

der	 Hochdurchsatz-Genomsequenzierung	 die	 am	 häufigsten	 mutierten	 Gene	 bei	 ccRCC	

identifiziert.	Gleichzeitig	haben	Fortschritte	in	der	Genom-Editierung	sowie	die	Entwicklung	

komplexer	Organoidkulturen	die	einzigartige	Möglichkeit	geboten,	das	Zusammenspiel	von	

zahlreichen	 genetischen	 Treibern	 in	 menschennahen	 in	 vitro	 Systemen	 zu	 modellieren.	

Daher	habe	 ich	 im	zweiten	Teil	meiner	Dissertation	VHL,	PBRM1	und	SETD2	–	die	drei	am	

häufigsten	 mutierten	 Gene	 in	 ccRCC	 –	 mit	 einer	 induzierbaren	 CRISPR-Cas9	

Genomeditierungsstrategie	 in	 induzierten	 pluripotenten	 Stammzellen	 (iPSC)-abgeleiteten	

Nierenorganoiden	 targetiert.	 Ich	 nutzte	 ein	 bereits	 publiziertes	 Protokoll,	 um	 iPSCs	 in	

nierenspezifische	 Zelltypen	 aus	 sowohl	 metanephrischem	 Mesenchym	 als	 auch	

Ureterknospen-Epithelium	zu	differenzieren.	Es	wurde	eine	induzierbare	Knockout-Strategie	

entwickelt,	um	die	drei	Tumorsuppressorgene	 in	Einfach-,	Doppel-	und	Dreifach-Knockouts	

zu	deletieren.	Knockout	von	VHL,	PBRM1	und	SETD2	führte	zur	Hochregulation	von	Hypoxie-

induzierbaren	Genen	und	Knockout	Effekte	konnten	durch	 längere	Kultivierungszeiten	und	
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Zellselektion	 via	 FACS	 verstärkt	 werden.	 Obwohl	 ccRCC-spezifische	 Signalwege	 aktiviert	

wurden,	 wurde	 kein	 Wachstumsvorteil	 der	 transformierten	 Zellen	 beobachtet.	 Dennoch	

stellen	 diese	 Organoide	 ein	 einzigartiges	 Modell	 dar,	 das	 auf	 andere	 Nephropathien	

angewendet	 werden	 könnte,	 um	 die	 Nieren-	 und	 Nierenkrebsforschung	 weiter	

voranzutreiben.	
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Introduction		
	
Renal	Cell	Carcinoma	

The	most	recent	report	by	the	Joint	Research	Centre	 (JRC)	of	 the	European	Union	showed	

that	in	2020	renal	cell	carcinoma	(RCC)	was	the	sixth	most	common	malignancy	in	men,	and	

the	twelfth	most	common	in	women1.	Kidney	cancer	accounts	for	3.8%	of	all	cancer	cases	in	

men	and	2.6%	of	all	cases	in	women	and	has	shown	a	steady	increase	in	its	prevalence	over	

the	 years1.	 Localized	 disease	 is	 diagnosed	 in	 around	 two	 thirds	 of	 patients	 and	 can	 be	

effectively	 managed	 by	 surgical	 treatment.	 However,	 the	 five-year	 survival	 rate	 drops	

significantly	 to	 10-15%	when	 the	 tumor	metastasizes2.	 	 Established	 risk	 factors	 of	 kidney	

cancer	 include	 smoking	 tobacco,	 obesity,	 hypertension,	 and	 acquired	 kidney	 disease	

requiring	dialysis3.	Renal	 carcinomas	are	morphologically	heterogeneous	and	are	 classified	

into	multiple	 subtypes	based	on	genetic	and	histological	 characteristics4.	About	70-80%	of	

adult	renal	cell	carcinomas	are	classified	as	clear	cell	renal	cell	carcinomas	(ccRCCs),	10-15%	

as	papillary	RCCs,	and	around	5%	as	chromophobe	RCCs,	while	 less	 than	1%	are	collecting	

duct	 RCCs5.	 Staging	 of	 RCC	 is	 based	 on	 tumor	 size,	 level	 of	 invasion,	 lymph	 node	

involvement,	and	presence	of	metastases6.	Tumors	with	stages	1a,	1b	and	2	are	 limited	to	

the	kidney	and	are	differentiated	by	their	size	(1a	<	four	cm	tumor	diameter,	1b	>	four	cm	

diameter	and	<	seven	cm	diameter,	2	>	seven	cm	diameter)	and	can	be	treated	by	partial	or	

complete	 nephrectomy.	 Stage	 3	 tumors	 can	 extend	 into	 major	 blood	 vessels	 or	 adrenal	

glands	within	the	Gerota’s	fascia	or	involve	a	regional	 lymph	node.	These	tumors	require	a	

radical	 nephrectomy	 as	 well	 as	 an	 adrenalectomy	 and	 may	 necessitate	 a	 lymph	 node	

dissection	 followed	 by	 systemic	 treatment.	 Stage	 four	 tumors	 have	 invaded	 beyond	 the	

Gerota’s	 fascia	 and/or	 produced	 distant	 metastases,	 requiring	 systemic	 treatment	 and	

selective	surgeries7,8.	 

 

Survival	 of	 patients	 with	 metastatic	 ccRCC	 has	 been	 significantly	 improved	 by	 the	

introduction	 of	 targeted	 therapies	 using	 either	multi-tyrosine	 kinase	 inhibitors	 that	 target	

angiogenesis	 (e.g.	 sorafenib,	 sunitinib,	 or	 axitinib)	 or	 mTOR	 inhibitors	 (e.g.	 everolimus,	

temsirolimus)9–11.	Cabozantinib,	a	receptor	tyrosine	kinase	inhibitor	with	dual	VEGF	and	MET	

inhibitory	 properties	 received	 FDA	 approval	 in	 201612.	 Moreover,	 immune	 checkpoint	

inhibitors,	including	the	PD-1	inhibitors	nivolumab	and	pembrolizumab,	as	well	as	the	PD-L1	

inhibitor	 avelumab	 and	 the	 CTLA-4	 inhibitor	 ipilimumab	 have	 become	 increasingly	
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important13.	 Current	 first-line	 treatment	 strategies,	 if	 tolerated	 by	 the	 patient,	 combine	 a	

checkpoint	inhibitor	with	a	tyrosine	kinase	inhibitor,	such	as	pembrolizumab	and	axitinib,	or	

two	 checkpoint	 inhibitors,	 such	 as	 ipilimumab	 and	 nivolumab14.	 However,	 none	 of	 these	

therapies	are	 fully	curative,	as	a	quarter	of	patients	present	primary	resistance	and	others	

develop	 acquired	 resistance	 during	 therapy15.	 RCC	 remains	 a	 tumor	 of	 unpredictable	

progression	 and	 poor	 prognosis.	 Therefore,	 new	 advances	 are	 needed	 that	 capture	 the	

complexity	 of	 RCC	 and	 provide	 more	 information	 concerning	 molecular	 and	 cellular	

mechanisms	underlying	RCC	development	 and	 resistance	 to	 targeted	 therapies,	 ultimately	

leading	to	the	development	of	novel	therapeutics.	

	

Using	 high-throughput	 genome	 sequencing,	 the	 Cancer	 Genome	 Atlas	 Research	 Network	

(TCGA)	has	analyzed	the	genetic	background	of	ccRCC	in	385	tumor	samples	in	great	detail	

and	revealed	biallelic	inactivation	of	the	Von	Hippel	Lindau	(VHL)	tumor	suppressor	gene	as	

the	main	driver	event16.	A	loss	of	the	short	arm	of	chromosome	3	was	commonly	observed,	

resulting	in	the	loss	of	one	copy	of	VHL	in	91-95%	of	patients,	as	VHL	is	located	on	this	part	

of	 the	 chromosome.	 The	 second	 copy	was	 disrupted	 either	 by	mutation	 in	 52-82%	of	 the	

cases	or	promoter	methylation	in	7-16%.	Chromosome	3p	also	harbors	the	second	and	third	

most	commonly	inactivated	tumor	suppressor	genes,	PBRM1	and	SETD2,	whose	second	copy	

is	commonly	disrupted	by	an	additional	mutation17,18.	Other	less	frequently	mutated	tumor	

suppressor	 genes	 include	 BAP1,	 KDM5C,	 PTEN,	 TP53,	 and	 PIK3CA.	 Further	 genetic	

aberrations	 often	 are	 gain	 of	 chromosomes	 5q	 and	 14q,	 or	 loss	 of	 chromosome	 9p16,19							

(Fig.	1).	 
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Figure	1:	Comprehensive	genetic	analysis	of	ccRCC	
385	ccRCC	tumor	samples	were	analyzed	by	The	Cancer	Genome	Atlas	Research	Network.	At	the	top,	the	total	number	of	
mutations	per	sample	is	depicted.	The	distribution	and	frequency	of	gene	fusion	and	VHL	methylation	is	shown	in	orange.	
Underneath,	the	gene	mutations	of	the	most	frequently	mutated	genes	as	well	as	chromosomal	copy	number	aberrations	
are	depicted.	Adapted	from	Creighton	et	al.16		

	
Recently,	the	Tracking	Renal	Cell	Cancer	Evolution	Through	Therapy	(TRACERx	Renal)	study	

analyzed	 the	 association	 between	 disease	 stage	 and	 clinical	 outcome	 in	 a	 large	 cohort	 of	

primary	ccRCC	tumors20.	Subsequent	genome	sequencing	of	multiple	tumor	regions	resolved	

specific	 evolutionary	 trajectories	 of	 primary	 and	 metastatic	 ccRCCs.	 Seven	 independent	

evolutionary	 subtypes	 were	 determined,	 including	 the	 VHL!PBRM1!SETD2	 subtype.	

Tumors	in	the	VHL!PBRM1!SETD2	subtype,	which	comprises	mutations	in	all	three	most	

commonly	 deregulated	 genes	 in	 ccRCC,	 presented	 extensive	 clonal	 branching	 and	 a	

predominance	 for	 parallel	 evolution20.	 VHL	 inactivation	 was	 confirmed	 as	 the	 common,	

earliest	 clonal	 event	 in	 ccRCC	 tumorigenesis,	 as	 subclonal	 alterations	 of	 other	 genes	 and	

chromosomes	occurred	in	spatially	distinct	tumor	regions	and	were	time-dependent.	SETD2	

mutations,	 for	 instance,	occurred	multi-focally	at	a	 later	 stage	during	 tumor	development,	

while	PBRM1	mutations	presented	clonality	of	up	to	74%.	In	this	subtype,	the	sequence	of	

VHL,	 PBRM1,	 and	 SETD2	was	 found	 to	 be	 deterministic	 so	 that	 SETD2	mutations	 did	 not	

precede	PBRM1.	Tumors	were	highly	branched	and	clones	showed	limited	fitness	advantage,	

although	the	advantage	was	strong	enough	to	favor	parallel	evolution	of	SETD2.	The	spatial	

clustering	 of	 parallel	 SETD2	mutations	 suggested	 a	 potential	 role	 of	 SETD2	 loss	 in	 niche-

specific	 clone	 selection.	 This	 branched	 evolution	 contributed	 largely	 to	 intra-tumor	
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heterogeneity,	which	presents	 an	obstacle	 to	 therapy	development	 and	might	be	 a	major	

contributor	to	patient	relapse20,21.	

	

The	VHL	tumor	suppressor	gene	

The	 VHL	 gene	 pathway	 is	 involved	 in	 oxygen	 and	 energy	 sensing	 and	 plays	 a	 vital	 role	 in	

angiogenesis.	VHL	encodes	an	E3	ubiquitin	 ligase	that	targets	the	hypoxia-inducible	factors	

(HIFs),	 including	 HIF1-α	 and	 HIF2-α	 for	 ubiquitin-mediated	 degradation.	 HIFs	 are	 oxygen-

dependent	 transcription	 factors	 that	 regulate	 the	 expression	 of	 genes	 involved	 in	 energy	

metabolism,	 angiogenesis,	 cell	 proliferation,	 apoptosis	 and	 other	 biological	 processes22.	

These	genes	include	transforming	growth	factor	alpha	(TGFα),	platelet-derived	growth	factor	

(PDGF),	 vascular	 endothelial	 growth	 factor	 (VEGF),	 glucose	 transporter	 1	 (GLUT1),	 and	

erythropoietin	(EPO),	among	others.	When	a	cell	is	low	in	oxygen,	the	VHL	complex	cannot	

degrade	 HIFs,	 which	 then	 accumulate	 within	 the	 cell.	 This	 accumulation	 leads	 to	 the	

subsequent	overexpression	and	increased	levels	of	TGF-α,	PDGF,	VEGF,	GLUT1,	and	EPO,	and	

thereby	enhances	angiogenesis	to	counteract	hypoxic	effects23.		

In	 hereditary	 VHL	 syndrome	 and	 many	 cases	 of	 sporadic	 nonhereditary	 ccRCC,	 VHL	 is	

inactivated,	which	results	in	the	inability	to	target	HIFs	for	degradation	and	their	subsequent	

accumulation.	 This	 leads	 to	 a	pseudo-hypoxic	 state,	 resulting	 in	 the	overexpression	of	 the	

aforementioned	genes24.	Due	 to	 the	overexpression	of	VEGF	and	PDGF,	 ccRCC	 tumors	are	

highly	vascularized.	Moreover,	GLUT1	activation	results	 in	 increased	glucose	transport	 into	

the	 tumor,	 while	 TGF-α	 accumulation	 leads	 to	 cellular	 hyperproliferation.	 Due	 to	 its	

deregulated	angiogenic	and	glycolytic	pathways	as	a	result	of	VHL	inactivation,	kidney	cancer	

is	often	labeled	a	metabolic	disease25.			

	

The	PBRM1	tumor	suppressor	gene	

In	almost	40%	of	ccRCC	cases,	polybromo-1	(PBRM1)	 is	deregulated16.	PBRM1	encodes	the	

BAF180	 protein,	 which	 is	 the	 protein-targeting	 subunit	 of	 the	 PBAF	 complex,	 which	

coordinates	several	parts	central	to	the	function	of	most	chromatin	remodeling	complexes:	

these	functions	are	(1)	targeting	chromatin	sites,	 (2)	recruiting	specific	effector	proteins	to	

the	site,	and	(3)	altering	the	histone-DNA	interactions	to	control	gene	expression.	The	PBAF	

complex	 thereby	 functions	 as	 an	 epigenetic	 reader	 and	 mediates	 chromatin	 remodeling,	
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which	is	implicated	in	replication,	transcription,	DNA	repair,	and	control	of	cell	proliferation	

and	differentiation26.	

Transcriptional	 profiling	 before	 and	 after	 PBRM1	 knockdown	 in	 ccRCC	 cells	 showed	 that	

PBRM1	 activity	 regulates	 pathways	 associated	 with	 chromosomal	 instability	 and	 cellular	

proliferation27.	 This	 is	 consistent	 with	 PBRM1	 activity	 in	 breast	 cancer,	 where	 PBRM1	

functions	 as	 a	 critical	 regulator	 of	 p21	 and	 is	 implicated	 in	 TP53-mediated	 replicative	

senescence28.	The	PBAF	complex	has	been	shown	to	localize	to	kinetochores	during	mitosis,	

providing	 a	 possible	 mechanism	 for	 how	 a	 loss	 of	 PBRM1	 could	 result	 in	 chromosomal	

instability29,30.		

	

The	SETD2	tumor	suppressor	gene	

In	 approximately	 13%	 of	 ccRCC	 cases,	 SET	 Domain	 Containing	 2	 (SETD2)	 is	 somatically	

mutated16.	SETD2	encodes	a	histone	3	lysine	36	(H3K36)	methyltransferase,	in	fact	the	only	

histone	methyltransferase	 that	mediates	H3K36	 trimethylation	 (H3K36me3)	 in	mammalian	

cells31.	 The	 complexity	 of	 H3K36	 regulation	 in	 higher	 eukaryotes	 suggests	 that	 this	 post-

transcriptional	regulation	has	an	important	regulatory	function.	SETD2-mediated	H3K36me3	

promotes	transcriptional	elongation	and	plays	a	vital	role	in	DNA	double-strand	break	repair,	

DNA	methylation,	 and	 RNA	 splicing32.	 The	 loss	 of	 SETD2	may	 therefore	 result	 in	 genomic	

instability,	 aberrant	 DNA	 transcription,	 and	 RNA	 processing	 defects,	 and	 thereby	 have	 an	

impact	on	multiple	biological	processes	 including	cell	proliferation,	cell	differentiation,	and	

cell	 death33.	 Alternative	 splicing	 as	 a	 result	 of	 aberrant	 H3K36me3	 is	 considered	 a	major	

driver	in	tumor	progression.	Increased	intron	retention,	differential	transcriptional	start	and	

stop	sites,	and	exon	utilization	have	been	observed	in	H3K36me3-deficient	tumors	in	several	

genes	 important	 during	 tumor	 development,	 including	 PTEN,	 TP53,	 ATR,	 RAD50,	 POLN,	

XRCC1,	 CCNB1,	 and	 CCND333.	 Since	 alternative	 splicing	 can	 lead	 to	 the	 production	 of	

dysfunctional	 proteins,	 SETD2	 inactivation	 probably	 impacts	 the	 functionality	 of	 these	

genes33.	 While	 PBRM1	 or	 SETD2	 mutations	 in	 ccRCC	 are	 mostly	 mutually	 exclusive	 with	

mutations	 in	 another	 chromatin	modifier,	 BRCA1	 associated	 protein	 1	 (BAP1),	 they	 show	

significant	co-occurrence	with	one	another20.	Due	to	their	multifocal	mutations	throughout	

the	tumor,	SETD2	mutations	further	contribute	to	intra-tumor	heterogeneity20.	
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Tumor	heterogeneity	and	cancer	stem	cells	

Since	 the	1970s,	many	studies	have	demonstrated	 that	besides	morphological	and	genetic	

differences	 between	 tumors	 of	 individual	 patients,	 known	 as	 inter-tumor	 heterogeneity,	

distinct	subpopulations	of	cancer	cells	also	reside	within	each	individual	tumor,	referred	to	

as	 intra-tumor	 heterogeneity.	 These	 subpopulations	 harbor	 varying	 tumorigenic	 potential,	

treatment	 susceptibility,	 and	 metastatic	 capacity34,35.	 Intra-tumor	 heterogeneity	 in	 ccRCC	

has	 been	 determined	 in	 spatially	 separated	 samples	 from	 primary	 tumors	 and	 associated	

metastases	 using	 whole	 exome	 sequencing,	 chromosome	 aberration	 analysis,	 and	 ploidy	

profiling,	 as	well	 as	 single-cell	 sequencing36,37.	 Epigenetic	 alterations	 like	DNA	methylation	

and	 repressive	 chromatin	 modifications	 have	 been	 shown	 to	 restrict	 expression	 of	

metastasis-associated	 HIF	 target	 genes38.	 As	 this	 heterogeneity	 is	 partially	 responsible	 for	

cancer	 relapse	 and	 treatment	 resistances,	 genetic	 and	 epigenetic	 heterogeneity	 within	

primary	RCC	 tumors	and	metastases	must	be	considered	 for	 future	 therapeutic	 strategies.	

This	underlines	the	potential	of	patient-derived	three-dimensional	tumor	organoid	cultures,	

which	have	been	shown	to	conserve	the	crucial	tumor	intra-heterogeneity39.		

Tumor	cells	are	arranged	in	a	complex	hierarchical	order,	which	adds	to	intra-heterogeneity.	

At	the	root	of	this	hierarchy	are	cancer	stem	cells	(CSCs),	a	cell	population	with	the	capacity	

for	self-renewal	as	well	as	tumor	cell	differentiation,	and	thereby	the	ability	to	reconstitute	

an	entire	tumor	and	its	heterogeneity40.	According	to	the	CSC	concept,	CSCs	 initiate	tumor	

formation,	 drive	 tumor	 progression,	 and	 maintain	 long-term	 growth,	 while	 differentiated	

tumor	 cells	 are	 unable	 to	 reconstruct	 a	 tumor41.	Moreover,	 CSCs	 have	been	 implicated	 in	

metastasis	 formation,	 drug	 resistance,	 and	 cancer	 relapse,	making	 them	prime	 targets	 for	

the	development	of	novel	treatment	strategies41.	Physiologically	identical	to	“normal”	stem	

cells,	 CSCs	 divide	 to	 self-renew,	 but	 they	 also	 differentiate	 into	 sub-clones,	 which	 can	

accumulate	additional	genetic	and	epigenetic	aberrations	over	time	and	thereby	contribute	

to	intra-tumor	heterogeneity	via	multi-lineage	differentiation42	(Fig.	2).	
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Figure	2:	Cancer	stem	cell	contribution	to	tumor	heterogeneity	
The	original	cancer	stem	cell	(on	the	left)	sustains	the	first	oncogenic	mutation.	Through	continued	mutations,	it	gives	rise	
to	subclones	that	accumulate	genetic	and	epigenetic	alterations	over	time	(in	the	middle),	differentiating	into	all	 lineages	
that	make	up	the	tumor	and	account	for	its	intra-tumor	heterogeneity	(on	the	right).	Adapted	from	Cabrera	et	al.	(2015)42.	
	
Several	studies	on	putative	CSC	markers	for	RCC	have	been	performed	and	focused	on	the	

enrichment	 of	 CSCs	 based	 on	 single	 markers,	 such	 as	 CD105,	 CD133,	 CXCR4,	 or	 CD4443.	

Determining	a	true	cancer	stem	cell	population	is	a	difficult	task,	requiring	many	indicatory	

functional	 experiments.	 These	 include	 analyzing	 sphere	 formation	 capacity	 and	 tumor-

initiating	 capacity	 in	 orthotopic	 xenograft	 models,	 side	 population	 sorting,	 and	 the	

investigation	of	aldehyde	dehydrogenase	1	enzymatic	activity44–47.	

In	 our	 lab,	we	 identified	 an	 enriched	 cancer	 stem	 cell	 population	 in	 primary	 ccRCC	 tumor	

samples	 by	 expression	 of	 the	 surface	 markers	 CXCR4,	 MET,	 and	 CD4448.	 Compared	 to	

previously	proposed	CSC	markers,	CXCR4+MET+CD44+	CSCs	showed	higher	sphere	formation	

frequencies	 as	 well	 as	 higher	 tumor-initiating	 capacity	 in	 orthotopic	 xenograft	 models.	 A	

detailed	molecular	analysis	revealed	a	significant	upregulation	of	genes	involved	in	stem	cell	

maintenance	and	kidney	development,	as	well	as	upregulation	of	WNT	and	NOTCH	signaling	

genes.	WNT	and	NOTCH	could	be	therapeutically	inhibited	in	CSC-enriching	sphere	cultures	

and	 patient-derived	 xenograft	 models	 of	 ccRCC.	 Moreover,	 three-dimensional	 tumor	

organoid	cultures	 could	be	derived	 from	ccRCC	 tumors	and	with	 increased	efficiency	 from	

sorted	CXCR4+MET+CD44+	cells	48.		

	
Organoids	

In	1951,	the	first	stable	cell	 line	was	established	and	propagated	from	cervical	tumor	cells,	

and	was	named	HeLa	after	the	patient	Henrietta	Lacks49.	Since	then,	a	plethora	of	different	

cell	 lines	 with	 defined	 genetic	 backgrounds	 has	 been	 established	 from	 different	 cancer	

types50.	 Due	 to	 commercial	 availability	 and	 years	 of	 experience	 in	 cultivation	 and	 genetic	
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manipulation,	 cell	 lines	 have	 been	 extensively	 used	 for	 drug	 development	 and	 biomarker	

discovery	 and	 have	 thereby	 become	 the	 standard	 preclinical	 model	 that	 warrants	 the	

approval	for	further	preclinical	and	clinical	testing51.	However,	two-dimensional	cell	cultures	

fail	 to	 recapitulate	 the	 3D	 architecture	 of	 organs	 or	 tumors	 and	 cannot	 preserve	 their	

complex	 interactions	 with	 the	 surrounding	 microenvironment52.	 These	 limitations	 can	 be	

partially	overcome	by	three-dimensional	organoid	cultures	that	more	accurately	mimic	the	

organ	or	tumor	in	vivo53.		

Organoid	cultures	were	first	described	 in	1975,	when	James	Rheinwald	and	Howard	Green	

cultivated	 large	confluent	sheets	of	epidermis	grown	from	a	small	number	of	stem	cells	to	

treat	burn	victims54.	Within	the	last	decade,	organoid	cultures	witnessed	a	revival	and	were	

commonly	defined	as	3D	structures	grown	from	stem	cells	differentiating	into	organ-specific	

cell	 types	 that	 self-organize	 through	 cell-sorting	 and	 spatially	 restricted	 lineage	

commitment55.	 Since	 then,	 organoids	 have	become	a	popular	 tool	 to	 study	 the	 growth	of	

organ-specific	 cell	 types	 derived	 from	 pluripotent	 embryonic	 stem	 cells	 (ESCs)	 or	 induced	

pluripotent	 stem	 cells	 (iPSCs),	 as	 well	 as	 organ-restricted	 multipotent	 adult	 stem	 cells	

(aSCs)56.	 Through	 the	 addition	 of	 defined	 growth	 factor	 cocktails	 that	 mimic	 the	 specific	

stem	cell	niche	 in	vivo,	developmental	biologists	were	able	 to	differentiate	ESCs	and	 iPSCs	

into	several	different	organoid	cultures	(Fig.	3)57–59.	

	
Figure	3:	Derivation	of	different	organoid	cultures	from	pluripotent	stem	cells	
Through	the	addition	of	specific	growth	factors	and	the	activation	of	selected	signaling	pathways,	pluripotent	stem	cells	can	
be	differentiated	into	distinct	cell	types	within	organoid	cultures.	Adapted	from	Clevers	(2016)56.	

	
More	 advanced	 organoid	 cultures,	 also	 referred	 to	 as	 “organ-in-a-dish”	 cultures,	 were	

developed	 in	 an	 effort	 to	 more	 closely	 recapitulate	 organogenesis	 in	 terms	 of	 spatial	

patterning	 and	morphogenesis.	 Scientists	 determined	 the	 environmental	 requirements	 for	
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pluripotent	stem	cell	differentiation	 into	refined	cerebral,	 lung,	 liver,	and	many	more	such	

culture	types57,58,60,61.		

The	 kidney	 is	 derived	 from	 two	 kidney	 precursor	 lineages,	 the	 ureteric	 bud	 and	 the	

metanephric	mesenchyme,	which	through	complex	interactions	differentiate	into	more	than	

26	 specialized	 cell	 types,	 resulting	 in	 the	 second	 highest	 architectural	 complexity	 of	 any	

organ.	 This	 posed	 several	 challenges	 in	 the	 development	 of	 functioning	 kidney	

organoids62,63.	Early	advances	resulted	in	the	successful	differentiation	of	PSCs	into	ureteric	

bud	structures,	as	well	as	nephric	tubules	and	nascent	glomeruli	derived	from	metanephric	

mesenchyme64–66.		

Recently,	 Takasato	 et	 al.	 made	 the	 most	 substantial	 progress	 in	 this	 challenging	 task	 by	

developing	 a	 protocol	 that	 simultaneously	 generated	 both	 ureteric	 bud	 epithelium	 and	

metanephric	 mesenchyme	 from	 PSCs,	 which	 then	 further	 differentiated	 into	 intricate	

multicellular	kidney	organoids	 containing	over	20	different,	 kidney-specific	 functioning	cell	

types67.	This	protocol	however,	like	other	kidney	organoid	protocols,	still	harbors	limitations	

and	 challenges:	 single	 cell	 RNA	 sequencing	 analysis	 and	 transcriptional	 profiling	 of	 iPSC-

derived	kidney	organoids	revealed	that	renal	cells	within	kidney	organoids	were	less	mature	

than	those	of	the	adult	kidney68.	Current	kidney	organoids	appear	to	recapitulate	cell	types	

found	within	 the	 first	 or	 second	 trimester	 of	 gestation	 in	 vivo,	 indicating	 that	maturation	

processes	 need	 to	 be	 optimized69.	 Improvements	 to	 the	 existing	 protocols	 are	 constantly	

being	 made,	 including	 efforts	 to	 increase	 maturation,	 to	 enhance	 vascularization,	 or	 to	

improve	the	collecting	duct	system	within	the	organoids70–72.		

	

The	 establishment	 of	 PSC-derived	 organoids	 focuses	 on	 developmental	 processes.	

Meanwhile,	organoids	can	be	derived	from	adult	stem	cells	by	mimicking	the	stem	cell	niche	

during	tissue	self-renewal	or	damage	repair,	as	first	described	for	gut	stem	cells73.	In	the	past	

years,	several	protocols	have	been	established	to	derive	organoids	from	adult	stem	cells	of	

the	intestine,	liver,	pancreas,	salivary	gland,	and	many	other	organs74–77.	

Protocols,	 initially	developed	for	the	cultivation	of	aSCs,	have	been	successfully	adapted	to	

the	cultivation	of	cancer	stem	cells	 for	several	cancer	 types,	 including	prostate,	colorectal,	

and	 pancreatic	 cancer53,78,79.	 Colorectal	 tumor	 organoids	 generated	 from	 different	

histological	 subtypes	 and	 clinical	 stages	 revealed	 specific	 niche	 factor	 requirements	 and	 a	

decrease	 in	 niche-factor	 dependence	 in	 line	 with	 the	 “adenoma-carcinoma	 sequence”,	 a	
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sequence	 of	 mutational	 events	 that	 results	 in	 the	 formation	 of	 colorectal	 cancer80.	 This	

reflected	a	generally	observed	reduction	of	growth	 factor	 requirements	 in	 tumor	organoid	

cultures,	compared	to	aSC-derived	organoids39.	In	contrast	to	cancer	cell	lines	grown	in	2D,	

tumor	 organoids	 recapitulate	 cancer	 morphology	 and	 physiology,	 a	 crucial	 advantage	 as	

both	morphology	and	microenvironment	interaction	strongly	influence	gene	expression	and	

cell	 behavior81,82.	Nutrient,	 oxygen,	 and	 growth	 factor	 gradients	within	 the	 organoids,	 but	

also	CO2	 and	waste	products,	 as	well	 as	 drug	diffusion	processes	phenotypically	 resemble	

the	tumor	in	vivo83.		

Therefore,	 tumor	 organoids	 present	 platforms	 for	 patient-specific	 ex	 vivo	 testing	 of	 drug	

response	in	combination	with	genetic	profiling	of	individual	tumors,	as	has	been	shown	for	

colorectal	 cancer	 organoids79.	Moreover,	 organoids	 could	 be	 used	 to	 study	 growth	 factor	

dependence	and	tumorigenesis	in	vitro,	when	specific	sequential	mutations	were	introduced	

into	human	intestinal	organoids	using	CRISPR-Cas9	genome	editing	to	fully	recapitulate	the	

adenoma-carcinoma	sequence84,85.	This	further	demonstrated	the	potential	of	organoids	not	

only	 in	personalized	medicine,	but	also	as	 important	models	 in	 the	 investigation	of	 tumor	

development	and	progression.			

The	 recent	 determination	 of	 a	 ccRCC	 CSC	 population	 in	 our	 lab	 and	 the	 ability	 to	 grow	

organoids	from	these	cancer	stem	cells	played	a	decisive	role	in	the	design	of	my	PhD	work.	

Since	organoid	cultures	have	been	found	to	recapitulate	tumor	heterogeneity	in	other	tumor	

cultures	by	differentiating	into	all	cell	lineages	found	within	the	tumor	while	maintaining	CSC	

populations,	 the	 detailed	 characterization	 of	 ccRCC	 organoids	 and	 their	 potential	 in	

personalized	 medicine	 was	 of	 high	 interest.	 Moreover,	 combining	 advances	 in	 genome	

editing	and	pluripotent	stem	cell-derived	organoids	could	give	important	insights	into	ccRCC	

tumorigenesis.	
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Aims	of	my	study	
	

Organoids	are	emerging	as	important	tools	in	cancer	research	and	precision	medicine.	With	

the	 rising	 occurrence	 of	 kidney	 cancer	 in	 the	 population,	 the	 need	 for	 models	 that	

recapitulate	 tumor	 heterogeneity	 in	 vitro	 for	 large-scale	 therapeutic	 testing	 is	 becoming	

increasingly	 important.	 Until	 our	 publication48,	 kidney	 cancer	 organoids	 have	 not	 been	

characterized	 well	 regarding	 differentiation	 and	 their	 direct	 potential	 for	 personalized	

oncology	 has	 not	 been	 demonstrated.	 In	my	 PhD	 project,	 I	 aimed	 to	 characterize	 ccRCC-

derived	organoid	cultures	and	 to	directly	 compare	 them	to	patient	 tumors.	The	successful	

establishment,	 characterization,	 and	 application	 of	 inhibitor	 testing	 are	 crucial	 for	 the	

advancement	of	personalized	therapy.	

	

While	 large-scale	 sequencing	 efforts	 of	 the	 TCGA	 have	 defined	 the	 genomic	 landscape	 in	

kidney	 cancer16,	 it	 is	 poorly	 understood	 how	 the	 observed	 mutations	 lead	 to	 the	

development	 of	 cancer.	 Deciphering	 the	 molecular	 mechanisms	 underlying	 the	 loss	 of	

specific	protein	functions	may	provide	important	information	for	the	development	of	novel	

therapeutics	 that	 will	 ultimately	 improve	 patient	 survival.	 In	 the	 second	 part	 of	 my	 PhD	

project,	I	investigated	whether	an	inducible	knockout	of	the	three	most	frequently	mutated	

genes	 –	 VHL,	 PBRM1,	 and	 SETD2	 –	 in	 iPSC-derived	 kidney	 organoids	 could	 lead	 to	 tumor	

formation	 in	 vitro.	 This	would	 create	 a	 novel	 close-to-human	model	 that	might	 allow	 the	

analysis	 of	 kidney	 tumorigenesis	 in	 vitro,	 which	 could	 be	 extrapolated	 to	 other	 kidney-

specific	diseases	and	function	as	a	proof-of-concept	model.	

	

Taken	 together,	 the	 combined	efforts	 undertaken	 in	 this	 PhD	project	will	 lead	 to	 a	better	

understanding	of	kidney	cancer	and	to	an	advancement	of	personalized	therapies	which	will	

ultimately	result	in	overall	higher	survival	rates	for	ccRCC	patients.	
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Results	

1.	Patient-derived	organoids	react	on	WNT	and	NOTCH	inhibition	

Our	 lab	 recently	 identified	 a	 CXCR4+MET+CD44+	 cancer	 stem	 cell	 population	 in	 patient-

derived	 ccRCC	 primary	 tumor	 cells	 and	 identified	 an	 important	 role	 of	 WNT	 and	 NOTCH	

signaling	in	this	cell	population48. In	my	master’s	thesis,	I	had	developed	a	protocol	for	the	

establishment	of	 long-term	cultures	of	patient-derived	organoids.	As	part	of	my	PhD	work,	

I	characterized	these	cultures	 in	detail	and	examined	a	broad	spectrum	of	pharmacological	

inhibitors	of	WNT	and	NOTCH	signaling.	Organoid	culture	conditions	were	similar	 to	 those	

described	 for	 tumor	 organoids	 of	 a	 variety	 of	 solid	 tissues56,86,	 but	 were	 adapted	 to	 the	

specific	 growth	 factor	 needs	 of	 ccRCC.	 I	 have	 published	 with	 my	 colleagues	 a	 detailed	

protocol	for	the	establishment	of	ccRCC	organoids	in	Nature	Protocol	Exchange87.	 

 

1.1	 Patient-derived	 organoids	 represent	 a	 complex	 in	 vitro	 system	 recapitulating	 ccRCC	

tumors	

Tumor	cells	were	 freshly	 isolated	 from	patient	samples	and	cultivated	as	PDOs	 in	Matrigel	

and	growth	medium	containing	EGF	and	FGF.	PDOs	grew	within	10	days	from	a	single	cell	to	

an	organized	multicellular	structure	with	a	median	diameter	of	250	µm,	ranging	from	60	to	

400	µm	(Fig.	4a).	Organoids	continued	to	grow	from	day	10	onwards	and	reached	a	diameter	

of	 up	 to	 1	 mm.	 Most	 organoids	 formed	 large,	 hollow,	 cyst-like	 structures	 (Fig.	 4b	 left).	

However,	 less	 typical	 structures	 included	 solid,	 filled	 organoids	 (Fig.	 4b	 middle)	 and	

intertwined,	 tubular	 organoids	 (Fig.	 4b	 right).	 These	 morphological	 differences	 were	

observed	 in	 cultures	 derived	 from	 different	 individuals,	 but	 also	within	 cultures	 from	 the	

same	 patient,	 suggesting	 that	 they	 recapitulate	 inter-	 and	 intra-tumor	 heterogeneity.	

Hematoxylin-Eosin	 (HE)	 staining	 of	 sectioned	 organoids	 confirmed	 the	 presence	 of	 single-	

and	multilayered	organoids	(Fig.	4b,	bottom),	with	an	apical	side	towards	the	 lumen	and	a	

smooth	basal	side,	typical	of	tubular	organization.	
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Figure	4:	Patient-derived	organoid	growth	in	three-dimensional	cultures	
(a)	ccRCC	cells	were	seeded	as	single	cells	in	Matrigel	and	growth	was	monitored	over	ten	days	by	bright-field	microscopy.	
Scale	bar,	75	µm.	(b)	Representative	bright-field	 images	(top)	and	HE	stainings	(bottom)	of	organoid	morphologies:	cystic	
(left),	filled	(middle),	tubular	(right).	Scale	bars,	250	µm.			
	

Next,	 I	 sought	 to	 compare	 PDOs	 directly	with	 primary	 tumor	 tissue.	 Organoids	 tended	 to	

show	a	higher	level	of	organization	than	primary	tumors,	in	which	cells	grow	as	solid	sheets	

(Fig.	5a),	but	closely	recapitulated	primary	ccRCC	tumors	in	the	expression	pattern	of	tissue-

specific	markers:	E-Cadherin	(ECAD)	associated	with	the	lateral	cell	membranes	of	organoids,	

indicating	 epithelial	 differentiation	 (Fig.	 5b,	 right).	 Both	 tumors	 and	 organoids	 strongly	

expressed	the	ccRCC	marker	carbonic	anhydrase	IX	(CA9)	(Fig.	5c),	and	both	stained	positive	

for	the	lectin	lotus	tetragonolobus	(LTL)	(Fig.	5d),	which	marks	the	brush	borders	of	kidney	

proximal	 tubules.	Organoids	 and	 primary	 tumor	 tissues	 also	 contained	 Ki-67+	 proliferative	

cells	(Fig.	5b).	This	confirms	previously	reported	RNA	sequencing	data,	suggesting	that	ccRCC	

maintains	specific	expression	patterns	of	proximal	tubule	cells88,89.		

	
Figure	5:	Organoids	recapitulated	ccRCC	primary	tumors	
(a)	HE	staining	of	primary	tumor	tissue	(left)	and	typical	organoids	(right)	showed	individual	morphologies.	Scale	bars,	100	
µm.	 (b)	 Primary	 tumor	 tissue	 and	 organoids	 contained	 Ki-67+	 cells.	 Organoids	 expressed	 the	 epithelial	 differentiation	
marker	 E-Cadherin.	 (c)	 Both	 tumor	 tissue	 and	 organoids	 expressed	 the	 ccRCC	 marker	 carbonic	 anhydrase	 IX	 (CA9).	 (d)	
Primary	tumor	tissue	and	organoids	stained	positive	for	LTL,	used	to	mark	proximal	tubules.	Scale	bars	in	tissues,	100	µm;	
scale	bars	in	organoids,	25	µm	(for	b,	c,	d). 
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For	 a	 detailed	 analysis	 of	 organoid	 cultures	 and	 more	 detailed	 morphological	

characterization,	 I	 performed	whole-mount	 staining	 of	 cystic	 (Fig.	 6a),	 solid	 (Fig.	 6b),	 and	

tubular	 (Fig.	 6c)	 organoid	 cultures,	 followed	 by	 confocal	microscopy.	 ECAD,	 CA9,	 and	 LTL	

positivity	was	detected	 in	PDO	cultures	 and	 could	be	observed	 in	 z-stacks	 throughout	 the	

organoid,	 confirming	 epithelial	 differentiation,	 cancer	 cell	 identity,	 and	 proximal	 tubular	

origin.	The	 typical	 single	cell	 layer	organization	of	organoids	was	observed	 throughout	 the	

entire	 cystic	 and	 tubular	 organoids	 (Fig.	 6a,	 c),	 while	 the	 solid	 organoids	 showed	 less	

epithelial	differentiation	and	no	lumen	formation	(Fig.	6b).	

	
Figure	6:	Whole-mount	imaging	provided	expression	and	morphological	data	
Cystic	(a),	solid	(b),	and	tubular	(c)	tumor	organoids	were	stained	for	carbonic	anhydrase	IX	(CA9,	green),	E-Cadherin	(ECAD,	
orange),	 lotus	tetragonolobus	lectin	(LTL,	red),	and	DAPI	(blue).	Using	confocal	microscopy,	z-stacks	through	the	organoid	
were	performed	with	image	acquisition	every	1.5	µm.	5	slices	are	shown	above,	each	15	µm	apart.		Scale	bars,	100	µm. 
	

Immunofluorescence	 for	 CXCR4,	 MET,	 and	 CD44	 confirmed	 that	 CXCR4+MET+CD44+	 CSCs	

were	 present,	 but	 rare	 in	 primary	 tumor	 tissue	 (Fig.	 7a	 left,	 white	 arrowhead).	 No	

preferential	 location	 of	 CXCR4+MET+CD44+	 cells	 was	 observed	 within	 the	 tumor.	

CXCR4+MET+CD44+	 cells	 within	 tumors	 were	 quantified	 by	 flow	 cytometry	 confirming	

differences	 between	 patients	 that	 were	 related	 to	 tumor	 size	 and	 aggressiveness48.	 I	

observed	 intra-	 and	 inter-patient	 differences	 in	 the	 expression	 of	 single	 markers:	 MET	

expression	was	diffuse	in	larger	clusters	throughout	the	tumors,	whereas	CXCR4	expression	

was	detected	preferentially	in	single	cells	(Fig.	7a	left).	Sorted	CXCR4+MET+CD44+	cells	were	
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required	for	the	formation	of	organoid	cultures48,	but	in	established	organoids,	only	a	subset	

of	 cells	 stained	 positive	 for	 CXCR4,	 MET,	 and	 CD44,	 further	 indicating	 epithelial	

differentiation	(Fig.	7a	right,	white	arrowhead). 

VCAM1,	a	marker	of	the	cell-of-origin	in	ccRCC88,	usually	overlapped	with	MET	expression	in	

primary	 tumors,	 indicating	 a	 broad	 expression	 pattern	 in	 ccRCC.	 However,	

CXCR4+MET+CD44+	 cells	were	 generally	 positive	 for	 VCAM1,	 suggesting	 that	 our	 proposed	

CSC	 population	 is	 a	 sub-population	 of	 VCAM1+	 cells	 in	 ccRCC	 (Fig.	 7b	 left,	 white	 box).	 In	

organoid	cultures,	VCAM1	could	also	be	detected	 in	CXCR4+MET+CD44+	cells	 (Fig.	7b	 right,	

white	box).	

	
Figure	7:	Primary	tumor	tissues	and	organoids	contain	CXCR4+MET+CD44+	CSCs	
(a)	Immunofluorescence	of	CXCR4,	MET,	and	CD44	on	primary	tissue	(left)	and	organoids	(right).	(b)	Immunofluorescence	of	
VCAM1	 on	 the	 same	 primary	 tissue	 (left)	 and	 organoid	 (right)	 samples.	 Representative	 positive	 cells	 are	 highlighted	 in	
dotted	areas	and	by	arrowhead	marks.	Scale	bars	of	primary	tissue,	50	µm;	scale	bars	of	organoids,	25	µm.		
	

Next,	 I	 decided	 to	 investigate	 the	 cellular	 complexity	 of	 PDOs.	 Transmission	 electron	

microscopy	 (TEM)	 revealed	 that	organoids	developed	an	 inner	 lumen	 (marked	with	L)	and	

consisted	of	mostly	single	layers	of	tightly	packed	cells	with	apical	brush	borders	(Fig.	8a),	as	

is	 typical	 for	 proximal	 tubules	 and	 further	 confirming	 epithelial	 differentiation.	 Tight	

junctions	 firmly	 sealed	 off	 the	 intercellular	 space	 towards	 the	 lumen	 (arrowheads)	 and	

lateral	 membranes	 developed	 infolds	 to	 increase	 cell	 surface	 area	 and	 cellular	 crosstalk,	

which	 further	 demonstrated	 the	 complexity	 of	 these	 organoid	 cultures	 (Fig.	 8a).	 Lateral	

contacts	between	cells	contained	tight	junctions,	adherens	junctions	(AJ),	and	desmosomes	

(D)	(Fig.	8a).	Cells	on	the	basal	side	developed	a	smooth	basal	lamina	(BL)	(Fig.	8a).	Organoid	

cells	were	tightly	packed	with	lipid	droplets	(arrows)	and	glycogen	deposits	(asterisk),	typical	

features	 of	 ccRCC	 cells	 (Fig.	 8a).	 The	 presence	 of	 cytosolic	 glycogen	 was	 confirmed	 by	

Periodic	acid	Schiff	(PAS)	staining	(Fig.	8b).	
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Figure	8:	Transmission	electron	microscopy	and	PAS	staining	of	PDOs	
(a)	 Transmission	 electron	microscopy	 of	 a	 representative	 organoid	 culture	 (see	 scale	 bars	 for	 sizes).	 L:	 luminal	 side,	 D:	
desmosome,	BL:	basal	lamina,	AJ:	adherens	junctions,	arrowheads:	tight	junctions,	arrows:	lipid	droplets,	asterisk:	glycogen	
deposits.	TEM	was	performed	on	organoids	of	three	selected	patients.	Scale	bars	as	indicated.	(b)	Periodic	acid	Schiff	(PAS)	
staining	of	organoid	cultures	showed	cytosolic	glycogen,	marked	by	arrow.	Scale	bars:	50,	25,	and	10	µm. 
	
In	summary,	PDOs	recapitulate	ccRCC	tumor	tissue	in	multiple	aspects:	organoids	show	clear	

epithelial	and	kidney-specific	differentiation,	as	seen	by	the	expression	of	ECAD	and	positive	

LTL	 staining.	 They	 express	 ccRCC-specific	 markers,	 such	 as	 CA9,	 and	 contain	

CXCR4+MET+CD44+	CSCs.	Moreover,	they	recapitulate	ccRCC-specific	features,	including	lipid	

droplets	as	well	as	glycogen	deposits,	confirmed	by	TEM	and	PAS	staining. 

During	 this	 PhD	 project,	 I	 established	 PDO	 cultures	 from	over	 ten	 different	 ccRCC	 patient	

samples.	Cultures	were	established	from	primary	tumors	independently	of	their	pathological	

stage	 at	 the	 time	 of	 removal,	 their	 Fuhrman	 grade,	 or	 whether	 venous	 invasion	 has	

occurred.	 None	 of	 the	 PDO	 cultures	 were	 derived	 from	 tumors	 that	 had	metastasized	 or	

invaded	surrounding	 lymph	nodes.	However,	as	 sphere	cultures	could	be	established	 from	

such	 tumor	 samples48,	 it	 is	 very	 probable	 that	 PDO	 cultures	 can	 be	 derived	 from	 such	

samples	as	well.	A	complete	list	of	established	PDO	cultures	and	the	clinical	characteristics	of	

their	corresponding	primary	tumors	are	provided	in	Table	1.	
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PDO	Culture Pathological	
Stage 

Fuhrmann	
Grade 

Lymph	Node	
Invasion 

Venous	
Invasion 

Metastasis 

NTX9415 1a 3 no no no 

NTX16315 1b 2 no no no 

NTX261112 3a 2 no no no 

NTX14217 1a 2 no no no 

NTX27217 1a 2 no no no 

NTX6317 3a 4 no yes no 

NTX6417 1a 2 no no no 

NTX22617 3a 1 no yes no 

NTX18417 3a 2 no yes no 

NTX20911N* 1b 3 no no no 
	
Table	1:	PDO	cultures	established	during	this	PhD	project	and	their	corresponding	tumor	characteristics	
Nine	PDO	cultures	were	established	from	tumors	with	defined	clinical	characteristics.	Three	additional	PDO	cultures	were	
established	from	ccRCC	tumors,	for	which	clinical	data	were	not	available.	Clinical	characteristics	included	the	pathological	
stage	 (1-4),	 Fuhrmann	 Grade	 (1-4),	 lymph	 node	 invasion,	 venous	 invasion,	 and	metastasis	 formation.	 *PDO	 established	
from	neighboring	healthy	tissue. 
	

1.2	 PDOs	 are	 dependent	 on	 WNT	 and	 NOTCH	 pathways	 and	 can	 be	 inhibited	

therapeutically	

Previous	work	in	our	lab	had	revealed	the	importance	of	WNT	and	NOTCH	signaling	in	ccRCC	

CSCs,	 and	 inhibitors	 of	 both	 pathways	 efficiently	 reduced	 self-renewal	 of	 CSCs	 as	 well	 as	

xenograft	growth	 in	vivo48.	After	 the	successful	establishment	and	characterization	of	PDO	

cultures,	 organoids	 were	 treated	 with	 the	 NOTCH	 pathway	 inhibitor	 DAPT	 or	 the	 WNT	

pathway	inhibitor	ICG-001	to	determine	the	effects	and	the	importance	of	both	pathways	on	

organoid	formation	and	proliferation	(Fig.	9).	Organoids	were	treated	with	25	µM	DAPT	and	

25	µM	ICG-001,	the	IC50	values	previously	determined	by	sphere	culture	assay48.	Continuous	

treatment	 with	 ICG-001	 from	 the	 day	 of	 seeding	 onwards	 completely	 abolished	 organoid	

formation,	while	DAPT	treatment	only	delayed	organoid	growth	by	approximately	one	day	

(Fig.	 9a).	 Next,	 I	 treated	 pre-formed	 organoids	 starting	 at	 day	 7	 after	 seeding.	 ICG-001	

treatment	 fully	 inhibited	 organoid	 proliferation,	 whereas	 DAPT	 treatment	 only	 slightly	

reduced	organoid	growth	compared	to	DMSO-treated	control	organoids	(Fig.	9b).	
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Figure	9:	WNT	and	NOTCH	inhibit	organoid	formation	and	proliferation	
(a)	 Organoid	 cells	 were	 seeded	 as	 single	 cells	 and	 treated	with	 the	 NOTCH	 pathway	 inhibitor	 DAPT	 and	WNT	 pathway	
inhibitor	 ICG-001.	 Growth	 was	 followed	 over	 seven	 days	 using	 bright-field	 microscopy.	 (b)	 Pre-formed	 organoids	 were	
treated	with	DAPT	and	ICG-001	for	five	days	starting	at	day	7	after	seeding,	observed	using	bright-field	microscopy.	Scale	
bars,	250	µm. 
	
The	metabolic	activity	of	organoids	was	measured	by	CellTiterGlo®	assay	to	deduce	organoid	

viability	 and	 proliferation	 and	 to	 investigate	 the	 possibility	 of	 high-throughput	 drug	

screening	in	ccRCC	organoid	cultures,	as	described	for	other	organoid	systems90.	Organoids	

were	dissociated	and	single	cells	were	seeded	and	cultivated	with	increasing	concentrations	

of	 ICG-001	 from	 0.1	 to	 50	 µM	 and	 DAPT	 from	 1	 to	 100	 µM	 for	 7	 days.	 WNT	 inhibition	

displayed	potent	effects	on	all	organoid	cultures	resulting	in	an	IC50	value	of	3.2	µM,	while	

NOTCH	pathway	 inhibition	only	showed	moderate	effects,	 resulting	 in	an	 IC50	value	at	100	

µM	 (Fig.	10a,	b).	Moreover,	 ICG-001	 treatment	 resulted	 in	a	 significant	downregulation	of	

WNT	target	genes,	including	AXIN2	and	LEF,	while	DAPT	treatment	had	little	or	no	effect	on	

NOTCH	targets	such	as	HES1,	HES2,	HEY1,	or	HEY2	(Fig.	10c,	d).	Taken	together,	these	results	

suggest	 that	 WNT	 inhibition	 affects	 self-renewal	 and	 differentiation	 (impaired	 growth	 of	

organoids	 from	 single	 cells)	 and	 blocks	 proliferation	 of	 established	 cultures.	 In	 contrast,	

NOTCH	inhibition	only	delayed	organoid	formation,	indicating	that	it	could	exert	a	stronger	

effect	 on	 self-renewal	 of	 undifferentiated	 cells,	 but	 no	 effect	 on	 growth	 of	 differentiated	
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cells.	 For	 further	 confirmation,	 I	 reseeded	 DAPT-treated	 organoids	 as	 single	 cells	 and	

observed	 impaired	 growth	 of	 secondary	 organoids	 (Fig.	 10e).	 This	 indicates	 that	 self-

renewing	 cells	 are	 depleted	 in	 DAPT-treated	 organoids,	 thereby	 preventing	 organoids	 to	

regrow	 in	 the	 second	 passage.	 To	 exclude	 non-specific	 toxicity,	 organoids	 derived	 from	

normal	 adjacent	 tissue	were	 treated	with	 increasing	 concentrations	of	 ICG-001	and	DAPT.	

DAPT	had	no	significant	effect	on	normal	organoid	cultures,	while	ICG-001	reduced	normal	

organoid	 growth	with	 an	 IC50	 of	 50	 µM,	 but	 to	 a	 lesser	 extent	 than	 corresponding	 tumor	

cultures	(Fig.	10f,	g).	

	
Figure	10:	Analyzing	metabolic	activity	and	gene	expression	after	DAPT	and	ICG-001	treatment	
(a,	b)	ccRCC	organoid	cultures	were	treated	with	0.1-50	µM	ICG-001	or	1-100	µM	DAPT	for	seven	days.	Metabolic	activity	
was	measured	by	CellTiterGlo®	assay	and	normalized	to	DMSO-treated	controls.	Data	of	three	individual	cultures	are	shown	
as	mean	±	SD	 for	 three	 technical	 replicates.	Experiments	were	performed	 in	15	organoid	cultures.	 (c,	d)	Organoids	were	
treated	with	5	µM	ICG-001	or	25	µM	DAPT	and	the	expression	of	target	genes	was	analyzed	by	RT-qPCR	(n	=	3	individual	
patients).	Data	are	shown	as	mean	±	SD,	analyzed	by	two-sided	t-test.	P-values	*	<	0.05,	**	<	0.01.	(e)	Organoid	cultures	
were	treated	with	0-100	µM	DAPT	for	seven	days.	Cultures	were	re-seeded	and	treated	with	the	same	concentration	for	
seven	days	(n	=	3	individual	patients).	Metabolic	activity	was	measured	by	CellTiterGlo®	and	normalized	to	vehicle-treated	
controls.	Data	are	shown	as	mean	±	SD.	(f,	g)	Organoid	cultures	derived	from	normal	adjacent	tissue	were	treated	with	0.1-
50	 µM	 ICG-001	 and	 1-100	 µM	 DAPT	 and	 analyzed	 by	 CellTiterGlo®	 assay.	 Data	 are	 shown	 as	 mean	 ±	 SD	 (3	 technical	
replicates). 
	

Previous	 work	 in	 our	 lab	 has	 revealed	 that	 WNT	 signaling	 in	 ccRCC	 is	 activated	 in	 an	

autocrine	manner	 rather	 than	 via	mutations	 or	 other	 genetic	 aberrations,	 as	 seen	 by	 the	

secretion	of	WNT10A	and	NOTCH	activation	downstream	of	WNT48.	 ICG-001	 inhibits	WNT	

signaling	by	binding	to	the	transcription	coactivator	CBP	and	thus	blocking	transcription	of	

WNT-specific	 targets.	 To	 confirm	 that	 WNT	 inhibition	 at	 multiple	 stages	 of	 the	 signaling	

cascade	 results	 in	 similar	 effects,	 I	 tested	 additional	WNT	 inhibitors	 in	 PDO	 cultures	 that	
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responded	to	ICG-001:	tankyrase	inhibitor	XAV-93991,	the	β-catenin	inhibitor	LF392,	and	the	

WNT	 acyltransferase	 PORCN	 inhibitor	 C5993.	 These	 inhibitors	 all	 target	 the	WNT	 signaling	

axis	at	different	stages	(Fig.	11).	 

	
Figure	11:	Graphic	overview	of	inhibitors	of	the	WNT/β-catenin	pathway	tested	on	PDOs	
Small	 molecule	 inhibitors	 have	 been	 developed	 targeting	 the	 WNT/β-catenin	 axis	 at	 multiple	 stages.	 The	 WNT	
acyltransferase	PORCN	 inhibitor	C59	 inhibits	 the	acylation	and	secretion	of	WNT.	The	tankyrase	 inhibitor	XAV-939	blocks	
Tankyrase	activity	allowing	 the	destruction	complex	 to	 target	β-catenin.	The	CBP	 inhibitor	 ICG-001	and	TCF/LEF	 inhibitor	
LF3	directly	block	 the	β-catenin	 transcription	complex.	All	 four	 inhibitors	were	tested	on	ccRCC	organoids	 in	 this	project.	
Adapted	from	Zhang	&	Wang94. 
	

DAPT	inhibits	the	y-secretase	required	for	the	translocation	of	the	membrane-bound	NOTCH	

transcription	 complex.	 To	 confirm	 that	 NOTCH	 inhibition	 at	 a	 lower	 level	 also	 results	 in	

similar	 inhibitory	 effects,	 cultures	 that	 responded	 to	 DAPT	 were	 treated	 with	 the	MAML	

inhibitor	IMR-195,	which	directly	targets	the	transcriptional	complex	(Fig.	12).	
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Figure	12:	Graphic	overview	of	the	inhibitors	of	the	NOTCH	pathway	tested	on	PDOs	
Small	 molecule	 inhibitors	 have	 been	 developed	 targeting	 the	 NOTCH	 signaling	 axis	 at	 multiple	 stages.	 The	 y-secretase	
inhibitor	 DAPT,	 preventing	 translocation	 of	 NOTCH,	 was	 tested	 on	 ccRCC	 organoid	 cultures	 in	 this	 project.	 IMR-1,	 an	
inhibitor	directly	targeting	the	NOTCH	transcription	complex,	was	also	examined.	Adapted	from	Moore	et	al.	96 
 

Whereas	each	of	the	WNT	pathway	inhibitors	resulted	in	a	reduction	of	metabolic	activity	of	

all	tested	organoid	cultures,	as	determined	by	CellTiterGlo®	assay,	they	presented	different	

efficiencies	and	decreased	the	expression	of	WNT	targets	to	varying	levels	(Fig.	13a-c).	IMR-1	

treatment	was	observed	 to	 be	potent	 in	 the	 reduction	of	 organoid	metabolic	 activity	 and	

downregulation	 of	 NOTCH	 targets	 (Fig.	 13d).	 Unspecific	 toxicity	 of	 XAV-939,	 C59,	 and	 LF3	

was	 minute,	 varying	 between	 the	 different	 inhibitors	 (Fig.	 13e-h).	 The	 effects	 of	 IMR-1	

treatment	were	in	general	stronger	than	the	effects	of	DAPT	treatment,	but	the	IC50	value	of	

10	 µM	 in	 ccRCC	 and	 normal	 organoids	 was	 comparable,	 suggesting	 unspecific	 growth	

inhibition	 (Fig.	 13d,	 h).	Taken	 together,	 these	 generally	 observed	 effects	 underline	 the	

potential	of	WNT	and	NOTCH	inhibition	at	multiple	stages	of	the	signaling	cascade	in	ccRCC	

therapy.	
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Figure	13:	Treatment	of	organoids	with	further	WNT	and	NOTCH	pathway	inhibitors	
(a,	e)	Organoids	from	ccRCC	or	adjacent	normal	tissue	were	treated	with	0.5-10	µM	XAV-939	and	analyzed	by	CellTiterGlo®	
metabolic	assay	or	treated	with	7.5	µM	XAV-939	for	24	h	for	target	gene	expression	analysis	by	RT-qPCR.	Data	are	shown	as	
mean	±	SD.		(b,	g)	Organoids	from	ccRCC	or	normal	tissue	were	treated	with	0.1-100	µM	C59	and	analyzed	by	CellTiterGlo®	
metabolic	 assay	or	 treated	with	25	µM	C59	 for	24	h	 for	 target	gene	expression	analysis	by	RT-qPCR.	Data	are	 shown	as	
mean	±	SD.		(c,	f)	Organoids	from	ccRCC	or	normal	tissue	were	treated	with	0.1-100	µM	LF3	and	analyzed	by	CellTiterGlo®	
metabolic	 assay	or	 treated	with	25	µM	LF3	 for	 24	h	 for	 target	 gene	expression	analysis	 by	RT-qPCR.	Data	 are	 shown	as	
mean	 ±	 SD.	 (d,	 h)	 Organoids	 from	 ccRCC	 or	 normal	 tissue	 were	 treated	 with	 0.1-100	 µM	 IMR-1	 and	 analyzed	 by	
CellTiterGlo®	metabolic	assay	or	treated	with	15	µM	IMR-1	for	24	h	for	target	gene	expression	analysis	by	RT-qPCR.	Data	
are	shown	as	mean	±	SD.	P-values	*	<	0.05,	**	<	0.01,	***	<	0.001	by	two-sided	t-test. 
	

	

	 	



Results	
	

	 26	

2.	 A	 novel	 in	 vitro	 model	 of	 iPSC-derived	 organoids	 and	 inducible	 CRISPR-Cas9	

knockouts	

Recent	 high-throughput	 genomic	 studies	 have	 established	 the	 most	 frequently	 mutated	

genes	 in	ccRCC	–	VHL,	PBRM1,	and	SETD216	–	and	their	mutational	order	 (TRACERx)20.	The	

sequential	 mutation	 of	 VHL,	 PBRM1,	 and	 SETD2	 results	 in	 tumors	 with	 high	 intra-tumor	

heterogeneity,	 and	 parallel	 evolution	 of	 SETD2	 mutations	 is	 frequently	 observed.	 This	

mutational	sequence	appears	to	be	highly	conserved	with	SETD2	mutations	usually	following	

mutations	in	PBRM1.	By	combining	iPSC-derived	kidney	organoids	with	an	inducible	CRISPR-

Cas9	 system,	 I	 aimed	 to	 investigate	 the	 sequential	 changes	 induced	 by	 knockout	 of	 VHL,	

PBRM1,	and	SETD2	and	their	impact	on	tumorigenesis	in	a	complex	and	highly	organized	in	

vitro	system. 

	

2.1	Differentiation	of	iPSC-derived	kidney	organoids	

I	 began	 by	 adapting	 a	 protocol	 first	 established	 by	 Takasato	 et	 al.67.	 The	 protocol	 allows	

simultaneous	 generation	 of	 ureteric	 bud	 epithelium	 and	 metanephric	 mesenchyme	 from	

iPSCs,	 followed	 by	 differentiation	 into	 complex	 structures	 consisting	 of	 a	 range	 of	 cells	

representing	the	complete	nephron.	Over	seven	days,	 iPSCs	first	differentiate	to	form	both	

required	 kidney	 precursor	 lineages,	 the	 metanephric	 mesenchyme	 and	 the	 ureteric	 bud	

epithelium,	through	activation	of	WNT	by	CHIR-99021	and	FGF9	(Fig.	14).	Kidney	precursors	

are	then	harvested	and	seeded	to	self-organize	into	kidney	organoids	in	liquid-air-interface	

cultures.	A	1	h	 long	5	µM	CHIR-99021	pulse	provides	an	 initial,	additional	WNT	activation,	

required	for	organoid	differentiation.	Organoids	are	then	cultivated	in	the	presence	of	200	

ng/µl	FGF9	for	five	days,	before	growth	factors	are	withdrawn.	After	a	total	of	18-25	days	of	

cultivation,	 organoids	 have	 differentiated	 into	 early	 nephronal	 structures,	 which	matured	

into	many	 kidney-specific	 structures,	 including	 proximal	 tubules,	 distal	 tubules,	 glomeruli,	

stromal	 cells,	 and	 collecting	 ducts	 (Fig.	 14).	 Takasato	 et	 al.	 performed	RNA	 sequencing	 of	

whole	 kidney	 organoids	 at	 days	 0,	 3,	 11,	 and	 18	 and	 confirmed	 on	 the	 RNA	 level	 that	

nephron	segments	were	successfully	formed	and	that	organoids	most	closely	resembled	first	

and	second	trimester	fetal	kidneys67.	 
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Figure	14:	Differentiation	of	iPSC-derived	kidney	organoids	
iPSCs	were	differentiated	into	kidney	organoids	by	seven	days	of	monolayer	cultivation	followed	by	18-25	days	of	organoid	
cultivation	in	defined	conditions	involving	WNT	activation	by	CHIR-99021	and	FGF9.	iPSCs	differentiated	into	the	two	kidney	
precursor	lineages,	metanephric	mesenchyme	(MM)	and	ureteric	bud	epithelium	(UB),	before	further	developing	into	early	
nephron	structures,	which	matured	 into	proximal	 tubules,	distal	 tubules,	glomeruli,	 stromal	cells,	and	the	collecting	duct	
system.	Cell	types	are	color-coded	to	match	Figs.	15	and	16.	 
	
Using	this	protocol,	I	observed	morphological	changes	of	iPSC	cells	from	day	4	onwards	and	

the	self-organization	of	cells	 in	three-dimensional	aggregates	before	harvest	 (Fig.	15a).	RT-

qPCR	 for	 quantifying	 the	 expression	 of	 pluripotency	 and	 differentiation	 markers	 was	

performed	on	 each	 of	 the	 seven	 days	 during	 differentiation.	 The	 expression	 of	 stem	 cell	

markers	NANOG,	KLF4,	and	LIF	quickly	decreased	1	day	post	WNT	 induction	 (Fig.	15b	 top,	

black)	 and	 coincided	 with	 an	 increased	 expression	 of	 T,	 OSR1,	 and	 GATA3	 indicating	

differentiation	 of	 ureteric	 bud	 epithelium	 (Fig.	 15b	 bottom,	 magenta).	 While	 the	

metanephric	 mesenchyme	 marker	 TBX6	 increased	 slowly	 starting	 at	 day	 1	 post	 WNT	

induction,	 expression	 of	 the	 remaining	 metanephric	 mesenchyme	 markers	 HOXD11	 and	

EYA1	 increased	only	after	addition	of	FGF9	 (Fig.	15b	middle,	green).	Staining	 for	GATA3,	a	

marker	 of	 the	 anterior	 intermediate	 mesoderm	 (which	 develops	 into	 the	 ureteric	 bud	

epithelium)	and	HOXD11,	a	marker	of	the	posterior	intermediate	mesoderm	(which	develops	

into	 the	 metanephric	 mesenchyme),	 at	 day	 7	 confirmed	 differentiation	 of	 both	 types	 of	

lineages	 (Fig.	 15c	 left).	 Epithelial	 differentiation	 could	 be	 observed	 by	 formation	 of	 small	

ECAD+	nests	in	stained	monolayer	cultures	(Fig.	15c,	right).	Marker	expression	patterns	and	

RT-qPCR	 profiles	 closely	 recapitulated	 results	 obtained	 by	 Takasato	 et	 al.	 in	 the	 original	

differentiation	protocol67. 
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Figure	15:	Kidney	precursor	differentiation	from	iPSCs	
(a)	 Bright-field	 images	of	 iPSC	monolayer	differentiation	over	 seven	days.	 Scale	bar,	 500	µm.	 (b)	RNA	was	 isolated	 from	
iPSCs	during	monolayer	differentiation	and	analyzed	by	RT-qPCR.	The	expression	of	stem	cell	markers	NANOG,	KLF4,	and	
LIF,	metanephric	mesenchyme	markers	HOXD11,	EYA1,	and	TBX6,	and	ureteric	bud	epithelium	markers	T,	OSR1,	and	RET	
were	analyzed	and	normalized	to	D0.	Data	are	shown	as	mean	±	SD	(n	=	3	technical	replicates).	(c)	Immunofluorescence	of	
anterior	 intermediate	 mesoderm	 marker	 HOXD11	 and	 posterior	 intermediate	 mesoderm	 marker	 GATA3,	 as	 well	 as	
epithelial	differentiation	marker	ECAD	was	performed	at	day	7	of	cultivation.	Scale	bar,	250	µm.	Color-coding	matches	Fig.	
9. 
	
As	indicated	in	the	scheme	in	Fig.	14:	after	seven	days	of	monolayer	cultivation,	cells	were	

harvested	and	seeded	as	organoids.	Organoids	were	 then	cultivated	 to	mature	over	18-25	

days.	Three-dimensional	growth,	spatial	arrangement,	differentiation,	and	maturation	were	

observed	by	bright-field	microscopy	(Fig.	16a).	To	confirm	organoid	differentiation,	marker	

expression	was	analyzed	by	RT-qPCR	on	days	0,	3,	7,	11,	14,	and	18	to	capture	the	complete	

differentiation	process.	Expression	patterns	shown	in	Fig.	16b	are	color-coded	to	match	the	

colors	used	 in	 the	differentiation	scheme	 in	Fig.	14,	as	well	as	 the	nephron	scheme	 in	Fig.	

16c.	 Expression	 of	 early	 nephron	markers	 either	 peaked	 at	 around	 day	 10	 (RET,	 EYA1)	 or	

increased	continuously	to	day	18	(LHX1,	CDH6,	MEOX1,	ITGA8),	indicating	that	most	cells	in	

the	 organoid	 were	 not	 fully	 differentiated	 and	 represented	 an	 early	 stage	 in	 nephron	

development.	 In	the	developing	kidney,	RET	and	LHX1	are	involved	in	the	formation	of	the	

ureteric	 bud,	 while	 EYA1,	 CDH6,	 MEOX1,	 and	 ITGA8	 are	 activated	 in	 the	 metanephric	

mesenchyme.	Through	complex	interactions	of	both	kidney	precursor	lineages,	the	complex	

structure	of	 the	kidney	 is	 formed97.		 Little	el	al.	 confirmed	the	 immaturity	observed	within	

organoid	 cultures	 by	 single	 cell	 RNA	 sequencing,	 revealing	 a	 congruence	 between	 kidney	

organoids	and	human	fetal	kidneys69.	
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Between	 days	 0	 and	 18,	 CDH1	 expression	 increased	 continuously,	 indicating	 ongoing	

epithelial	 differentiation	 (Fig.	 16b,	 black).	 Markers	 of	 kidney-specific	 structures	 also	

increased	over	 time,	 including	markers	 for	proximal	 tubules	 (CUBN	and	SLC3A1)	 (Fig.	 16b,	

orange),	 markers	 for	 distal	 tubules	 (SLC12A1)	 (Fig.	 16b,	 yellow),	 markers	 for	 glomeruli	

(NPHS2)	 (Fig.	 16b,	 purple),	 and	 collecting	duct	markers	 (ETV4,	 ETV5)	 (Fig.	 16b,	 light	 blue).	

COL3A1,	a	collagen	essential	during	nephrogenesis98,	was	expressed	early	on	in	developing	

organoids	 (Fig.	 16b,	 brown).	 In	 conclusion,	 our	 organoids	 represented	 early	 developing	

kidneys,	yet	differentiation	in	all	major	cell	types	of	the	kidney	was	observed.	I	extended	the	

cultivation	time	of	the	original	protocol	to	25	days	to	allow	me	to	observe	the	effects	after	

the	gene	knockout	 for	an	extended	period	of	 time.	Generally,	expression	patterns	did	not	

change	 significantly	 from	 day	 18	 to	 day	 25,	 although	 increased	 cellular	 debris	 could	 be	

observed	by	FACS	(Fig.	16d).	Necrosis	and	apoptosis	 increased	even	more,	when	organoids	

were	 cultivated	beyond	day	25,	which	 could	be	 seen	by	bright	 field	microscopy	at	day	45	

(Fig.	16e).	

	
Figure	16:	Differentiation	of	kidney	organoids	
(a)	 Bright-field	 images	 of	 kidney	 organoid	 growth	 over	 25	 days.	 Scale	 bar,	 1	mm.	 (b)	 RNA	was	 isolated	 from	 organoids	
during	differentiation	and	analyzed	by	RT-qPCR.	The	expression	of	early	nephron	markers	CDH6,	EYA1,	RET,	LHX1,	MEOX1,	
and	 ITGA8,	 maturation	 marker	 CDH1,	 proximal	 tubule	 markers	 CUBN	 and	 SLC2A1,	 distal	 tubule	 marker	 SLC12A1,	
glomerulus	 marker	 NPHS2,	 collagen	 marker	 COL3A1,	 and	 collecting	 duct	 markers	 ETV4	 and	 ETV5	 were	 analyzed	 and	
normalized	to	D0.	Data	are	shown	as	mean	±	SD	(n	=	3	technical	replicates).	(c)	Schematic	overview	of	a	nephron,	depicting	
specific	nephronal	segments,	color-coded	to	match	gene	expression	data	in	(b).	Created	with	Biorender.	(d)	Flow	cytometry	
of	D25	kidney	organoids	showed	cellular	debris	and	apoptosis	in	FSC-SSC	dot	plot.	(e)	Bright-field	microscopy	of	organoids	
at	 day	 45	 showed	 increased	 necrosis,	 apoptosis	 and	 cellular	 debris,	 when	 compared	 to	 D25	 organoids.		
Scale	bar,	1	mm. 
	
Next,	 I	 further	 analyzed	 the	 functional	 organization	 of	 cells	 within	 kidney	 organoids.	

Organoids	were	embedded	 in	two	orientations,	providing	 information	on	the	horizontal	as	
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well	 as	 the	 vertical	 organization	 (Fig.	 17a).	 Areas	 of	 highly	 organized	 differentiated	 cells	

(arrows),	 dispersed	 throughout	 the	 entire	 organoid,	 could	 clearly	 be	 determined	 by	 HE	

staining	in	vertical	and	horizontal	sections,	including	tubular	structures	with	defined	lumina	

(Fig.	 17b).	 Additionally,	 vertical	 sections	 gave	 insights	 on	 growth	 behavior	 near	 the	

cultivation	membrane	and	organoid	thickness,	showing	that	cellular	differentiation	occurred	

less	frequently	at	the	very	bottom	of	the	organoid. 

Organoids	were	whole-mount	 stained	 for	ECAD,	NPHS1,	and	LTL	as	well	 as	DAPI	 (Fig.	17c)	

and	 analyzed	 by	 confocal	 microscopy	 to	 allow	 the	 detailed	 understanding	 of	 the	

organization	of	differentiation	within	an	entire	organoid,	 in	 comparison	 to	 the	nephron	 in	

vivo	(Fig.	17g).	Throughout	the	whole	organoid	ECAD+	distal	tubules	and	LTL+ECAD+	proximal	

tubules	 as	well	 as	NPHS1+	 glomeruli	were	 detected.	Higher	magnifications	 confirmed	 that	

these	 cells	 organized	 in	 a	 similar	 way	 as	 in	 the	 kidney,	 with	 NPHS1+	 glomeruli	 being	

connected	to	LTL+	proximal	tubules,	which	were	connected	to	ECAD+	distal	tubules	(see	red	

arrows)	 (Fig.	 17d).	 A	 complex	 laminin	 network	 was	 observed	 within	 organoid	 sections,	

confirming	the	formation	of	basement	membranes,	which	are	essential	for	organogenesis	by	

providing	physical	and	biochemical	cues	between	neighboring	cells	(Fig.	17e).	Moreover,	 in	

some	instances,	NPHS1+	glomeruli	showed	evidence	of	endothelial	 invasion	by	CD31+	cells,	

which	also	developed	as	part	of	the	kidney	organoid	differentiation	protocol	(Fig.	17f).	Both	

features	further	underline	the	complexity	of	iPSC-derived	organoids.	
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Figure	17:	Characterization	of	iPSC-derived	organoids	
(a)	Scheme	showing	the	imaging	plane	and	orientation	of	organoid	sections	stained	in	(b).		(b)	HE	staining	of	organoids	in	
horizontal	 and	 vertical	 orientation	 showing	 complex	 kidney	 organoid	 differentiation.	 Arrows	mark	 tubular	 structures	 of	
interest.	 Scale	 bar,	 200	µm	 (top),	 50	µm	 (bottom).	 (c)	 Tilescan	 of	 a	 complete	 organoid	 using	 confocal	microscopy,	 after	
whole-mount	 staining	 for	 ECAD	 (green),	 NPHS1	 (orange),	 and	 LTL	 (red),	 as	 well	 as	 DAPI	 (blue).	 Scale	 bar,	 200	 µm.	 (d)	
Organoids	showed	spatial	orientation	of	nephrons:	NPHS1+	glomeruli	(red)	led	into	LTL+	proximal	tubules	(white),	which	led	
into	ECAD+	distal	tubules	(green),	as	indicated	by	red	arrows.	Scale	bar,	150	µm.	(e)	Laminin	staining	(yellow)	confirmed	a	
complex	network	of	basement	membranes.	Scale	bar,	100	µm.	(f)	Endothelial	invasion	of	CD31+	cells	into	NPHS1+	glomeruli.	
Scale	bar,	50	µm.	(g)	Kidney	markers	analyzed	in	(c)-(f)	are	shown	at	specific	nephronal	segments	in	a	schematic	overview	
of	the	nephron.	Created	with	Biorender.	
 
I	then	analyzed	the	cellular	organization	and	cell-cell	interactions	by	electron	microscopy	at	

day	 25.	 Based	 on	 semi-thin	 sections,	 which	 clearly	 showed	 tubular	 structures	 (Fig.	 18a),	

areas	 of	 interest	 were	 chosen	 for	 ultra-thin	 sectioning	 (60-80	 nm).	 At	 the	 bottom	 of	 the	

organoid,	close	to	the	membrane,	apoptotic	cells	could	be	observed	(red	arrows)	(Fig.	18b).	

This	 correlates	 with	 cellular	 debris	 and	 apoptosis	 observed	 by	 FACS	 and	 bright	 field	

microscopy	 (Fig.	 16d,	 e),	 however	 tubular	 structures	 were	 well	 preserved.	 Given	 the	

thickness	 of	 the	 organoids,	 apoptosis	 was	 likely	 induced	 by	 hypoxia.	 Distinct	 tubular	
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structures	could	be	 identified	within	organoids:	 (1)	 tubules	with	a	complete	 lumen	(L)	and	

brush	 border-like	 structures	 (bb)	 (Fig.	 18d,	 f),	 (2)	 tubules	 with	 developed	 tight	 junctions	

(arrowheads),	sealing	off	the	intracellular	space	(Fig.	18e),	(3)	tubules	containing	autophagic	

cells	(a)	in	the	center	(Fig.	18c).	All	tubules	clearly	developed	basal	laminas	(BL)	(Fig.	18c,	e,	

f).	 These	different	 tubule	morphologies	might	 represent	different	 stages	of	 differentiation	

and	 maturation.	 Organoids	 developed	 primary	 cilia	 (C)	 with	 their	 typical	 arrangement	

consisting	 of	 nine	 fused	 pairs	 of	 outside	 microtubules	 bound	 by	 two	 non-fused	 inside	

microtubules	 (Fig.	 18g,	 h).	 Lateral	 contacts	 between	 cells	 included	 desmosomes	 (D)	 and	

adherens	junctions	(AJ),	as	well	as	tight	junctions	(arrowheads)	(Fig.	18e,	i).	

 
Figure	18:	Transmission	electron	microscopy	of	D25	iPSC-derived	organoids	
(a)	Staining	of	 semi-thin	 sections	with	 toluidine	blue	 showed	complex	 tubular	morphologies.	 (b)	TEM	revealed	apoptosis	
(arrows)	 close	 to	 transwell	membrane	 (M).	 (c)	 Tubular	 structures	 often	 contained	 autophagic	 cells	 (a)	 at	 the	 center.	 (d)	
Brush	 border-like	 structures	 (bb)	 were	 found	 within	 tubular	 cells.	 (e)	 Many	 tubules	 were	 closed	 with	 tight	 junctions	
(arrowhead)	sealing	off	the	intercellular	space	on	the	apical	organoid	side.	(f)	Some	tubules	formed	complete	lumina	(L).	All	
tubular	 structures	 formed	 basal	 laminas	 (BL).	 (g,	 h)	 Organoids	 formed	 typical	 cilia	 (C).	 (i)	 Lateral	 contacts	 included	
desmosomes	(D)	and	adherens	junctions	(AJ).	Scale	bars	as	indicated.	
 
In	 summary,	 differentiation	 of	 iPSCs	 into	 kidney	 organoids	 was	 successfully	 established,	

resulting	 in	 complex	 three-dimensional	 organoids	 that	 recapitulate	 many	 specific	 kidney	

structures,	 including	 important	 proximal	 tubules,	 the	 predicted	 site-of-origin	 for	 ccRCC	

tumorigenesis.	 
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2.2	Inducible	knockout	strategy	using	CRISPR-Cas9	

To	 investigate	the	effects	of	VHL,	PBRM1,	and	SETD2	knockouts	on	matured	kidney	cells,	 I	

developed	 an	 inducible	 knockout	 strategy.	 Knockouts	 of	 VHL,	 PBRM1,	 and	 SETD2	 before	

differentiation	 have	 provided	 insight	 on	 their	 genetic	 functions	 in	 nephrogenesis,	 rather	

than	 cellular	 transformation	 and	 tumorigenesis.	 Moreover,	 VHL,	 PBRM1,	 and	 SETD2	

deletions	 each	 individually	 incurred	 embryonic	 lethality	 in	mammals	 and	would	 therefore	

not	be	physiological99,100.	For	these	reasons,	an	iPSi	cell	line	was	established	by	the	groups	of	

Sebastian	 Diecke	 and	 Ralf	 Kühn	 of	 the	 MDC,	 who	 incorporated	 a	 specific	 construct	

monoallelically	into	an	AAVS1	safe	harbor	locus101.	The	construct	contained	a	bi-directional	

tetracycline-inducible	promoter	(tetOn),	which	if	activated	results	in	the	expression	of	Cas9	

and	red	fluorescent	protein	(RFP)	(Fig.	19a).	Organoids	were	typically	induced	for	48	h	at	D13	

of	 organoid	 cultivation,	 as	 kidney-specific	 structures	 had	 begun	 to	 develop	 by	 that	 time	

point.	After	 induction	with	1	µg/ml	doxycycline	 for	48	h	at	day	13	after	organoid	seeding,	

TagRFP	expression	was	detected	throughout	the	organoids	by	fluorescence	microscopy	(Fig.	

19b).	Expression	of	Cas9	and	TagRFP	was	further	confirmed	by	western	blot	(Fig.	19c).	

	
Figure	19:	iPSCs	express	Cas9	and	RFP	under	bi-directional	inducible	promoter	
(a)	The	construct	containing	a	bi-directional	 tetracycline-inducible	promoter	 for	the	simultaneous	expression	of	Cas9	and	
TagRFP	 was	 incorporated	 into	 an	 AAVS1	 safe	 harbor	 locus	 in	 iPSCs.	 (b)	 Doxycycline	 induction	 for	 48	 h	 at	 day	 13	 after	
organoid	 seeding	 resulted	 in	 RFP	 expression	 (red)	 throughout	 the	 organoid	 at	 day	 15.	 (c)	Western	 blot	 confirmed	 Cas9	
expression	together	with	TagRFP	after	doxycycline	induction.	 
	
I	 designed	 target-specific	 crispr	RNAs	 (crRNAs)	 for	 (1)	VHL,	 (2)	 PBRM1,	 and	 (3)	 SETD2	and	

cloned	them	into	a	LentiGuide-Puro	lentiviral	vector	backbone,	containing	the	necessary	U6	

promoter,	restriction	enzyme	cut-sites,	and	gRNA-scaffold	to	generate	functional	guide	RNAs	

(sgRNA)	 after	 lentiviral	 transduction.	 To	 create	 the	 more	 complex	 double-	 and	 triple-

knockout	 constructs	 VHL/PBRM1	 (VP)	 and	 VHL/PBRM1/SETD2	 (VPS),	 the	 necessary	 vector	

pieces	were	amplified	from	single-knockout	vectors	and	combined	via	Golden	Gate	assembly	

(Fig.	20a).	This	strategy	required	the	specific	amplification	of	pieces	containing	combinations	
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of	the	U6	promoter,	guide	RNA	and	scaffold,	but	ensured	expression	of	all	sgRNAs	from	one	

single	 inserted	vector.	Successful	 integration	of	 intact	guide	RNAs	 into	the	 lentiviral	vector	

was	confirmed	by	Sanger	sequencing	 (Fig.	20b).	The	 lentiviral	 titer	of	6	x	106	 transforming	

units/ml	was	determined	by	lentiviral	titration	of	HEK293T	cells	at	different	dilution	factors,	

followed	 by	 puromycin	 selection	 and	 crystal	 violet	 staining	 (Fig.	 20c).	 To	 confirm	 that	

transduced	cells	behaved	normally	without	doxycycline	 induction,	RNA	was	 isolated	during	

monolayer	 differentiation	 and	 RT-qPCR	 was	 performed.	 The	 expression	 profiles	 of	 all	

previously	analyzed	markers	were	identical	to	control	and	non-transduced	cells,	confirming	

cellular	integrity	(Fig.	20d).	

 
Figure	20:	Inducible	CRISPR	strategy	in	iPSCs	
(a)	 Golden	Gate	 assembly	 scheme	 to	 generate	 triple	 knockout	 constructs	 in	 a	 lentiGuide-Puro	 backbone,	 containing	U6	
promoter	 and	 gRNA	 scaffold.	 (b)	 Sanger	 sequencing	 confirmed	 the	 successful	 integration	 of	 intact	 guide	 RNAs.	 (c)	 A	
lentiviral	 titration	 of	 HEK293T	 cells	 followed	 by	 crystal	 violet	 staining	 was	 performed	 to	 determine	 the	 virus	 titer.	 DF,	
dilution	factor.	 (d)	 iPSCs	successfully	transduced	with	the	triple	knockout	construct	were	differentiated	without	knockout	
induction.	NANOG,	HOXD11,	and	T	confirmed	unaltered	differentiation	capacity	as	selected	markers	for	stem	cell	activity,	
metanephric	mesenchyme	differentiation,	and	ureteric	bud	epithelium	formation. 
	
To	 confirm	 the	 targeting	 specificity	 of	 the	 generated	 constructs,	 first,	 HEK293T	 cells	were	

transduced	with	 the	VPS	 triple	knockout	 construct	and	 transfected	with	a	Cas9-expressing	

PX458	plasmid	or	control	plasmid	for	24	h.	RT-qPCR	revealed	significant	downregulation	of	

VHL,	PBRM1,	 and	SETD2,	 confirming	 the	 specificity	of	 the	designed	 sgRNA	constructs	 (Fig.	
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21a).	Next,	iPSCs	were	transduced	with	the	VHL,	VP,	and	VPS	constructs	and	stable	cell	lines	

were	 generated	 through	 puromycin	 selection.	 Single-,	 double-,	 and	 triple-knockout	 iPSCs	

were	treated	with	1	µg/ml	doxycycline	for	48	h	5	days	after	seeding,	before	a	Surveyor	assay	

for	 VHL	 was	 performed.	 The	 Surveyor	 assay	 revealed	 a	 faint	 additional	 PCR	 band	 after	

doxycycline-induction,	 confirming	 successful	 VHL	 downregulation	 (Fig.	 21b).	Western	 blot	

analysis	 of	 PBRM1	 and	 SETD2	 also	 revealed	 downregulation	 of	 the	 targeted	 proteins	 in	

triple-knockout	VPS	cells	after	doxycycline	induction	(Fig.	21c).	 

After	confirming	the	specificity	of	the	generated	constructs,	I	analyzed	the	efficiency	of	this	

CRISPR-Cas9	strategy.	For	this,	I	designed	an	additional	sgRNA	construct,	which	would	allow	

me	 to	quantify	 the	knockout	efficiency	by	FACS,	 rather	 than	 just	qualitatively	by	 Surveyor	

assay	 or	 western	 blot.	 I	 generated	 a	 construct	 targeting	 CD81,	 an	 exosome	 marker	 that	

when	 deleted	 does	 not	 affect	 iPSC	 integrity,	 as	 well	 as	 the	 endogenous	 TagRFP.	 iPSCs	

transduced	with	this	construct	were	induced	by	1	µg/ml	doxycycline	for	48	h	and	analyzed	

by	FACS.	After	the	first	induction,	CD81	expression	was	reduced	by	approximately	21%	(Fig.	

21d	 top,	 Fig.	 21f	 top).	 To	 determine	 the	 knockout	 efficiency	 of	 RFP,	 two	 doxycycline	

inductions	were	required,	as	the	first	doxycycline	 induction	 immediately	activated	RFP	and	

Cas9	expression:	Therefore,	 cells	express	 the	RFP	protein,	before	 the	knockout	of	 the	RFP	

gene	 by	 the	 Cas9	 nuclease	 occurs.	 These	 cells,	 independent	 of	 subsequent	 RFP	 gene	

knockout,	will	still	express	the	RFP	protein.	This	was	confirmed	by	FACS,	determining	92.1%	

RFP+	cells	after	the	first	induction	(Fig.	21d	bottom,	Fig.	21f	bottom).	Cells	were	then	sorted,	

re-seeded	 and	 cultivated	 until	 the	 RFP	 signal	 subsided.	 After	 a	 second	 induction	 with	

doxycycline,	RFP-expressing	cells	were	significantly	reduced	by	approximately	41%	(Fig.	21e,	

21f	bottom). 

The	RFP	gene	is	monoallelically	inserted	into	the	iPSCs,	while	CD81	is	biallelically	expressed,	

explaining	 the	 different	 knockout	 efficiencies	 of	 41%	 for	monoallelic	 and	 21%	 for	 biallelic	

deletion.	 Having	 confirmed	 specificity,	 as	 well	 as	 efficiency	 of	my	 CRISPR	 strategy,	 I	 then	

proceeded	with	 the	differentiation	of	VHL,	VP,	 and	VPS	organoids	 and	 the	 analysis	 of	 the	

specific	gene	knockouts	within	the	organoids. 
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Figure	21:	Knockout	analysis	of	target	genes	
(a)	HEK293T	cells	were	transduced	with	LGP-VPS	and	transfected	with	Cas9-expressing	PX458.	RNA	was	harvested	and	RT-
qPCR	of	VHL,	PBRM1,	and	SETD2	was	performed,	showing	significant	downregulation	of	targeted	genes	when	compared	to	
pEGFP-transfected	cells.	(b)	Surveyor	assay	for	VHL	confirmed	VHL	downregulation	in	VHL,	VP,	and	VPS	cells	as	seen	by	the	
cleaved	product	after	doxycycline	induction.	(c)	Western	blot	analysis	of	PBRM1	and	SETD2	revealed	downregulation	in	VPS	
cells	after	doxycycline	induction.	(d)	Knockout	efficiency	was	analyzed	by	FACS	by	targeting	CD81	and	endogenous	TagRFP	
expression.	 Cells	 were	 doxycycline-induced	 (right)	 and	 analyzed	 for	 CD81+	 (top)	 and	 RFP+(bottom).	 (e)	 RFP+	 cells	 were	
sorted,	re-seeded,	and	re-induced	to	analyze	RFP	knockout	efficiency.	(f)	Quantification	of	knockout	efficiency.	 
	
2.3	Induction	of	VHL,	VP,	and	VPS	knockouts	in	organoids	

VHL	 is	 a	 key	 regulator	 of	 oxygen-sensing	 and	 targets	 hypoxia-inducible	 factors	 for	

degradation.	 VHL	 mutations	 result	 in	 increased	 activation	 of	 oxygen	 transport	 and	

metabolism,	 glycolysis,	 glucose	 transport,	 and	 angiogenesis22.	 I	 therefore	 analyzed	

expression	 of	 hypoxia-inducible	 genes	 as	 readout	 for	 enrichment	 of	 VHL	 KO	 cells	 within	

organoids.	Organoids	were	treated	with	doxycycline	for	48	h	at	day	13	and	harvested	at	day	

18,	and	a	selected	panel	of	hypoxia-inducible	genes	was	analyzed.	While	CCND1	and	SLC2A1	

were	 significantly	 upregulated	 upon	 induction,	 most	 hypoxia-related	 genes	 showed	 no	

significant	 differences	 (Fig.	 22a).	 To	 investigate	 whether	 five	 days	 are	 too	 short	 to	 allow	

enrichment	of	VHL	KO	cells	within	organoids,	I	investigated	expression	of	the	same	genes	in	

addition	 at	 days	 20,	 22,	 and	 25	 after	 seeding.	 CA9	 and	 LDHA	 showed	 the	 highest	

upregulation	 after	 25	 days	 of	 harvest,	 while	 SLC2A1	 was	 not	 significantly	 regulated	 (Fig.	

22b).	 

Next,	 VP	 organoids	 were	 harvested	 at	 day	 18	 and	 25	 and	 selected	 genes	 that	 showed	

regulation	in	VHL	organoids	were	analyzed	by	RT-qPCR.	In	VP	organoids,	LDHA	and	SLC2A1	
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also	 showed	significant	upregulation	on	day	25	after	doxycycline	 induction	at	day	13.	CA9	

showed	 no	 significant	 upregulation	 at	 day	 25,	 although	 a	 tendency	 for	 higher	 expression	

could	be	observed.	CCND1,	however,	 showed	no	significant	changes,	most	 likely	 reflecting	

complex	feedback	regulatory	mechanisms	that	are	not	only	dependent	on	HIF	activity	(Fig.	

22c).	 

When	VPS	organoids	expressing	 sgRNAs	 targeting	VHL,	PBRM1,	and	SETD2	 in	combination	

were	 analyzed,	 CA9	 was	 found	 to	 be	 significantly	 upregulated	 at	 day	 25,	 confirming	 the	

positive	 effect	 of	 a	 longer	 cultivation	 period	 after	 induction.	 LDHA	 showed	 significant	

upregulation	 already	 after	 18	 days,	while	 SLC2A1	 and	CCND1	only	 showed	non-significant	

upward	trends	(Fig.	22d).	Overall,	as	cultivation	for	25	days	compared	to	18	days	appeared	

to	increase	the	effects	expected	to	occur	after	VHL,	VP,	and	VPS	knockouts,	I	chose	day	25	

for	harvesting	from	then	on.	

 
Figure	22:	Expression	analysis	of	hypoxia	target	genes	in	whole	organoids	
(a)	iPSCs	containing	the	VHL	knockout	construct	were	cultivated	for	18	days	with	48	h	doxycycline	induction	at	day	13.	RT-
qPCR	was	performed	and	expression	of	a	panel	of	hypoxia	target	genes	was	normalized	to	un-induced	control	cells.	Data	
are	 shown	 as	mean	 ±	 SD,	 analyzed	 by	multiple	 two-sided	 t-tests.	 (b)	 iPSCs	 containing	 the	VHL	 knockout	 construct	were	
cultivated	for	20,	22,	and	25	days	with	48	h	doxycycline	induction	at	day	13.	RT-qPCR	was	performed	and	expression	of	CA9,	
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LDHA,	 and	 SLC2A1	 was	 normalized	 to	 un-induced	 control	 cells.	 (c)	 iPSCs	 containing	 the	 VP	 knockout	 construct	 were	
cultivated	for	18	and	25	days	with	48	h	doxycycline	induction	at	day	13.	RT-qPCR	was	performed	and	expression	of	hypoxia	
target	genes	was	normalized	to	un-induced	control	cells.	(d)	 iPSCs	containing	the	VPS	knockout	construct	were	cultivated	
for	18	and	25	days	with	48	h	doxycycline	 induction	at	day	13.	RT-qPCR	was	performed	and	expression	of	hypoxia	 target	
genes	was	normalized	to	un-induced	control	cells.	(b,	c,	d)	Data	are	shown	as	mean	±	SD,	analyzed	by	two-sided	t-test	(b)	or	
one-way	anova	with	multiple	comparisons	analysis	(Holms-Sidak	correction)	(c,	d).	P-values	*	<	0.05,	**	<	0.01,	***	<	0.001.	 
	
Although	effects	on	hypoxia-inducible	genes	by	VHL,	PBRM1,	and	SETD2	knockout	could	be	

observed	in	day	25	whole	organoids,	whole	organoids	also	contained	many	cells	that	were	

not	transformed.	Therefore,	a	cell	selection	strategy	was	required	to	increase	the	number	of	

potentially	transformed	cells	to	give	a	clearer	indication	of	knockout	effects.	Organoids	were	

harvested	 at	 day	 25	 and	 RFP+	 cells,	 successfully	 induced	 by	 doxycycline,	 were	 sorted	 by	

FACS.	As	Cas9	expression	 is	 limited	 to	RFP+	cells	 (Fig.	19c),	only	RFP+	cells	 could	 in	 fact	be	

gene	edited,	while	RFP-	cells	could	not.	Therefore,	RFP+	single	cells	were	gated	based	on	FSC	

and	SSC,	as	well	as	viability	by	DAPI	staining	(Fig.	23a).	RFP	and	DAPI	gating	was	determined	

in	comparison	to	negative	controls. 

To	 determine	 the	 effects	 of	 RFP+	 cell	 selection,	 CA9,	 LDHA,	 and	 SLC2A1,	 genes,	 whose	

expression	in	knockout	organoids	could	be	increased	by	day	25	harvesting,	were	analyzed	by	

RT-qPCR.	Sorting	the	RFP+	population	resulted	in	a	significant	upregulation	of	CA9	as	well	as	

SLC2A1	in	VHL,	VP,	and	VPS	organoids,	when	comparing	RFP+	control	against	knockout	cells	

(Fig.	23b).	LDHA	expression	was	also	significantly	increased	in	VHL	organoids	(Fig.	23b).	This	

clearly	 confirmed	 that	 RFP+	 sorting	 further	 increased	 the	 effects	 of	 gene	 knockouts	 in	

organoids. 

In	summary,	 these	results	showed	upregulation	of	specific	hypoxia-inducible	genes	 in	VHL,	

VP,	and	VPS	organoids.	Cultivating	organoids	for	25	days	and	sorting	RFP+	cells	increased	the	

expected	effects.	Nevertheless,	as	only	a	selected	set	of	genes	was	analyzed,	unbiased	large-

scale	 data	 was	 required	 to	 convincingly	 deduce	 the	 effects	 of	 gene	 knockouts	 on	 kidney	

organoids. 
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Figure	23:	Sorting	of	RFP+	cells	to	improve	knockout	effects		
(a)	FACS	gating	of	the	DAPI-RFP+	cell	population	in	organoids	at	day	25	after	48	h	doxycycline	induction	at	day	13,	based	on	
FSC,	SSC,	DAPI	and	RFP	(PE).	(b)	RT-qPCR	was	performed	on	sorted	RFP+	cells	and	expression	of	CA9,	LDHA,	and	SLC2A1	was	
normalized	 to	 RFP+	 control	 cells.	 Data	 are	 shown	 as	mean	 ±	 SD,	 analyzed	 by	 one-way	 anova	with	multiple	 comparisons	
analysis.	P-values	**	<	0.01,	***	<	0.001,	****	<	0.0001.	 
	
2.4	RNA	sequencing	of	gene-edited	iPSC-derived	kidney	organoids	

To	obtain	unbiased	 information	on	 the	effects	of	 single,	double,	 and	 triple	 knockout,	bulk	

RNA	sequencing	was	performed	of	FAC-sorted	RFP+	organoid	cells	after	25	days	of	organoid	

cultivation. After	optimizing	the	STAR	alignment	method,	between	41	and	52	million	reads	

could	be	aligned	for	all	samples	(Fig.	24a).	Over	96.3%	of	transcripts	could	be	aligned	to	at	

least	one	gene	in	all	samples.	On	average,	80.7%	of	transcripts	could	be	aligned	uniquely	to	

one	 gene,	 the	 highest	 percentage	 being	 89.7%	 in	 a	 control	 triplicate	 sample	

(WB_DB_003_star)	and	the	lowest	being	66.0%	in	a	VP	triplicate	sample	(WB_DB_009_star).	

Zero	reads	were	filtered	out	due	to	too	many	alignments	in	any	of	the	samples	(Fig.	24b). 
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Figure	24:	Quality	control	of	RNA-Seq	data	
(a)	Statistics	on	absolute	number	of	mapped	reads	per	sample	were	generated	by	MultiQC.	(b)	Relative	numbers	of	mapped	
reads	were	calculated	per	 sample	and	categorized	 into	 “aligned	uniquely	 to	one	gene”,	 “aligned	 to	multiple	genes”,	and	
“unalignable”.	Samples:	001-003	(ctrl),	004-006	(VHL),	007-009	(VP),	010,011	(VPS).	
	
RNA-Seq	 reads	 were	 analyzed	 using	 the	 RSEM	 (RNA-Seq	 by	 Expectation-Maximization)	

method102.	 	 In	 a	 cluster	dendrogram,	based	on	 sample	 library	 similarities,	 triplicates	of	 all	

knockout	sample	conditions	clustered	most	closely	together.	One	level	higher,	VHL	clustered	

more	closely	to	ctrl	organoids	and	VP	more	closely	to	VPS	organoids	(Fig.	25a).	A	principle	

component	 analysis	 (PCA)	 confirmed	 these	 results,	 revealing	 similarities	 between	 ctrl	 and	

VHL	 organoids,	 as	 well	 as	 VP	 and	 VPS	 organoids	 (Fig.	 25b).	 In	 a	 heat	 map,	 the	 up-	 or	

downregulation	of	the	200	most	significantly	regulated	genes	was	visualized.	Samples	could	

very	easily	be	distinguished,	presenting	apparent	similarities	between	ctrl	and	VHL,	as	well	

as	VP	and	VPS	organoids	(Fig.	25c).	Among	the	top	200	most	regulated	genes,	I	observed	an	

overall	downregulation	of	 genes	 (indicated	 in	blue)	 in	VP	and	VPS	organoids	 versus	 in	 ctrl	

and	 VHL	 organoids	 (Fig.	 25c).	 In	 total,	 23841	 genes	 were	 detected,	 of	 which	 7259	 genes	

were	 significantly	 regulated	 with	 an	 adjusted	 p-value	 <	 0.05.	 Out	 of	 the	 significantly	

regulated	genes,	932	genes	(12.8%)	were	deregulated	in	VHL	knockout	cells.	4982	additional	

genes	 (68.6%),	 which	 were	 not	 deregulated	 in	 VHL	 knockout	 cells,	 were	 significantly	

deregulated	 in	 VP	 knockout	 cells.	 1345	 additional	 genes	 (18.5%),	 which	 were	 neither	

deregulated	in	VHL	knockout	cells	nor	in	VP	knockout	cells,	were	significantly	deregulated	in	

VPS	knockout	cells	(Fig.	25d).	
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Figure	25:	Clustering	of	RNA-Seq	data	
(a)	A	cluster	dendrogram	was	generated	based	on	expression	relationships	of	organoid	samples.	1-3:	ctrl,	4-6:	VHL,	7-9:	VP,	
10,11:	 VPS.	 (b)	 A	 principal	 component	 analysis	 (PCA)	 was	 performed	 to	 visualize	 similarities	 and	 differences	 between	
samples.	(c)	A	heat	map	of	the	200	most	significantly	deregulated	genes	was	generated.	Red	indicates	upregulation,	blue	
downregulation.	(d)	Out	of	all	analyzed	genes,	7259	genes	were	significantly	regulated	with	an	adjusted	p-value	<	0.05.	The	
Venn	 diagram	 depicts	 the	 percentage	 of	 significantly	 regulated	 genes,	 shared	 between	 VHL,	 VHL/PBRM1,	 and	
VHL/PBRM1/SETD2	knockout	cells. 
	
I	 first	 analyzed	 the	932	 genes	 that	were	 significantly	 deregulated	 in	VHL	 knockout	 cells	 in	

more	detail.	Gene	ontology	(GO)	analysis	was	performed	to	analyze	the	biological	processes,	

molecular	 functions,	 and	 cellular	 compartments	 that	 were	 most	 deregulated	 in	 VHL	

organoids	 with	 over-represented	 p-values.	 Most	 affected	 biological	 processes	 were	

developmental	processes	(Fig.	26a).	Other	processes	revolved	mostly	around	glycolysis.	The	

most	 over-represented	 molecular	 functions	 with	 high	 numbers	 of	 involved	 genes	 were	

signaling	 receptor	 binding	 and	 other	 receptor	 activities	 (Fig.	 26b).	 This	 correlated	 with	

biological	 process	GO	 data.	 Actin	 binding	 and	 structural	 constituents	 of	muscle	were	 also	

over-represented.	 The	 cellular	 compartments,	 which	 most	 significantly	 changed,	 included	

the	 plasma	 membrane,	 cell	 surface	 and	 extracellular	 region,	 but	 also	 muscular	

compartments,	 including	myofibrils,	contractile	fibers,	and	sarcomeres	(Fig.	26c).	 In	a	gene	

set	enrichment	analysis,	hallmark	pathways	and	gene	sets	were	analyzed	 in	control	versus	

VHL	organoids.	 The	 significantly	 regulated	 gene	 sets	 included	glycolysis,	 hypoxia,	MTORC1	
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signaling,	 cholesterol	 homeostasis,	 and	 myogenesis	 (Fig.	 26d).	 The	 development	 of	 non-

renal	cell	types,	including	muscle	cells,	when	differentiating	iPSCs	using	this	kidney	organoid	

protocol	has	been	described	previously	by	single	cell	sequencing103.	

	
Figure	26:	Gene	ontology	(GO)	and	gene	set	enrichment	analysis	(GSEA)	of	the	932	genes	significantly	deregulated	in	VHL	
knockout	cells	
(a)	Gene	ontology	analysis	 focusing	on	the	over-represented	biological	processes.	 (b)	Gene	ontology	analysis	 focusing	on	
the	 over-represented	 molecular	 functions.	 (c)	 Gene	 ontology	 analysis	 focusing	 on	 the	 over-represented	 cellular	
compartments.	(d)	GSEA	presenting	the	most	significantly	deregulated	pathways	and	gene	sets	enriched	in	the	sample	set. 
	
Next,	I	analyzed	the	4982	genes	that	were	significantly	deregulated	in	VP	knockout	cells,	but	

not	 in	 VHL	 knockout	 cells.	 Similar	 to	 VHL	 knockout	 cells,	 the	 most	 affected	 biological	

processes	 were	 developmental	 processes	 (Fig.	 27a).	 Other	 highly	 over-represented	

processes	 involved	 protein	 targeting	 to	 the	 cellular	 membrane,	 although	 the	 number	 of	

involved	 genes	 was	 much	 smaller,	 represented	 by	 the	 low	 “numDEInCat”	 (Fig.	 27a).	 The	

most	 over-represented	 molecular	 function	 with	 a	 high	 number	 of	 involved	 genes	 was	

structural	 molecule	 activity,	 followed	 by	 signaling	 receptor	 binding	 (Fig.	 27b).	 The	 most	

affected	cellular	compartments	included	first	and	foremost	the	plasma	membrane,	but	also	

cellular	 junctions	 and	 the	 extracellular	 matrix	 (Fig.	 27c).	 Both,	 molecular	 functions	 and	

cellular	 compartments	 correlated	 strongly	with	developmental	 processes	 and	extracellular	

matrix	reorganization.	 In	a	gene	set	enrichment	analysis,	hallmark	pathways	and	gene	sets	

were	analyzed	in	control	versus	VP	organoids.	The	most	significantly	regulated	gene	set	that	
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was	significantly	deregulated	in	VP	knockout	cells	but	not	VHL	knockout	cells,	was	epithelial	

mesenchymal	transition	(Fig.	27d).	An	important	part	of	epithelial	mesenchymal	transition	is	

extracellular	matrix	reorganization,	which	was	found	to	be	significantly	over-represented	in	

GO	analysis.	Multiple	signaling	pathways	commonly	associated	with	tumor	formation	were	

over-represented	as	well,	including	STAT	signaling,	MYC	signaling,	KRAS	signaling,	and	TNF-α	

signaling	(Fig.	27d).	

Figure	27:	Gene	ontology	(GO)	and	gene	set	enrichment	analysis	(GSEA)	of	the	4982	genes	significantly	deregulated	in	VP	
knockout	cells,	but	not	in	VHL	knockout	cells	
(a) Gene	ontology	analysis	 focusing	on	the	over-represented	biological	processes.	 (b)	Gene	ontology	analysis	 focusing	on
the	 over-represented	 molecular	 functions.	 (c)	 Gene	 ontology	 analysis	 focusing	 on	 the	 over-represented	 cellular
compartments.	(d)	GSEA	presenting	the	most	significantly	deregulated	pathways	and	gene	sets	enriched	in	the	sample	set.

Last,	 I	 analyzed	 the	 1345	 additional	 genes	 that	 were	 significantly	 deregulated	 in	 VPS	

knockout	 cells,	 but	 not	 in	 VHL	 or	 VP	 knockout	 organoid	 cells.	 Unlike	 the	 most	 affected	

processes	 in	VHL	or	VP	knockouts,	 the	most	affected	biological	processes	 in	VPS	knockout	

cells	were	metabolic	processes	and	synthetic	activities,	as	well	as	DNA	metabolic	processes	

and	 DNA	 replication	 (Fig.	 28a).	 The	 most	 over-represented	 molecular	 functions	 revolved	

around	DNA	 replication	processing,	 correlating	with	biological	process	data	 (Fig.	28b).	 The	

cellular	compartments,	in	which	the	most	significantly	over-represented	biological	processes	

took	 place,	 included	 mainly	 extracellular	 vesicles	 and	 organelles,	 but	 also	 the	 nuclear	

replication	 fork	 complex	 (Fig.	 28c).	 This	 was	 consistent	 with	 biological	 processes	 and	
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molecular	functions	enriched	by	the	GO	analysis.	In	a	gene	set	enrichment	analysis,	hallmark	

pathways	 and	 gene	 sets	 were	 analyzed	 in	 control	 versus	 VPS	 organoids.	 The	 most	

significantly	regulated	gene	sets	that	were	significantly	deregulated	in	VPS	knockout	cells	but	

not	VHL	or	VP	knockout	cells	were	E2F	 target	genes	and	MYC	 target	genes	 (Fig.	28d).	E2F	

target	genes	as	well	as	MYC	target	genes	include	genes	involved	in	DNA	and	chromosomal	

replication.	

Figure	28:	Gene	ontology	 (GO)	and	gene	set	enrichment	analysis	 (GSEA)	of	 the	1345	genes	significantly	deregulated	 in	
VPS	knockout	cells	exclusively,	but	not	in	VHL	or	VP	knockout	cells		
(a) Gene	ontology	analysis	 focusing	on	the	over-represented	biological	processes.	 (b)	Gene	ontology	analysis	 focusing	on
the	 over-represented	 molecular	 functions.	 (c)	 Gene	 ontology	 analysis	 focusing	 on	 the	 over-represented	 cellular
compartments.	(d)	GSEA	presenting	the	most	significantly	deregulated	pathways	and	gene	sets	enriched	in	the	sample	set.
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As	WNT	and	NOTCH	signaling	have	been	found	to	be	crucial	 in	the	development	of	kidney	

cancer,	but	more	specifically	CSCs,	I	also	analyzed	hallmark	WNT	and	NOTCH	signaling	genes	

in	control,	VHL,	VP,	and	VPS	organoid	RNA-Seq	data.	Neither	NOTCH	(left)	nor	WNT	(right)	

was	 generally	 up-	 or	 downregulated	 in	 one	 specific	 sample;	 a	 clear	 trend	 could	 not	 be	

observed	(Fig.	29).		

 
Figure	29:	Heat	maps	of	hallmark	WNT	and	NOTCH	gene	sets	in	organoid	RNA-Seq	data	
(a)	A	heat	map	showing	the	regulation	of	hallmark	NOTCH	genes	was	generated	for	organoid	RNA-Seq	data.	(b)	A	heat	map	
showing	the	regulation	of	hallmark	WNT	genes	was	generated	for	organoid	RNA-Seq	data.	Red	indicates	upregulation,	blue	
downregulation. 
	
As	 regulation	of	 specific	 pathways,	 including	hypoxia	 and	 glycolysis,	 appeared	opposite	 to	

my	expectations,	I	analyzed	the	transcript	mapping	of	all	VHL,	PBRM1,	and	SETD2	transcripts	

for	ctrl,	VHL,	VP,	and	VPS	organoids	using	the	IGV	genome	viewer.	No	apparent	knockout	of	

VHL,	PBRM1,	or	SETD2	could	be	observed	in	single,	double,	or	triple	knockouts,	in	the	form	

of	 increased	 insertions/deletions	 (indels)	or	point	mutations	 (Fig.	30).	This	could	suggest	a	

very	low	knockout	efficiency,	or	RNA	transcript	deletion	via	nonsense-mediated	decay. 

 

	
Figure	30:	VHL,	PBRM1,	and	SETD2	transcript	analysis	after	VHL,	VP,	VPS	knockouts	
The	mutation	profile	of	CRISPR	target	sites	was	analyzed	for	all	transcripts	of	ctrl,	VHL,	VP,	and	VPS	organoids	using	the	IGV	
genome	viewer.	Dashed	boxes	highlight	the	targeted	cut	site.	Five	exemplary	transcripts	are	shown	per	organoid	condition.	
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2.5	Hypoxia	in	gene-edited	iPSC-derived	kidney	organoids	

The	 hypoxia	 pathway	 was	 the	 most	 expected	 pathway	 to	 be	 affected	 by	 VHL	 knockout.	

Moreover,	it	was	determined	by	GSEA	to	be	enriched	when	comparing	control	to	knockout	

organoids.	 Organoids	 were	 therefore	 cultivated	 under	 hypoxic	 conditions	 after	 48	 h	

doxycycline	induction	on	day	13	and	analyzed	on	day	25	of	cultivation.	Control,	VHL,	VP,	and	

VPS	organoids	 displayed	no	 apparent	morphological	 differences	 in	 growth	 (Fig.	 31a).	 RFP+	

cells	 within	 organoids	 appeared	 to	 lose	 their	 signal	 more	 quickly	 or	 were	 reduced	 in	

numbers	 more	 strongly	 than	 in	 normoxic	 conditions	 (Fig.	 31a).	 All	 four	 organoid	 lines	

showed	 an	 increased	 amount	 of	 cellular	 debris	 and	 cell	 death,	 visible	 by	 FACS:	 Under	

hypoxic	 conditions,	 fewer	 cells	 fell	 in	 the	 healthy	 FSC-SSC	 gates	 and	 more	 cells	 stained	

positive	for	cell	death	marker	DAPI	(Fig.	31b,	c).	Transmission	electron	microscopy	revealed	

glycogen	 accumulations	 (asterisk)	 as	 a	 result	 of	 hypoxic	 conditions,	 as	well	 as	 autophagic	

events	 (a),	 and	 increased	 levels	 of	 apoptosis	 (arrow)	 (Fig.	 31d).	 HE	 staining	 revealed	 no	

apparent	differences	between	control,	VHL,	and	VPS	organoids	in	normoxia	versus	hypoxia	

(Fig.	31e,	top	 images).	Moreover,	stainings	for	CA9	and	CD10,	both	markers	 for	ccRCC	and	

normally	 induced	 by	 hypoxia,	were	 not	 increased	when	 comparing	 normoxic	 and	 hypoxic	

conditions.	Small	nests	of	CA9	positive	cells	were	found	very	rarely	within	each	organoid	and	

were	not	found	to	be	enriched	by	hypoxia	or	by	knockout	status	(Fig.	31e,	bottom	images).	

Outgrowths	 of	 possibly	 transformed	 cells	 with	 a	 growth	 advantage	 that	 would	 have	

overcome	hypoxic	 stress	were	neither	observed	by	HE	staining	nor	by	TEM.	 In	general,	all	

organoids	 suffered	 from	 hypoxic	 conditions,	 but	 potential	 gene	 knockouts	 provided	 no	

advantage. 
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Figure	31:	Organoids	were	placed	under	hypoxic	conditions	
(a)	Organoids	were	treated	with	doxycycline	for	48	h	at	day	13	of	cultivation	and	then	placed	under	3%	pO2	until	day	25.	
Bright-field	microscopy	revealed	no	apparent	differences	between	ctrl,	VHL,	VP,	and	VPS	organoids.	The	RFP	signal	quickly	
decreased	over	 time	 in	 all	 samples.	 (b)	 FACS	 revealed	 increased	 cellular	debris	 and	apoptosis	 in	organoids	placed	under	
hypoxia,	based	on	FSC-SSC	gating	and	DAPI	staining.	(c)	Quantification	of	FACS	data.	(d)	Transmission	electron	microscopy	
revealed	 glycogen	 accumulation	 (asterisk),	 autophagic	 events	 (a),	 and	 increased	 apoptosis	 (arrow)	 in	 hypoxic	 organoids.	
Scale	bars,	10	µm.	 (e)	HE	staining	as	well	as	 immunofluorescence	staining	of	CA9	 (green)	and	CD10	 (red)	 revealed	single	
CA9+CD10+	nests.	No	apparent	effect	of	the	mutation	status	under	hypoxic	conditions	was	observed.	Scale	bar	of	HE,	500	
µm;	scale	bar	of	IF,	100	µm. 
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To	determine	the	effects	of	hypoxic	conditions	on	gene	expression,	organoids	were	treated	

with	doxycycline	at	day	13	for	48	h	and	then	placed	under	hypoxic	conditions	at	day	15	or	

cultivated	at	normoxia	for	comparison.	PDOs	were	cultivated	for	25	days,	before	RFP+	cells	

were	 FAC-sorted	 and	 RNA	 was	 isolated.	When	 comparing	 RFP-	 cells	 under	 normoxic	 and	

hypoxic	 conditions,	 hypoxia	 resulted	 in	 the	 upregulation	 of	 LDHA	 in	 ctrl,	 VHL,	 and	 VP	 KO	

cells.	 SLC2A1	was	 upregulated	 in	 VHL,	 VP,	 and	 VPS	 KO	 cells.	 CA9	was	 upregulated	 in	 ctrl,	

VHL,	and	VPS	KO	cells	(Fig.	32a).	When	comparing	RFP+	organoid	cells,	hypoxic	conditions	led	

to	the	upregulation	of	LDHA	in	ctrl,	VHL,	and	VPS	KO	cells.	SLC2A1	was	upregulated	in	VPS	

KO	cells.	CA9	was	upregulated	 in	ctrl	 cells	under	hypoxia	compared	to	normoxia,	but	VHL,	

VP,	and	VPS	KO	cells	remained	unchanged	(Fig.	32b).		

	
Figure	32:	Gene	expression	analysis	of	organoids	under	hypoxic	conditions	
(a)	 RFP-	 cells	 were	 FAC-sorted	 from	 organoids	 at	 day	 25	 after	 48	 h	 doxycycline	 induction	 at	 day	 13.	 Organoids	 were	
cultivated	in	normoxia	or	in	3%	pO2	hypoxic	conditions.	RT-qPCR	was	performed	and	expression	of	CA9,	LDHA,	and	SLC2A1	
was	 normalized	 to	 normoxic	 RFP-	 sample	 controls.	 (b)	 RFP+	 cells	 were	 FAC-sorted	 from	 organoids	 at	 day	 25	 after	 48	 h	
doxycycline	 induction	 at	 day	 13.	 Organoids	were	 cultivated	 in	 normoxia	 or	 in	 3%	 pO2	 hypoxic	 conditions.	 RT-qPCR	was	
performed	and	expression	of	CA9,	LDHA,	and	SLC2A1	was	normalized	to	normoxic	RFP+	sample	controls. 
	
In	summary,	cultivating	organoids	 in	hypoxic	conditions	did	not	 result	 in	significant	effects	

based	 on	mutation	 background.	 Generally,	 organoid	 cells	 underwent	 increased	 apoptosis,	

necrosis,	and	autophagy,	resulting	in	deregulated	gene	signaling.	
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Discussion	

	

In	my	PhD	study,	 I	worked	on	two	closely	related	projects.	The	first	project	comprised	the	

detailed	characterization	of	patient-derived	ccRCC	organoid	cultures	and	the	comprehensive	

analysis	of	WNT	and	NOTCH	pathway	involvement	as	well	as	their	potential	as	therapeutic	

targets	 for	 ccRCC	 patients.	 The	 second	 project	 aimed	 to	 recapitulate	 the	 genetic	 data	 of	

ccRCC	 on	 iPSC-derived	 kidney	 organoids	 by	 consecutively	 knocking	 out	 three	 commonly	

mutated	tumor	suppressor	genes	-	VHL,	PBRM1,	and	SETD2	-	using	an	inducible	CRISPR-Cas9	

system. 

	

1.	Patient-derived	organoids	react	on	WNT	and	NOTCH	inhibition	

Organoid	 protocols	 from	human	 adult	 stem	 cells	 have	been	well	 established	 from	 several	

human	organs,	 including	 colon,	breast,	 and	pancreas56.	Many	protocols	 initially	developed	

for	 the	 cultivation	 of	 these	 organoids	 have	 been	 successfully	 adapted	 to	 primary	 cancer	

stem	cells	 from	several	organs,	 including	prostate,	 colorectal,	 and	pancreatic	 cancer53,74,78.	

However,	before	our	culture	system48,	no	sufficiently	well-characterized	organoid	model	had	

been	 established	 for	 ccRCC,	 the	 most	 common	 form	 of	 kidney	 cancer.	 Previous	 reports	

either	 focused	 on	 pediatric	 kidney	 tumors,	 such	 as	 Wilms’	 tumor,	 or	 showed	 reduced	

organoid	formation	efficiencies	and	lacked	long-term	growth	potential104,105.	During	my	PhD	

project,	 I	 characterized	 ccRCC	 organoids	 established	 in	 our	 lab	 in	 unprecedented	 detail,	

comparing	the	cultures	closely	to	primary	tumors.	Moreover,	 I	analyzed	the	 importance	of	

WNT	and	NOTCH	in	organoid	cultures	and	their	potential	as	novel	therapeutic	targets.	

 

1.1	Organoids	recapitulate	ccRCC	tumor	tissue	

In	our	group,	CXCR4+MET+CD44+	CSCs	were	 identified,	which	correlated	quantitatively	with	

tumor	aggressiveness	and	stage,	as	well	as	metastasis48.	Transcriptional	profiling	and	single	

cell	sequencing	revealed	that	these	CSCs	exhibit	activation	of	WNT	and	NOTCH	signaling48.	I	

confirmed	 the	 presence	 of	 CXCR4+MET+CD44+	 CSCs	 within	 organoids	 and	 tumors	 using	

fluorescence	microscopy	as	well	as	flow	cytometry.	Organoid	cultures	were	directly	derived	

from	CSCs	and	contained	comparable	proportions	of	CSCs	in	relation	to	the	primary	tumor	

tissue.	This	suggests	that	CSCs	within	organoids	differentiate	into	other	tumor	cells,	thereby	

closely	 mimicking	 these	 processes	 in	 primary	 tumors.	 It	 is	 well	 established	 that	 tumors	
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consist	of	a	multitude	of	cell	types	with	varying	differentiation	states,	contributing	to	intra-

tumor	 heterogeneity35.	 When	 compared	 to	 organoids,	 non-adherent	 sphere	 cultures,	

established	 from	 the	 same	 tumors,	 were	 enriched	 for	 CXCR4+MET+CD44+	 CSCs48.	 Sphere	

culture	 conditions	 therefore	 enhanced	 self-renewal	 of	 stem	 cells	 rather	 than	 enabling	

differentiation	while	maintaining	the	physiological	conservation	of	stem-cell	activity.		

While	 CSC-enriching	 spheres	 aggregated	 mostly	 into	 solid	 structures,	 our	 organoids	

presented	 three	 different	 morphologies:	 cystic,	 filled,	 and	 tubular.	 In	 organoid	 cultures	

generated	 from	 freshly	 prepared	 single	 cell	 suspensions,	 multiple	 morphologies	 could	 be	

observed,	providing	additional	evidence	for	preserved	patient-specific	inter-	and	intra-tumor	

heterogeneity	as	observed	for	breast	and	ovarian	tumors106,107.		

Besides	 CSC	 conservation,	 I	 examined	how	well	 organoid	 cultures	 recapitulated	 additional	

tumor	 characteristics	 in	 vivo.	 The	 complexity	 of	 organoids	 as	 multicellular	 models	 was	

observed,	 as	 cells	 within	 organoids	 developed	 close	 cell-cell	 contacts,	 including	 tight	

junctions,	and	long	stretches	of	macula	and	zonula	adherens.	Many	structures	found	within	

these	 tumor-derived	 organoids	 have	 also	 been	 described	 for	 kidney	 proximal	 tubules	 in	

vivo108.	Organoids	developed	a	lumen	with	characteristic	brush	borders.	Lipid-droplets	giving	

ccRCC	 its	 characteristic	 name109	 and	 glycogen	 deposits,	 also	 typical	 for	 ccRCC110,	 were	

observed	within	the	organoids	as	well.	PAS	staining	verified	these	glycogen	accumulations,	

and	fluorescence	microscopy	confirmed	proximal	tubule	origin	by	positive	LTL	staining.	The	

staining	 was	 generally	 observed	 diffusely	 across	 organoids,	 although	 in	 rare	 cases	 it	 was	

localized	more	 towards	 the	apical	 side,	 correlating	with	brush	border	 formation.	Organoid	

cultures	resembled	primary	tissues	in	their	proliferation,	as	seen	by	Ki-67	staining,	as	well	as	

cancer	cell	 identity,	presented	by	expression	of	 the	common	ccRCC	marker	CA9.	Recently,	

VCAM1+	 cells	 have	 been	 suggested	 to	 be	 the	 cell-of-origin	 for	 ccRCC88.	 Our	

CXCR4+MET+CD44+	cancer	stem	cell	population	appeared	to	be	a	subpopulation	of	VCAM1+	

cells,	 as	 CXCR4+MET+CD44+	 cells	were	 positive	 for	 VCAM1,	 but	 not	 all	 VCAM1+	 cells	were	

positive	for	CXCR4,	MET,	and	CD44.	This	was	observed	both	in	primary	tumor	tissues	and	in	

organoids,	and	 it	would	mean	that	VCAM1	 is	not	as	specific	as	CXCR4,	MET,	and	CD44	 for	

marking	cancer	stem	cells.	
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1.2	 Organoids	 provide	 crucial	 information	 on	 WNT	 and	 NOTCH	 as	 possible	 ccRCC	

therapeutics	

A	 crucial	 obstacle	 to	 the	 development	 of	 effective	 cancer	 treatments	 has	 been	 the	

discrepancy	 between	 preclinical	 models	 and	 patient	 tumors.	 Organoids	 derived	 from	

primary	 tumors	 and	 metastases	 have	 become	 important	 tools	 in	 the	 investigation	 and	

treatment	of	a	range	of	cancers56.	Current	treatments	of	ccRCC	include	several	combinations	

of	 anti-angiogenic	 drugs,	 mTOR	 inhibitors,	 and	 immunotherapeutic	 agents	 that	 have	

considerably	 improved	 patient	 survival111.	 Unfortunately,	 tumor	 relapse	 is	 nearly	 always	

observed	 within	 3	 years112.	 CSCs	 play	 a	 central	 role	 in	 therapy	 resistance	 of	 tumors113,	

providing	a	rationale	that	inhibition	of	CSC-specific	signaling	pathways	may	improve	primary	

therapy	 response	 and	 prevent	 resistance.	 Currently,	 a	 number	 of	 therapeutic	 strategies	

targeting	CSC-associated	surface	biomarkers,	CSC-associated	signaling	pathways,	or	the	CSC	

microenvironment	 are	 in	 clinical	 trials	 for	 several	malignancies114.	 Examples	 include	 small	

molecule	 inhibitors	 targeting	 CSC-associated	 surface	 biomarkers	 such	 as	 monoclonal	

antibodies	 in	 the	 treatment	of	 leukemia115	or	hormone-resistant	prostate	 cancer116.	Other	

approaches	 target	hedgehog	 signaling	 in	basal	 cell	 carcinoma117	or	Notch	 signaling	 in	 lung	

cancer118,	for	example. To	develop	CSC-targeting	therapies	for	ccRCC,	it	 is	important	that	a	

preclinical	 model	 incorporates	 CSCs	 and	 recapitulates	 tumor	 complexity,	 which	 is	 why	

organoids	present	a	promising	preclinical	model.		

We	discovered	that	WNT	and	NOTCH	signaling	plays	an	important	role	in	CSC	maintenance	

and	might	represent	a	weakness	that	could	be	therapeutically	exploited	to	improve	patient	

outcomes.	 When	 treating	 cancer	 spheres	 with	 WNT	 and	 NOTCH	 inhibitors,	 significant	

growth	 reduction	was	 observed	with	 either	 target48.	WNT	 inhibition	 of	 organoids	 showed	

strong	 effects	 at	 multiple	 stages	 of	 the	 pathway.	 NOTCH	 inhibition	 by	 DAPT	 was	 more	

moderate,	 but	 when	 DAPT-treated	 organoids	 were	 re-seeded	 and	 re-treated	 with	 DAPT,	

their	 growth	 was	 strongly	 impaired.	 NOTCH	 therefore	 may	 play	 a	 key	 role	 in	 stem	 cell	

maintenance,	rather	than	differentiation.	

WNT	and	NOTCH	have	been	shown	to	be	important	in	other	cancers	and	CSCs	as	well.	WNT	

signaling	plays	an	essential	 role	 in	breast	CSCs119,	prostate	CSCs120,	 and	colorectal	CSCs121.	

NOTCH	signaling	has	been	associated	with	breast	CSC	activity122,123,	as	well	as	gastric	CSCs124,	

for	 example.	 Clinical	 trials	 for	WNT	 and	NOTCH	 pathway	 inhibitors	 are	 currently	 ongoing.	

NOTCH	 pathway	 inhibition	 includes	 NOTCH	 receptor	 or	 ligand	 antibodies,	 γ-secretase	



Discussion	
	

	 52	

inhibitors,	 and	 combination	 therapies	 with	 other	 pathway	 inhibitors96.	 WNT	 pathway	

inhibitors	are	in	preclinical	and	clinical	trials	for	colon,	breast,	or	pancreatic	cancers,	among	

others125.	

	

Taken	together,	my	data	and	those	of	my	colleagues	showed	that	organoids	provided	crucial	

insights	 on	 the	 importance	 of	 WNT	 and	 NOTCH	 in	 ccRCC	 development,	 cancer	 cell	

proliferation,	 and	 signaling	 activity	 within	 cancer	 cells,	 as	 well	 as	 CSC	 requirements,	

presenting	 promising	 therapeutic	 targets	 also	 in	 ccRCC	 treatment	 that	might	 advance	 the	

fight	 against	 kidney	 cancer.	 Beyond	 their	 value	 in	 translational	 research,	 our	 organoids	

represent	a	potent	 in	vitro	model	 that	can	be	used	to	test	patient-specific	effects	of	novel	

therapeutics,	 alone	 or	 in	 combination	 with	 other	 preclinical	 models.	 Our	 data	 in	 patient-

derived	xenografts	 confirmed	 that	PDO	can	predict	 response	of	 xenografts	 from	 the	 same	

patient48.	PDOs	may	be	useful	tools	for	therapy	decision	making	by	testing	a	range	of	drugs	

in	patient-specific	organoid	cultures	prior	 to	commencement	of	 treatment.	Thereby,	 these	

tumor-derived	 patient-specific	 organoids	 represent	 a	 preclinical	 model	 that	 critically	

advances	personalized	medicine48,87.			

	

2.	 A	 novel	 in	 vitro	 model	 of	 iPSC-derived	 organoids	 and	 inducible	 CRISPR-Cas9	

knockouts	

While	PDOs	 represent	an	 important	preclinical	model	 for	precision	oncology,	 they	provide	

only	a	 snapshot	of	a	 full-blown	malignant	 tumor	and	cannot	be	utilized	 to	 study	 the	early	

steps	of	 tumorigenesis.	 In	 the	 second	part	 of	my	PhD	project,	 I	 combined	 state-of-the-art	

techniques	 to	model	 sporadic	ccRCC	using	an	 inducible	CRISPR-Cas9	system	to	 target	VHL,	

PBRM1,	and	SETD2	in	iPSC-derived	kidney	organoids.		

The	 five	 overarching	 insights	 of	 this	 project	 were:	 (1)	 Organoids	 at	 day	 25	 have	 formed	

proximal	tubules,	the	cell-of-origin	of	ccRCC.	(2)	Sorting	RFP+	organoid	cells	at	day	25	yielded	

a	 low	enough	number	of	 cells	 to	possibly	promote	clonal	expansion.	 (3)	VHL,	VP,	and	VPS	

knockouts	upregulated	hypoxia-inducible	 signaling,	but	did	not	provide	observable	growth	

advantages.	(4)	Bulk	RNA	sequencing	revealed	discrepancies	due	to	knockout	efficiency	that	

question	 the	 robustness	 of	 the	 model.	 (5)	 Hypoxia	 predominantly	 resulted	 in	 cell	 death,	

independent	of	knockout	condition.	
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2.1	Organoids	at	day	25	have	formed	proximal	tubules,	the	cell-of-origin	of	ccRCC	

For	 nephronal	 cells	 to	 transform,	 nephronal	 structures	 first	 had	 to	 be	 formed,	 and	 as	 the	

proximal	 tubule	 has	 been	 reported	 as	 the	 cell-of-origin	 for	 ccRCC88,	 tubular	 cells	 were	 of	

highest	 interest	 to	 my	 project. I	 adapted	 the	 protocol	 to	 differentiate	 iPSCs	 into	 kidney	

organoids	 containing	 multiple	 cell	 lineages	 and	 complete	 nephrons,	 first	 established	 by	

Takasato	 et	 al.67.	 In	 contrast	 to	 the	 original	 protocol,	 before	 the	 liquid-air-interphase	

cultivation	on	 transwell	membranes,	organoids	were	directly	 injected	 into	Matrigel	 lenses,	

which	 provided	 an	 additional	 scaffold	 supporting	 organoid	 branching	 and	 morphological	

complexity.	iPSCs	differentiated	into	kidney	precursor	lineages	and	then	multiple	kidney	cell	

types.	Gene	expression	analysis	confirmed	the	formation	of	early	nephronal	structures	after	

11	days.	Expression	of	early	nephron	markers	either	peaked	at	around	day	10	or	increased	

continuously	to	day	18,	indicating	that	most	cells	in	the	organoid	are	not	fully	differentiated	

and	represent	an	early	stage	in	nephron	development.	This	is	in	line	with	previous	reports	of	

immaturity	 observed	 within	 organoid	 cultures	 by	 single	 cell	 RNA	 sequencing,	 revealing	 a	

congruence	between	kidney	organoids	and	human	fetal	kidneys69.	As	ccRCC	in	vivo	forms	in	

mature,	adult	proximal	tubules,	from	the	start	of	this	project	I	viewed	the	fetal	maturation	

state	 as	 a	 possible	 hindrance	 to	 this	 organoid	 model.	 However,	 further	 maturation	 and	

differentiation	 into	more	complex	kidney-specific	 lineages	could	also	be	confirmed	at	days	

18	 and	 25,	 including	 distal	 tubules,	 glomeruli,	 stromal	 cells,	 collecting	 duct	 cells,	 and	

proximal	 tubules.	 In	 fact,	 further	 analysis	 of	 organoids	 confirmed	 distinct	 physiological	

differentiation:	 Endothelial	 cells	 invaded	 glomerular	 structures.	 Laminin	 networks	 formed	

between	 cells.	Nephrons	 showed	 correct	 spatial	 orientation.	 The	 vast	 amount	of	 proximal	

and	distal	tubules,	as	well	as	glomeruli	could	be	observed	in	a	large	tilescan	across	the	entire	

whole-mount	 stained	 organoid,	 and	 TEM	 further	 underlined	 the	 complexity	 of	 organoids.	

Therefore,	 although	 iPSC-derived	 kidney	 organoids	 as	 a	 whole	 represented	 a	 more	 fetal	

stage	 of	 the	 kidney,	 many	 nephronal	 structures	 appeared	 to	 have	 matured	 enough	 for	

possible	 cellular	 transformation	 and	 ccRCC	 development	 to	 occur.	 Alternatively,	 renal	

proximal	 tubular	 epithelial	 cell	 lines	 (RPTECs)	 were	 considered	 to	model	 the	 knockout	 of	

VHL,	PBRM1,	and	SETD2.	However,	RPTECs	commonly	allow	for	cultivation	times	below	25	

days	 and	 do	 not	mimic	 the	 functionality	 and	maturity	 of	 proximal	 tubules	 in	 a	 complete	

nephron,	as	kidney-organoid	derived	proximal	tubules	do126,127. 
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2.2	Sorting	RFP+	organoid	cells	at	day	25	yielded	a	low	enough	number	of	cells	to	possibly	

promote	clonal	expansion	

iPSC-derived	kidney	organoids	have	previously	been	combined	with	CRISPR-Cas9	 to	model	

several	nephropathies,	including	polycystic	kidney	disease128.	Here,	cyst	formation	caused	by	

PKD1	 and	 PKD2	 knockout	 was	 compared	 to	 healthy	 functioning	 kidney	 nephrons	 in	

organoids.	 Many	 approaches	 combining	 gene	 editing	 and	 iPSC-derived	 organoids	 have	

investigated	 how	 the	 development	 of	 the	 kidney	 organoids	 is	 affected	 after	 the	 genetic	

alteration	 is	 already	 introduced	 at	 the	 iPSC-stage.	 This	 investigative	 strategy	 has	 been	

successfully	used	to	determine	the	role	of	PODXL,	PC1,	or	cAMP	in	disease	development128–

130.	

In	 ccRCC,	 aside	 from	 the	VHL	 syndrome,	 in	which	VHL	 is	monoallelically	mutated	at	birth,	

most	 tumors	 arise	 by	 the	 loss	 of	 chromosome	 3p,	 followed	 by	 additional,	 sequential	

mutations	 in	single	genes,	 including	VHL,	PBRM1,	and	SETD2131,132.	 In	an	attempt	to	model	

sporadic	ccRCC,	many	groups	 inactivated	VHL	alone	or	 in	combination	with	other	genes	 in	

mouse	embryonic	kidneys	using	non-inducible	Cre	systems,	which	were	unsuccessful	as	they	

resulted	 only	 in	 cystic	 lesions133,134.	 By	 instead	 using	 inducible	 Cre	 systems	 that	 were	

activated	 in	 adult	 kidney	 epithelial	 cells,	 scientists	 succeeded	 in	 creating	 relevant	 mouse	

models,	 which	 reproduced	 several	 hallmarks	 of	 sporadic	 ccRCC135–137.	 Moreover,	 VHL,	

PBRM1,	 and	 SETD2	 knockouts	 all	 individually	 led	 to	 embryonic	 lethality	 and	 are	 therefore	

not	found	as	hereditary	loss-of-function	mutations138–140.	During	this	PhD	project,	I	aimed	to	

produce	 an	 in	 vitro	 model	 of	 sporadic	 ccRCC,	 rather	 than	 modeling	 VHL	 syndrome.	

Therefore,	to	study	the	effect	of	the	VHL,	PBRM1,	and	SETD2	loss-of-function	mutations	on	

kidney	cells,	 just	 like	 in	vivo,	 the	knockout	 induction	would	have	to	occur	 in	matured	cells,	

rather	than	in	iPSCs	before	differentiation.	A	challenge	in	the	design	of	the	CRISPR	strategy	

was	to	ensure	the	simultaneous	knockout	with	all	three	guide	RNAs.	Thus,	instead	of	using	

three	 individual	 vectors,	 I	 used	Golden	Gate	 assembly	 to	 generate	 complex	 constructs	 for	

triple	and	double	knockout	vectors.		

Delivery	 of	 sgRNA	 does	 not	 equate	 efficient	 knockout.	 Therefore,	 I	 monitored	 knockout	

efficiency	 in	HEK293T	cells	and	 iPSCs	by	RT-qPCR,	Surveyor	assay,	Western	Blot	and	FACS.	

The	 knockout	 efficiency	 of	 VHL,	 PBRM1,	 and	 SETD2	 appeared	 to	 be	 rather	 low,	 although	

Surveyor	assay	and	WB	are	more	qualitative	than	quantitative	assays.	FACS	analysis	of	VHL,	

PBRM1,	 and	 SETD2	 directly	 was	 not	 possible	 due	 to	 a	 lack	 of	 appropriate	 and	 specific	



Discussion	
	

	 55	

antibodies.	 To	 obtain	 more	 quantifiable	 data	 on	 double	 and	 triple	 knockout	 efficiency,	 a	

construct	 was	 designed	 targeting	 endogenous	 CD81	 and	 RFP.	 As	 expected,	 CD81	

downregulation	could	be	observed	after	one	 round	of	 induction.	Targeting	RFP	 required	a	

more	 intricate	strategy:	When	doxycycline	 induction	was	 first	performed,	 the	bidirectional	

promoter	was	activated	and	RFP	and	Cas9	were	expressed.	Cas9	would	 then	be	guided	 to	

the	RFP	gene	by	the	transiently	expressed	guide	RNA	and	make	an	incision.	At	this	point,	the	

RFP	protein	was	already	expressed,	and	a	genetic	downregulation	would	 therefore	not	be	

observed	 by	 FACS.	 However,	 after	 sorting	 RFP+	 cells,	 these	 cells	 would	 contain	 an	 edited	

copy	of	the	RFP	gene	and	would	be	unable	to	express	functioning	RFP	again.	Therefore,	cells	

were	sorted	and	re-seeded,	and	after	the	RFP	signal	of	the	first	 induction	diminished,	Cas9	

expression	was	 re-induced	by	doxycycline.	This	 time,	many	cells	 contained	a	dysfunctional	

RFP	gene,	 and	 the	decrease	 in	RFP	 signal	 could	be	directly	quantified	and	 correlated	with	

knockout	efficiency.	The	endogenous	CD81	gene	required	biallelic	inactivation,	while	the	RFP	

gene	was	only	monoallelically	inserted	into	the	iPSC	genome,	thereby	requiring	inactivation	

of	 only	 one	 gene.	 Therefore,	 a	 21%	 reduction	 of	 CD81+	 cells	 directly	 correlates	with	 41%	

reduction	of	RFP+	cells.	VHL,	PBRM1,	and	SETD2	all	require	biallelic	inactivation,	which	based	

on	CD81	knockout	should	each	be	inactivated	with	approximately	21%	efficiency.	At	day	25	

of	cultivation,	approximately	3-4%	of	all	 the	cells	within	an	organoid	were	viable	and	RFP-

positive	and	could	thereby	contain	a	gene	knockout.	For	my	model	of	sporadic	ccRCC,	I	did	

not	aim	for	a	high	number	of	knockout	cells	within	each	organoid.	Instead,	I	aimed	to	induce	

a	knockout	in	a	low	number	of	cells	and	expected	a	malignant	clone	to	expand,	as	described	

by	 the	 clonal	 theory	 of	 cancer	 development141.	 In	 order	 to	 model	 other	 diseases	 with	

inducible	 knockout	 systems	 in	 iPSC-derived	 kidney	organoids,	 a	 higher	 efficiency	might	be	

required.	One	possible	way	to	increase	the	efficiency	could	be	to	induce	the	gene	knockout	

at	the	iPSC	stage	and	select	for	cells	that	have	a	monoallelic	inactivation	of	the	genes.	In	this	

case,	the	second	gene	copy	would	preserve	gene	function.	Once	a	clone	with	all	monoallelic	

knockouts	 was	 selected,	 it	 could	 be	 propagated	 and	 then	 differentiated	 into	 functioning	

kidney	 organoids.	 The	 second	 induction	 aiming	 at	 a	 complete	 loss-of-function	 mutation	

would	certainly	 increase	knockout	efficiency,	as	only	a	single	gene	copy	would	need	to	be	

deleted.	For	a	triple	knockout	therefore	only	three	cuts	would	have	to	be	successful,	instead	

of	six.	
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2.3	 VHL,	 VP,	 and	 VPS	 knockouts	 upregulated	 hypoxia-inducible	 signaling,	 but	 did	 not	

provide	observable	growth	advantages	

I	chose	to	induce	the	gene	knockouts	after	13	days	of	cultivation,	because	proximal	tubules	

have	 formed	 by	 then,	 while	 simultaneously	 the	 amount	 of	 time	 provided	 for	 cell	

transformation	 could	be	maximized,	 allowing	 for	possible	 longer-term	effects	 to	 set	 in.	At	

first,	 organoids	 were	 harvested	 after	 18	 days	 of	 cultivation,	 five	 days	 after	 the	 knockout	

induction.	I	analyzed	the	expression	of	a	larger	panel	of	hypoxia-inducible	genes	as	a	read-

out	for	the	enrichment	of	VHL	KO	cells	within	organoids,	showing	significant	upregulation	in	

only	few	genes.	Prolonging	the	cultivation	time	to	25	days	significantly	enhanced	the	effects	

of	 VHL,	 VP,	 and	 VPS	 knockouts,	 creating	 the	 rationale	 to	 cultivate	 even	 beyond	 day	 25.	

However,	 at	day	25	apoptosis	was	already	observed	 towards	 the	bottom	of	 the	organoid,	

likely	 due	 to	 aggravated	 oxygen	 transport	 and	 hypoxic	 events	 setting	 in.	When	 organoids	

were	cultivated	beyond	day	25,	bright-field	microscopy	revealed	even	more	cell	death	and	

necrosis.	This	 issue	 limited	 the	 cultivation	 and	 observation	 time	 to	 25	 days	 of	 cultivation,	

making	 longer	 cultivation	 unsuitable.	 Whereas	 other	 organoid	 culture	 types	 can	 be	

cultivated	 for	 multiple	 months,	 including	 cerebral	 organoids57	 or	 many	 types	 of	 tumor-

derived	organoids142,	complex	kidney	organoids,	established	from	different	protocols,	have	

been	strongly	limited	in	their	possible	cultivation	time67,72.	It	is	therefore	possible	that	VHL,	

VP,	 and	 VPS	 knockouts	 provide	 a	 growth	 advantage	 and	 cellular	 transformation,	 which	

would	only	be	seen	after	a	longer	period	of	time	than	possible	in	this	system.	

FACS	 also	 showed	 that	 whole	 organoids	 at	 day	 25	 contained	 many	 cells	 that	 were	 not	

induced.	 Therefore,	 to	 further	 focus	 the	 analysis	 of	 knockout-induced	 effects,	 organoids	

were	dissociated	after	25	days	of	cultivation	and	DAPI-RFP+	cells	were	FAC-sorted.	RFP+	cell	

selection	significantly	upregulated	 the	expression	of	CA9	and	SLC2A1	 in	all	 three	knockout	

conditions	 and	 LDHA	 in	 VHL	 knockout	 cells,	 genes	 whose	 expression	 could	 already	 be	

increased	by	25	days	of	cultivation.		

FACS	 revealed	 that	 6.1%	 of	 viable	 day	 25	 kidney	 organoid	 cells	 were	 RFP+	 after	 48	 h	

doxycycline	induction	at	day	13,	compared	to	92.1%	monolayer	iPSCs.	This	difference	can	be	

attributed	 to	multiple	 reasons:	 (1)	 iPSCs	were	analyzed	48	h	after	 induction,	organoids	12	

days	 later,	 when	 the	 RFP	 signal	 has	 decreased	 in	 some	 cells.	 (2)	 Doxycycline	 diffusion	

throughout	the	organoid	is	lower	than	in	monolayer	cultures	due	to	the	complex	structures	

and	 liquid-air-interface	 cultivation.	 (3)	 When	 RFP+	 cells	 divide,	 they	 do	 not	 pass	 on	 RFP	
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expression	to	their	daughter	cells,	resulting	in	a	diluting	effect	of	the	RFP+	cell	population.	To	

circumvent	 this,	 a	better	 cell	 selection	 strategy	 could	 significantly	 improve	 the	model,	but	

would	 involve	 long	 and	 cost-intensive	 experiments.	 One	 approach	 could	 be	 to	 use	 a	

doxycycline-inducible	Cre-lox	system,	in	which	a	gene	deletion	would	lead	to	the	formation	

of	 a	 fluorophore,	 which	 could	 then	 be	 used	 to	 sort	 cells143.	 In	 this	 approach,	 a	 cell	 that	

expresses	the	fluorophore	would	contain	the	gene	knockout	with	certainty.	However,	using	

Cre/LoxP	 in	 iPSCs	 has	 proven	 to	 be	 very	 difficult	 due	 to	 their	 much	 lower	 efficiency	 of	

homologous	recombination144,145.	A	different	approach	could	involve	barcoding	guide	RNAs	

and	performing	single	cell	sequencing	after	differentiation146.	With	this	approach,	one	would	

be	able	to	distinguish	gene	edited	from	un-edited	cells,	but	this	way	would	not	allow	sorting	

of	edited	cells	for	other	downstream	assays.		

	

2.4	Bulk	RNA	sequencing	revealed	discrepancies	due	to	knockout	efficiency	that	question	

the	robustness	of	the	model	

As	only	 a	 selected	number	of	 genes	were	 analyzed	by	RT-qPCR,	 unbiased	 large-scale	RNA	

sequencing	 was	 required	 to	more	 completely	 determine	 the	 effects	 of	 VHL,	 VP,	 and	 VPS	

knockouts	on	kidney	organoids.	RNA-Seq	data	showed	a	clear	distinction	between	samples,	

which	could	be	determined	by	PCA,	dendrogram	clustering,	and	heat	mapping.	Comparing	

RNA-Seq	 data	 to	 RT-qPCR	 data	 previously	 obtained,	 revealed	 distinct	 discrepancies	 in	

hypoxia	signaling	and	glycolysis	as	hypoxia	gene	sets	were	expected	to	decrease	upon	VHL	

knockout.	Moreover,	PBRM1	has	been	shown	to	amplify	the	HIF-response	in	VHL-/-	ccRCC147.	

Although	 the	SETD2	knockout	also	 led	 to	decreased	hypoxia	 gene	 signaling,	 it	 additionally	

resulted	in	increased	expression	of	E2F	and	MYC	target	genes,	as	well	as	MTORC1	signaling.	

E2F	 target	 genes	 as	 well	 as	 MYC	 target	 genes	 include	 genes	 involved	 in	 DNA	 and	

chromosomal	 replication.	 Enrichment	 in	 E2F	 targets	 has	 in	 fact	 previously	 been	 described	

after	 SETD2	 knockdown	 in	 primary	 tubular	 epithelial	 cells148.	 In	 this	 study,	 the	 loss	 of	

functional	 SETD2	 inhibited	 senescence,	 possibly	 resulting	 in	 the	 accumulation	 of	 DNA	

damage	 by	 prolonging	 proliferation	 and	 thereby	 contributing	 to	 the	 formation	 of	

ccRCC.	WNT	and	NOTCH	signaling,	which	was	increased	in	ccRCC	tumors	and	tumor-derived	

organoids,	 showed	 no	 significant	 increase	 in	 knockout	 organoids.	 This	 suggests	 that	 the	

complexity	and	maturity	 that	 tumors	develop	over	a	 long	 time	could	not	be	 recapitulated	
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well	 enough	 by	 this	 developmental	 model,	 limited	 by	 cultivation	 time	 and	 in	 vitro	

constraints.	

The	differences	observed	in	multiple	pathways	might	be	attributable	to	knockout	efficiency	

and	 selection	 of	 transformed	 cells.	 Analyzing	 the	 specific	 transcript	 sequences	 of	 each	

sample	showed	no	increased	number	of	indels,	or	mutations	in	transcripts	of	VHL,	VP,	or	VPS	

organoids.	There	could	be	two	possible	explanations:	Either	the	knockout	efficiency	was	too	

low,	or	edited	transcripts	were	destroyed	by	nonsense-mediated	decay	and	do	not	show	up	

in	transcript	data.	In	case	edited	transcripts	were	destroyed,	genes	could	be	homozygously	

and	 thereby	 fully	 knocked	 out,	 or	 heterozygously	 deleted,	 which	 would	 maintain	 gene	

activity.	 A	 homozygous	 knockout	 however	 seems	 unlikely	 when	 examining	 the	 data,	

including	 absolute	 gene	 counts	 of	 VHL,	 PBRM1,	 and	 SETD2,	 more	 closely.	 Another	

explanation	 could	 be	 that,	 as	 organoid	 differentiation	 is	 a	 developmental	 process,	 any	

disturbance	within	 this	process	 (i.e.	doxycycline	 induction	at	day	13)	could	already	 lead	 to	

significant	alterations	within	these	processes,	as	described	by	Ahler	et	al.149.		

To	obtain	unbiased	expression	data	with	more	certainty	about	the	genetic	background	of	an	

individual	 cell,	 single	 cell	 RNA	 sequencing	 could	 be	 performed.	 Overall,	 although	 many	

differences	 between	 conditions	 were	 significant,	 most	 differences	 were	 below	 log2	 fold	

changes	of	1.	An	especially	modest	effect	could	be	observed	when	comparing	ctrl	and	VHL	

knockouts.	This	information,	together	with	limited	knockout	success,	could	also	explain	the	

discrepancies	between	RT-qPCR	and	bulk	sequencing	data.	

	

2.5	Hypoxia	predominantly	resulted	in	cell	death,	independent	of	knockout	condition	

To	examine	the	effects	of	VHL,	VP,	and	VPS	knockouts	 in	a	physiological	setting,	organoids	

were	placed	in	hypoxic	conditions	with	the	expectation	that	VHL,	VP,	and	VPS	knockout	cells	

might	 present	 a	 growth	 advantage.	 However,	 in	 vivo,	 mutations	 in	 hypoxia	 signaling	

pathways	 lead	 to	 increased	 angiogenesis,	 providing	 a	 tumor	 with	 increased	 oxygen	 and	

nutrient	 supply150.	 As	 these	 in	 vitro	 organoids	 are	 an	 artificial	 system,	 in	 which	 nutrient	

availability	 is	 upheld	 by	 medium	 exchanges	 instead	 of	 by	 blood	 stream,	 effects	 of	 VHL	

mutations	would	 not	 be	 as	 strong	 as	 in	 vivo.	 Generally,	 hypoxic	 conditions	 increased	 cell	

death	in	all	organoids,	independent	of	knockout	status,	and	neither	VHL	nor	VPS	knockouts	

led	to	an	observable	growth	advantage.	CA9	and	CD10	as	possible	markers	for	hypoxia	and	

ccRCC	development	were	very	scarcely	expressed	 in	single	nests	 throughout	ctrl,	VHL,	and	
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VPS	 organoids,	 and	 did	 not	 increase	 in	 hypoxic	 conditions	 in	 either	 sample,	 compared	 to	

normoxia.		

As	a	successful	knockout	of	VHL	should	lead	to	the	upregulation	of	hypoxia	target	genes,	it	

was	 expected	 that	 in	 sorted	 RFP+	 cells	 the	 upregulation	 of	 those	 genes	 would	 occur	

independently	of	normoxia	or	hypoxia,	while	in	control	cells	they	would	be	upregulated	only	

in	hypoxic	conditions.	In	contrast,	in	RFP-	cells	hypoxia	was	expected	to	upregulate	hypoxia	

target	gene	expression	in	all	samples	independent	of	knockout	condition.	However,	hypoxic	

conditions	 resulted	mainly	 in	 increased	 apoptosis	 and	 necrosis,	 independent	 of	 mutation	

status,	 which	 likely	 caused	 the	 deregulation	 of	 gene	 expression	 and	 would	 explain	 the	

discrepancy	in	the	expression	patterns.	

Taken	together,	these	data	suggest	that	a	growth	advantage	over	hypoxic	conditions	could	

not	be	achieved	 in	 this	 artificial	 in	 vitro	 environment	by	VHL,	PBRM1,	or	 SETD2	knockout.	

Although	 this	might	 be	 attributable	 to	 the	 limited	 time	 frame	 of	 observation,	 the	 culture	

conditions	 of	 organoids	 did	 not	 allow	 for	 possible	 long-term	 effects	 to	 appear	

morphologically	 and	 microscopically	 visible,	 as	 apoptotic	 and	 necrotic	 events	 within	 the	

organoids	increased	even	in	normoxia.		

	

In	summary,	although	this	bulk	RNA	sequencing	experiment	could	not	confirm	expectations	

on	VHL,	VP,	and	VPS	knockout,	it	was	apparent	from	RT-qPCR	data	that	this	complex	model	

is	able	to	recapitulate	some	signaling	pathways	that	are	 important	 for	ccRCC	development	

and	 maintenance.	 The	 organoids	 established	 in	 this	 PhD	 project	 were	 not	 able	 to	 fully	

recapitulate	the	complexity	and	maturity	of	an	in	vivo	tumor	in	vitro,	but	provided	important	

information	 on	 obstacles	 in	 modeling	 tumor	 development	 and	 understanding	 ccRCC	

tumorigenesis	 in	 great	 detail.	 They	 present	 a	 model,	 which	 could	 be	 extended	 to	 other	

mutational	profiles	and	diseases	in	the	future.	
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Material	and	Methods	

Preparation	of	patient	samples	

ccRCC	 tissue	 specimens	were	 collected	at	 the	Department	of	Urology,	Charité	 -	University	

Medicine,	Berlin.	The	project	was	approved	by	 the	Charité	ethics	committee	 (EA1/134/12)	

and	informed	consent	was	obtained	from	all	patients.	The	samples	were	processed	within	24	

h	after	surgery.	The	tumor	was	washed	multiple	times	with	PBS,	minced	into	small	pieces	of	

<	1	mm3	size	and	digested	enzymatically	in	2	mg/ml	Collagenase	P	solution	for	30-45	min	at	

37°C	before	it	was	filtered	through	cell	strainers	with	70	and	40	µm	pore	size.	Erythrocytes	

were	lysed	in	red	blood	cell	(RBC)	lysis	buffer	and	leukocytes	were	depleted	by	MACS	using	

anti-CD45	micro-beads	(Miltenyi	BioTec)	according	to	manufacturer’s	instructions.	

	

Patient-derived	3D	organoid	and	adherent	cultures	

For	organoid	cultivation,	primary	tumor	cell	suspensions	were	prepared	as	described	above	

and	seeded	at	15.000	cells	per	well	in	25	µl	growth	factor-reduced	Matrigel	(Corning)	drops	

(75%	Matrigel,	 25%	growth	medium)	 in	48-well	plates.	After	15-20	min	of	polymerization,	

Matrigel	 lenses	 were	 overlaid	 with	 250	 µl	 DMEM/F12	 supplemented	 with	 20	 ng/ml	 EGF	

(Peprotech),	 20	 ng/µl	 FGF	 (Thermo	 Fisher),	 4	 µg/µl	 heparin	 (Sigma-Aldrich),	 1x	 B27	

Supplement	 (Fisher	 Scientific),	 1x	 Penicillin/Streptomycin	 (Gibco),	 and	 1.25	 µg/ml	

Amphotericin	B	(PAA).	Medium	was	changed	every	second	day.	Passaging	of	organoids	was	

performed	every	7-14	days:	Matrigel	lenses	were	mechanically	broken	by	pipet	perturbation	

and	 organoids	 were	 collected.	 After	 centrifugation	 at	 300	 g	 for	 5	 min,	 organoids	 were	

dissociated	in	TrypLE	Select	(Fisher	Scientific)	for	5-10	min	at	RT	with	frequent	perturbation.	

Cell	 clusters	 were	 centrifuged	 at	 300	 g	 for	 5	 min	 and	 reseeded	 as	 described	 above	 in	 a	

typical	 split	 ratio	 of	 1:3.	 In	 the	 first	 passage,	 organoids	 were	 filtered	 using	 a	 40	 µm	 cell	

strainer	 before	 enzymatic	 dissociation	 to	 remove	 remaining	 single	 cells	 from	 the	 culture.	

Several	 downstream	 experiments	 required	 seeding	 of	 single-cell	 suspensions.	 For	 this,	

organoids	were	dissociated	 in	 TrypLE	 Select	 for	 30	min	 and	 reseeded	 as	 described	 above.	

Early	 passage	 organoids	 were	 frozen	 in	 Recovery	 Cell	 Culture	 Freezing	 Medium	 (Thermo	

Fisher)	according	to	manufacturer’s	recommendations	and	stored	in	liquid	N2	for	long-term	

storage.	 	During	 the	PhD,	 a	detailed	protocol	of	organoid	 cultivation	and	applications	was	

published	in	the	Nature	Protocol	Exchange	(see	Bauer	et	al.87).	
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Adherent	 cultures	 were	 cultivated	 in	 MEM	 in	 standard	 tissue	 cultures	 plates	 (Fisher	

Scientific)	with	Earle’s	salts	supplemented	with	10%	FCS	(Life	Technologies),	1x	non-essential	

amino	 acids	 (NEAA)	 (Thermo	 Fisher	 Scientific),	 2	 mM	 L-Glutamine	 (Biochrom),	 1x	

Penicillin/Streptomycin,	 and	 1.25	 µg/ml	 Amphotericin	 B.	Medium	was	 changed	 every	 2-3	

days	and	cultures	were	passaged	at	80-90%	confluence.	

	

Induced	pluripotent	stem	cell	(iPSC)	cultivation	and	organoid	differentiation	

iPSCs	 were	 cultivated	 on	 0.6%	Matrigel-coated	 culture	 plates	 (Falcon)	 in	 Essential	 8	 Flex	

medium	 (Thermo	 Fisher).	 Medium	 was	 changed	 every	 other	 day	 and	 cells	 were	 typically	

passaged	every	3-4	days	at	80-90%	confluence	in	a	1:30	split	ratio.	For	passaging,	cells	were	

dissociated	 using	 0.5	 mM	 EDTA	 in	 PBS	 for	 3-5	 min	 and	 split	 as	 cell	 clusters	 in	 E8	 Flex	

medium.	 For	 experiments,	which	 required	 single	 cell	 seeding,	 cells	were	 dissociated	using	

TrypLE	 Select	 and	 seeded	 at	 specific	 cell	 numbers	 in	 E8	 Flex	medium	 containing	 1	 µM	 Y-

27632	dihydrochloride	(Rho	kinase/ROCK	inhibitor)	(Selleckchem)	for	24	h	before	the	ROCK	

inhibitor	was	removed	from	the	culture	medium.	iPSCs	were	frozen	as	clusters	or	single	cells	

in	Bambanker	Freezing	Medium	(Nippon	Genetics).	Cells	were	thawed	at	37°C,	taken	up	 in	

10	ml	pre-warmed	E8	Flex	medium,	centrifuged	and	seeded	in	E8	Flex	medium	containing	1	

µM	ROCK	inhibitor	for	24	h	before	the	ROCK	inhibitor	was	removed.		

For	 iPSC-derived	organoid	differentiation,	 iPSCs	were	seeded	at	15.000-60.000	cells/well	 in	

Matrigel-coated	24-well	plates	in	E8	Flex	medium	containing	1	µM	ROCK	inhibitor.	After	24	

h,	 medium	 was	 changed	 to	 50%	 E8	 +	 ROCK	 inhibitor	 and	 50%	 protein-free	 hybridoma	

medium	(PFHM)	(Thermo	Fisher	Scientific)	for	24	h	and	100%	PFHM	for	24	h.	Medium	was	

changed	to	STEMdiff	APEL2	differentiation	medium	(Stemcell	Technologies)	containing	8	µM	

CHIR-99021	 (Axon	Medchem)	 for	4	days,	and	200	ng/µl	 FGF9	 (R&D	Systems)	plus	1	µg/ml	

heparin	for	3	days	with	medium	exchanges	every	second	day.	

After	 7	 days	 of	 monolayer	 cultivation,	 cells	 were	 harvested	 using	 TrypLE	 Select	 and	

centrifuged	at	300	g	for	5	min.	Up	to	6	separate	10	µl	Matrigel	drops	were	placed	on	each	6-

well	transwell	membrane	insert	(Costar	Corning)	and	1	µl	of	cell	pellet	was	directly	injected	

into	the	Matrigel	 lens.	Matrigel	 lenses	were	polymerized	for	15	min	at	37°C	before	growth	

medium	 was	 added	 to	 the	 6-well.	 APEL2	 differentiation	 medium	 containing	 5	 µM	 CHIR-

99021	was	added	for	1	h,	before	the	medium	was	changed	to	APEL2	differentiation	medium	

containing	200	ng/µl	FGF9	and	heparin.	Medium	was	changed	every	other	day	and	after	5	
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days,	 growth	 factors	 were	 withdrawn.	 The	 organoids	 were	 cultivated	 in	 this	 liquid-air-

interface	in	APEL2	differentiation	medium	for	a	total	of	18-25	days.	

		

Fluorescence-activated	cell	sorting	

Isolated	 tumor	cells	were	analyzed	with	FACS	Aria	 I	or	Aria	F	Cell	 Sorters	 (BD	Biosciences,	

Germany).	 Single	 staining	 was	 performed	 for	 each	 marker	 for	 correct	 instrument	 setup.	

Cancer	 stem	 cells	 were	 sorted	 by	 anti-CD44-FITC	 (BD	 Biosciences),	 anti-CXCR4	 (R&D	

Biosystems),	 biotin-anti-mouse	 (Sigma),	 Streptavidin-APC	 (Life	 Technologies),	 anti-MET	

(Santa	Cruz),	and	anti-rabbit	Pacific	Blue	 (Invitrogen).	Viable	cells	were	 identified	by	7AAD	

staining	(BD	Biosciences).		

iPSCs	 and	 differentiated	 organoids	 were	 analyzed	 with	 Aria	 II	 or	 Aria	 III	 Cell	 Sorters	 (BD	

Biosciences,	 Germany).	 Cells	 were	 sorted	 by	 RFP	 expression	 after	 activation	 of	 the	

bidirectional	 promoter	 for	 RFP	 and	 Cas9	 by	 doxycycline	 (Sigma-Aldrich),	 as	 well	 as	 anti-

CD81-FITC	(Miltenyi).	Viable	cells	were	identified	by	DAPI	(Thermo	Fisher)	staining.	

Single	cells	were	gated	by	plotting	SSC	versus	FSC	and	confirmed	by	gating	FSC-A	vs.	FSC-H	

and	SSC-A	vs.	SSC-H.	Viable	cells	were	identified	by	negative	7AAD	or	DAPI	staining.	Sorting	

efficiency	of	>	95%	for	all	experiments	was	confirmed	by	resorting	a	subset	of	sorted	cells.		

The	gating	strategy	for	iPSC-derived	organoids	is	shown	in	Fig.	23.		

	

Inhibitor	Assays	

Organoids	were	dissociated	to	single	cells	as	described	above	and	seeded	at	5.000	cells/well	

in	 9	 µl	 75%	Matrigel	 drops	 in	 96-well	 plates.	 Cultures	 were	 overlaid	 with	 100	 µl	 growth	

medium	and	treated	with	 ICG-001	 (Biochempartner),	DAPT	 (Enzo),	XAV-939	 (Selleckchem),	

C59	(Merck),	IMR-1	(Sigma	Aldrich)	and	LF3	(Selleckchem)	at	the	concentrations	indicated	in	

the	 results	 for	 seven	 days.	Medium	was	 changed	 every	 other	 day.	Metabolic	 activity	was	

measured	 by	 CellTiter	 Glo	 assay	 (Promega)	 according	 to	 the	 manufacturer’s	 instructions.	

Three	 technical	 replications	 per	 concentration	 and	 cell	 culture	 were	 analyzed	 and	 values	

were	normalized	to	DMSO	(Sigma	Aldrich)	-treated	controls.		
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Immunohistochemistry	and	immunofluorescence	

Patient-derived	 organoids	 were	 mechanically	 released	 from	 Matrigel,	 collected	 in	 a	

canonical	tube,	washed	several	times,	and	fixed	in	10%	(v/v)	neutral	buffered	formalin	(NBF)	

overnight	at	4°C.	ccRCC	tissue	samples	were	washed	and	fixed	in	10%	NBF	overnight	at	4°C.		

iPSC-derived	organoids	were	washed	several	times	and	fixed	in	2%	paraformaldehyde	(PFA)	

in	 PBS	 for	 20	 min	 at	 4°C.	 Patient-derived	 organoids	 and	 iPSC-derived	 organoids	 were	

embedded	 in	2.5%	and	1.5%	agarose	 (Invitrogen)	before	 further	processing.	Samples	were	

dehydrated	 in	a	graded	series	of	EtOH	(Roth)	and	toluol	 (Roth),	embedded	 in	paraffin	and	

cut	into	5	µm	sections.		

For	hematoxylin-eosin	(HE)	staining,	sections	were	rehydrated	and	stained	with	hematoxylin	

(Fluka)	for	4	min	and	with	eosin	(Merck)	for	2	min.	

For	 immunohistochemistry,	 slides	were	 rehydrated	and	antigens	were	 retrieved	by	boiling	

sections	in	TRIS-EDTA	buffer	(pH	9.0).	Endogenous	peroxidase	activity	was	blocked	with	3.5%	

(v/v)	hydrogen	peroxide	and	sections	were	blocked	with	10%	donkey	serum	(Bio-Rad)	in	1%	

(w/v)	BSA	(Sigma	Life	Science)	in	PBS-T.	Sections	were	incubated	overnight	at	4°C	with	Ki-67	

(1:200,	Thermo	Fisher)	and	CA9	(1:200,	Abcam)	primary	antibodies,	followed	by	incubation	

with	horseradish	peroxidase-conjugated	secondary	antibodies	(Dako)	at	RT	for	1	h.	Staining	

was	 developed	 using	 the	 Envision+	 kit	 according	 to	 the	manufacturer’s	 recommendations	

(Dako).	Sections	were	counterstained	with	hematoxylin.		

For	 immunofluorescence,	 slides	 were	 rehydrated	 and	 antigens	 were	 retrieved	 by	 boiling	

sections	in	TRIS-EDTA	buffer	(pH	9.0),	before	sections	were	blocked	with	10%	donkey	serum	

in	 1%	 BSA	 in	 PBS-T.	 Sections	 were	 incubated	 overnight	 at	 4°C	 with	 primary	 antibodies	

against	CA9	(1:200,	Abcam),	CD10	(1:30,	Dako),	CD44	(1:400,	BD	Biosciences),	CXCR4	(1:200,	

Abcam),	MET	 (1:50,	Cell	 Signaling	Technology),	VCAM1	 (1:250,	Abcam),	E-Cadherin	 (1:300,	

BD	 Biosciences),	 Ki-67	 (1:200,	 Thermo	 Fisher),	 NPHS1	 (1:250,	 R&D),	 CD31	 (1:250,	 BD	

Biosciences)	 and	 Laminin	 (1:500,	 Abcam),	 followed	 by	 incubation	 with	 fluorophore-

conjugated	 secondary	 antibodies	 (1:250,	 Dianova)	 at	 RT	 for	 1	 h.	 In	 case	 stainings	 were	

performed	with	more	than	one	antibody	of	the	same	host	species,	a	sequential	protocol	was	

applied.	 In	 brief,	 sections	were	 incubated	with	 primary	 antibodies	 overnight,	 followed	 by	

fluorophore-conjugated	secondary	antibodies	(1:250)	for	90	min.	Sections	were	washed	and	

re-blocked	before	incubation	with	the	second	set	of	primary	antibodies	overnight,	followed	

by	incubation	with	the	second	set	secondary	antibodies	(1:200)	for	30	min.	To	mark	proximal	



Material	and	Methods	
	

	 64	

tubules,	 sections	were	 incubated	with	biotinylated	 LTL	 (1:200,	Vector	 Laboratories)	 at	 4°C	

overnight,	 followed	 by	 incubation	with	 fluorophore-conjugated	 streptavidin	 for	 1	 h	 at	 RT.	

Nuclei	were	counterstained	with	DAPI	(200	ng/ml)	and	images	were	acquired	with	an	Axios	

Imager	 (Zeiss)	 and	 the	 Axiocam	MRm	 (Zeiss)	 using	 the	 Zen	 software.	 An	 overview	 of	 all	

antibodies	in	this	project	is	provided	in	Table	5.	

For	PAS	staining,	slides	were	rehydrated	and	incubated	5	min	with	0.5%	periodic	acid	(Sigma	

Aldrich)	 followed	 by	 Schiff	 reagent	 (Sigma	 Aldrich)	 for	 20	 min	 at	 RT.	 Sections	 were	 then	

counterstained	with	hematoxylin	for	2	min.			

	

Whole	mount	imaging	

Patient-derived	organoids	were	mechanically	released	from	Matrigel,	washed,	collected	and	

fixed	in	10%	NBF	for	90	min	at	4°C,	before	blocking	with	10%	donkey	serum	in	1%	BSA	in	PBS	

for	2	h	at	RT.		

iPSC-derived	organoids	were	washed	and	fixed	with	2%	PFA	in	PBS	for	20	min	at	4°C.	iPSC-

derived	 organoids	were	 incubated	with	 0.3%	 Triton-X100	 (Roth)	 in	 PBS	 for	 20	min	 at	 RT,	

washed	several	times	and	blocked	with	10%	donkey	serum	and	0.3	M	glycine	in	1%	BSA	in	

PBS	for	2	h	at	RT.	

Organoids	were	incubated	at	4°C	overnight	with	CA9	(1:200,	Abcam),	E-Cadherin	(1:300,	BD	

Biosciences),	NPHS1	(1:250,	R&D	Bioscience)	primary	antibodies	and	biotinylated	LTL	(1:200,	

Vector	 Laboratories).	 Patient-derived	 organoids	 were	 then	 incubated	 with	 secondary	

antibodies	 and	 DAPI	 overnight	 at	 4°C.	 iPSC-derived	 organoids	 were	 incubated	 with	

secondary	antibodies	for	2	h	at	RT	and	with	DAPI	 for	20	min	at	RT.	After	staining,	patient-

derived	organoids	were	taken	up	 in	1.5%	 low-melting	agarose	and	transferred	to	chamber	

slides	 for	 imaging.	 Stained	 iPSC-derived	 organoids	 were	 inverted	 onto	 glass	 slides	 and	

embedded	with	 Immumount	 (Thermo	 Scientific)	 using	 silicone	 spacers	 (Life	 Technologies)	

and	 round	 cover	 slides.	 Image	 z-stacks	were	 acquired	with	 LSM710	 and	 LSM980	 confocal	

microscopes	(Zeiss)	using	10x	and	20x	dry	objectives.	

	

Real-time	quantitative	polymerase	chain	reaction	(RT-qPCR)	

Total	RNA	from	adherent	cultures,	patient-derived	organoids	or	iPSC-derived	organoids	was	

isolated	 using	 TRIZOL	 (Invitrogen)	 or	 the	 RNeasy	 Micro	 Kit	 (Qiagen)	 according	 to	

manufacturer’s	instructions.	100-1000	ng	of	total	RNA	was	reverse	transcribed	using	MMLV	
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reverse	transcriptase	according	to	the	manufacturer’s	instructions	(Promega).	RT-qPCR	was	

performed	 using	 the	 CFX96-1000	 thermal	 cycler	 (Bio-Rad)	 with	 the	 PowerUp	 SYBR	 Green	

Master	Mix	(Applied	Biosystems)	and	10	µM	exon-exon	junction	spanning	primers	following	

the	program	shown	in	Table	2.	Primer	sequences	are	listed	in	Table	6.	Primer	specificity	was	

tested	by	melting	 curve	analysis	and	gel	electrophoresis,	 as	well	 as	non-reaction	 template	

(NRT)	 runs	 without	 cDNA.	 Expression	 values	 were	 normalized	 to	 the	 endogenous	 control	

GAPDH	and	amplification	efficiency	using	an	adjusted	2-ΔΔCt	method.	

	

Cycles	 Duration	[s]	 Temperature	[°C]	

1x	 120	 50	

1x	 120	 95	

44x	
15	

60	

95	

60	

	

1x	

15	

60	

15	

95	with	1.6°C/s	ramp	

60	with	1.6°C/s	ramp	

95	with	0.15°C/s	ramp	

Table	2:	qPCR	PowerUp	protocol	

	

Bulk	RNA	Sequencing	

iPSC-derived	 organoids	 were	 dissociated	 using	 TrypLE	 and	 27G	 syringes,	 cells	 were	 FAC-

sorted,	 and	 RNA	 was	 isolated	 using	 the	 RNeasy	 Micro	 Kit	 (Qiagen)	 according	 to	

manufacturer’s	 instructions.	 DNA	 contaminations	 were	 removed	 by	 DNaseI	 (Qiagen)	

treatment	 as	 part	 of	 the	 isolation	 process.	 Triplicates	 of	 RNA	 were	 isolated	 from	 eight	

organoids	 each.	 Sequencing	 libraries	were	 prepared	 using	 the	 TruSeq	 Stranded	 Total	 RNA	

protocol	(Illumina)	including	Ribo	Zero	Gold	(Illumina)	ribosomal	RNA	depletion,	and	libraries	

were	sequenced	using	the	Illumina	HiSeq4000	system.		

RNA-Seq	 reads	 were	 analyzed	 using	 RSEM	 (RNA-Seq	 by	 Expectation-Maximization),	 a	

software	 package	 provided	 by	 the	 Dewey	 Lab102.	 Sequencing	 reads	 were	 mapped	 to	 the	

human	genome	(hg19)	using	STAR	aligner	(v.2.5.3a).	Memory-intensive	processes	were	run	

on	the	MDC	High	Performance	Cluster	(Max	Cluster).	

RNA-Seq	 reads	 and	 their	 alignment	were	 quality	 checked	 by	MultiQC	 (v.1.10.1)	 software,	

and	 individual	 transcript	 sequences	 were	 visualized	 using	 the	 Integrated	 Genome	 Viewer	
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software	(IGV,	v.	2.9.4).	Extracted	bam	files	were	further	analyzed	using	RStudio	(v.1.1.453)	

and	 read	 counts	 from	 different	 biological	 groups	 were	 subjected	 to	 differential	 gene	

expression	 analysis	 using	 the	 DESeq2	 R	 statistical	 package.	 Hierarchical	 clustering	 and	

principal	 component	 analyses	were	 performed	 after	 a	 variance	 stabilizing	 transformation.	

Heatmaps	of	the	most	significantly	deregulated	genes,	based	on	the	adjusted	p-value,	were	

generated	using	the	pheatmap	package	in	R.		GO	analyses	of	genes	with	an	adjusted	p-value	

<	0.01	were	performed	using	the	GoSeq	package	in	R.	Gene	set	enrichment	analysis	(GSEA)	

was	performed	of	genes	with	an	adjusted	p-value	<	0.01	and	a	Wald	statistic	(LFC	/	SE)	≠	0	

using	the	fgsea	package	in	R.	

	

Immunoblotting	

Cell	 pellets	 were	 lysed	 in	 RIPA	 buffer	 supplemented	 with	 protease	 inhibitors	 and	

phosphatase	inhibitors	(Roche)	for	15	min	on	ice	before	30	min	centrifugation	at	20.000	g.	

Protein	 concentrations	 were	 determined	 using	 the	 Bio-Rad	 protein	 Assay	 (Bio-Rad)	 and	

absorbance	measurement	at	595	nm	with	an	iMark	microplate	reader	(Bio-Rad)	according	to	

the	Bradford	method.	10	µg	of	protein	were	separated	by	SDS-PAGE	using	a	15%	separating	

and	a	4.5%	stacking	gel,	or	Mini-PROTEAN	precast	gels	(Bio-Rad).	Proteins	were	transferred	

to	a	PVDF	membrane	with	0.2	µm	pore	size	(Roth)	via	semidry	transfer.	A	Ponceau	staining	

was	performed	to	confirm	protein	transfer,	before	the	membrane	was	blocked	with	5%	skim	

milk	in	TBS-T	or	5%	bovine	serum	albumine	(BSA)	in	TBS-T.	The	membrane	was	probed	with	

primary	antibodies	anti-Cas9	(1:500,	Abcam),	anti-GAPDH	(1:1000,	Santa	Cruz),	anti-TagRFP	

(1:500,	Invitrogen),	anti-PBRM1(1:500,	Cell	Signaling),	and	anti-SETD2	(1:500,	Cell	Signaling)	

overnight	 at	 4°C	 and	with	 the	 corresponding	 peroxidase-conjugated	 secondary	 antibodies	

donkey	anti-rabbit	 (1:10.000,	 Jackson),	donkey	anti-mouse	 (1:5000,	 Jackson)	 for	1	h	at	RT.	

Bands	were	 visualized	 using	 the	Western	 Lightning	 Plus-ECL	 substrate	 (PerkinElmer)	 for	 5	

min	and	a	Fusion	SL	imaging	system	(Vilber).		

	

CRISPR	Cloning	and	Golden	Gate	Assembly	

sgRNAs	 for	 VHL,	 PBRM1,	 SETD2,	 TagRFP	 and	 CD81	 were	 designed	 with	 correct	 oligo	

overhangs	 using	 the	 CRISPR	 sgRNA	 design	 tool	 (http://crispr.mit.eu).	 LentiGuide	 Puro	

(addgene	 #12345)	 was	 digested	 with	 BsmBI	 (New	 England	 Biolabs)	 for	 1	 h	 at	 37°C	 and	

separated	 on	 a	 1%	 agarose	 gel.	 The	 digested	 vector	 band	 was	 excised	 from	 the	 gel	 and	
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purified	using	the	QIAquick	gel	extraction	kit	(Qiagen).	sgRNA	oligos	were	annealed	at	45	µM	

in	 annealing	buffer	 by	 incubation	 at	 95°C	 for	 5	min,	 followed	by	 a	 stepwise	 cool-down	 to	

25°C	at	5°C/min.	 In	15	µl,	100	ng	digested	vector,	1	µl	diluted	oligos	(1:200),	and	0.5	µl	T4	

DNA	 Ligase	 (New	England	Biolabs)	were	 incubated	 in	 ligation	buffer	 for	 3	h	 at	RT.	 5	µl	 of	

ligation	mix	was	added	to	50	µl	chemically	competent	XL-1	blue	cells.	Cells	were	incubated	

on	ice	for	30	min,	followed	by	a	heat	shock	for	45	s	at	42°C	and	incubation	on	ice	for	2	min.	

950	µl	pre-warmed	SOB	medium	was	added	to	 the	cells	and	 incubated	 for	30	min	at	37°C	

shaking.	 Cells	were	 pelleted	 at	 16.000	 g	 for	 90	 s	 at	 RT,	 resuspended	 in	 50	 µl	 LB	medium	

containing	 ampicillin,	 plated	 on	 pre-warmed	 LB	 agar	 plates	 containing	 ampicillin	 and	

incubated	at	37°C	overnight.	Clones	were	picked	and	5ml	LB	medium	with	ampicillin	were	

inoculated	 and	 incubated	 for	 37°C	 overnight.	 Plasmid	 DNA	was	 isolated	 using	 the	Qiagen	

plasmid	 purification	 kit	 (Qiagen),	 incorporation	 of	 the	 sgRNA	 insert	 was	 analyzed	 in	 a	

restriction	 digest	 with	 BsmBI	 and	 sequence	 identity	 was	 verified	 using	 the	 Sanger	

sequencing	service	from	Source	Bioscience.	

For	Golden	Gate	assembly,	selected	 insert	pieces	containing	combinations	of	U6	promoter	

and	gRNA	scaffold	(see	Fig.	20)	were	amplified	by	Phusion	PCR	from	single	sgRNA	lentiGuide	

Puro	 vectors	 (described	 above).	 100	 ng	 lentiGuide-Puro	 were	 then	 added	 to	 equimolar	

amounts	 of	 DNA	 inserts	 with	 T4	 DNA	 Ligase	 and	 BsmBI	 and	 incubated	 according	 to	 the	

protocol	 in	 Table	 3.	 Bacterial	 cells	 were	 transformed	 and	 plasmid	 DNA	 was	 analyzed	 as	

described	above.	The	following	constructs	were	generated:		

LGP-VHL	=	lentiGuide-Puro	with	VHL	sgRNA		

LGP-PBRM1	=	lentiGuide-Puro	with	PBRM1	sgRNA		

LGP-SETD2	=	lentiGuide-Puro	with	SETD2	sgRNA		

LGP-VP	=	lentiGuide-Puro	with	VHL	and	PBRM1	sgRNAs	

LGP-VPS	=	lentiGuide-Puro	with	VHL,	PBRM1	and	SETD2	sgRNAs	

LGP-RFP	=	lentiGuide-Puro	with	TagRFP	sgRNA	

LGP-CD81	=	lentiGuide-Puro	with	CD81	sgRNA	

LGP-RRC=	lentiGuide-Puro	with	RFP	and	CD81	sgRNAs	
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Cycles	 Duration	[min]	 Temperature	[°C]	

1x	 2	 45	

20x	

1x	

5	

10	

20	

16	

60	

80	

Table	3:	Golden	Gate	Protocol	

	

Lentiviral	methods	

For	 the	 generation	 of	 lentiviral	 particles,	 HEK293T	 cells	 were	 co-transfected	 with	 10	 µg	

psPAX2	 (addgene	 #12260),	 2.5	 µg	 pMD2.G	 (addgene	 #12259)	 and	 10	 µg	 of	 the	

corresponding	 lentiGuide-Puro	 sgRNA	 vector	 by	 transfection	 with	 polyethylenimine	 (PEI)	

(Sigma).	 Supernatants	 containing	 lentiviral	 particles	were	 collected	 at	 24	 h	 and	 48	h	 after	

transfection,	centrifuged	and	taken	up	in	growth	medium.	To	determine	the	lentiviral	titer,	a	

5-fold	 serial	 dilution	of	 lentiviral	 particle-containing	 supernatant	was	performed.	1.5	 x	105	

HEK293T	 cells	 were	 seeded	 in	 6-well	 plates	 and	 incubated	 overnight	 at	 37°C	 in	 DMEM	

medium	containing	10%	FBS	without	antibiotics.	On	the	next	day,	fresh	medium	without	FBS	

or	antibiotics	was	changed	and	virus	dilutions	were	added.	Cells	were	 incubated	for	6	h	at	

37°C,	 before	 the	medium	was	 removed	 and	 fresh	medium	 containing	 FBS	 and	 antibiotics	

was	added.	Cells	were	incubated	for	42	h	at	37°C,	before	fresh	medium	containing	10%	FBS	

and	2	µg/ml	puromycin	was	added.	Cells	were	 incubated	for	4-6	days	with	replacement	of	

puromycin-containing	medium	every	other	day.	Cells	were	washed	with	PBS	and	fixed	with	

4%	PFA	for	15	min	at	RT.	Cells	were	washed	and	stained	with	crystal	violet	solution	for	20	

min	 at	 RT.	 Cells	 were	 washed	 and	 blue	 colonies	 were	 counted.	 The	 lentiviral	 titer	 was	

calculated	as	follows:	titer	=	colony	number	/	well	x	dilution	factor	[TU/ml].		

iPSCs	were	transduced	using	a	multiplicity	of	infection	(MOI)	of	10	in	E8	medium	containing	

1	µM	ROCK	inhibitor	and	8	µg/ml	polybrene.		

	

Genomic	DNA	PCR	and	Surveyor	Assay	

Genomic	DNA	was	isolated	from	cell	pellets	using	the	GeneJET	Genomic	DNA	Purification	Kit	

(Thermo	 Fisher	 Scientific)	 according	 to	 the	 manufacturer’s	 instructions.	 Primers	 were	

designed	using	Primer3	(v.4.1.0)	flanking	the	sgRNA	target	site.	A	PCR	was	performed	using	

the	Phusion	polymerase	(Promega)	with	proofreading	capability	with	the	protocol	shown	in	
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Table	4.	Primer	annealing	times	were	adjusted	to	the	specific	primer	pairs.	The	PCR	product	

was	 purified	 using	 the	 High	 Pure	 PCR	 Product	 Purification	 Kit	 (Roche)	 according	 to	

manufacturer’s	 instructions.	300-400	ng	of	PCR	product	were	annealed	 in	a	 thermo	cycler	

and	digested	with	the	Surveyor	Detection	Kit	S100	(Integrated	DNA	Technologies)	according	

to	 manufacturer’s	 instructions.	 The	 digested	 PCR	 product	 was	 analyzed	 using	 a	 1%	 gel	

electrophoresis.	

	

Cycles	 Duration	[s]	 Temperature	[°C]	

1x	

	

25-35x	

	

1x	

30	

10	

30	

25	

300	

98	

98	

45-72	

72	

72	

Table	4:	Phusion	PCR	Protocol	

	

Transmission	electron	microscopy	(TEM)	

Patient-derived	organoids	and	iPSC-derived	organoids	were	fixed	in	2%	(w/v)	formaldehyde	

and	 2%	 (v/v)	 glutaraldehyde	 in	 0.1	 M	 phosphate	 buffer.	 Unlike	 iPSC-derived	 organoids	

patient-derived	organoids	were	embedded	in	10%	agarose,	before	samples	were	post-fixed	

with	1%	(v/v)	osmium	tetroxide,	dehydrated	 in	a	graded	series	of	EtOH,	and	embedded	 in	

PolyBed®	 812	 resin.	 Semi-thin	 sections	 were	 stained	 with	 toluidine	 blue	 for	 a	 sample	

overview,	 and	 ultrathin	 sections	 (60-80	 nm)	 were	 stained	 with	 uranyl	 acetate	 and	 lead	

citrate,	before	being	examined	at	80	kV	with	a	Zeiss	EM	910	electron	microscope.	 Images	

were	acquired	with	a	Quemesa	CCD	camera	and	analyzed	using	 the	 iTEM	software	 (Emsis	

GmbH).	

	

Descriptive	statistics	and	significance	analysis	

Statistical	analyses	were	performed	in	GraphPad	Prism	(Graph	Pad)	and	R	unless	otherwise	

stated.	D’Agostino	and	Pearson	omnibus	test,	Student’s	t-test	or	Mann-Whitney-U-test,	one-	

and	 two-way	ANOVA	with	Holms-Sidak	 correction	 for	multiple	 comparison,	 and	Spearman	

correlation	were	used.	All	data	are	presented	as	mean	±	SD	 (error	bars),	unless	otherwise	

stated.	 IC50	values	were	calculated	by	a	non-linear	 regression	analysis	of	 the	response	and	
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the	 log	 of	 the	 inhibitor	 concentration	 fitting	 a	 curve	with	 a	 variable	 slope.	 All	 tests	were	

performed	two-sided	and	a	p-value	of	≤	0.05	was	considered	significant	(p	≤	0.05	*,	p	≤	0.01	

**,	p	≤	0.001	***,	p	≤	0.0001	****).	
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Antibodies	

Antibody	 Source	 Application	 Order	Number	

Rabbit	anti-Carbonic	
anhydrase	IX	(CA9)	

Abcam	 IF/IHC	 ab128883	

Mouse	anti-CD10	 Dako	 IF	 M7308	

Mouse	anti-CD44	FITC	 BD	Biosciences	 FACS	 555478	

Mouse	anti-CD44	 Cell	Signaling	Technology	 IF	 3570	

CD45	Microbeads	 Miltenyi	Biotec	 MACS	 130-045-801	

Mouse	anti-CXCR4	 R&D	 FACS	 MAB170	

Mouse	anti-E-Cadherin	 BD	Biosciences	 IF	 610181	

Rabbit	anti-Ki-67	 Thermo	Fisher	 IF/IHC	 RM-9106-S	

Rabbit	anti	c-Met	 Santa	Cruz	 FACS	 sc-160	

Rabbit	anti-Met	 Cell	Signaling	Technology	 IF	 8198	

Anti-Rabbit	Pacific	Blue	 Invitrogen	 FACS	 P-10994	

Rabbit	anti-VCAM1	 Abcam	 IF	 ab134047	

Rabbit	anti-PBRM1	 Cell	Signaling	 WB	 91894S	

Rabbit	anti-SETD2	 Cell	Signaling	 WB	 23486S	

Sheep	anti-NPHS1	 R&D	 IF	 ZMU0216081	

Mouse	anti-HOXD11	 Sigma	Aldrich	 IF	 SAB1403944	

Goat	anti-GATA3	 R&D	 IF	 AF2605	

Mouse	anti-RFP	 Invitrogen	 WB	 MA5-15257	

LTL	biotinylated	 Vector	Laboratories	 IF	 B-1325	

Rabbit	anti-Laminin	 Abcam	 IF	 ab11575	

Mouse	anti-CD31	 BD	Biosciences	 IF	 555444	

Mouse	anti-Cas9	 abcam	 WB	 ab191468	

Rabbit	anti-GAPDH	 Cell	Signaling	 WB	 5174S	

CD81-FITC	 Miltenyi	Biotec	 FACS	 130-102-631	

Goat	anti-mouse	
biotinylated	

Sigma	Aldrich	 FACS	 B7022	

Streptavidin-APC	 Life	Technologies	 FACS	 SA1005	

Streptavidin-Alexa	647	 Thermo	Scientific	 IF	 S21374	

Donkey	Anti-Mouse-Cy3	 Jackson	 IF	 #715-165-151	
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Donkey	Anti-Rabbit-
Alexa	488	

Jackson	 IF	 #711-546-152	

Table	5:	Antibodies	used	during	PhD	project	

	
Primers/Oligonucleotides	

Target	
Gene	

Forward	Primer	Sequence	 Reverse	Primer	Sequence	

GAPDH	 GAGTCAACGGATTTGGTCGT		 TTGATTTTGGAGGGATCTCG		

Axin2	 CTGGCTATGTCTTTGCACCA		 CTTCACACTGCGATGCATTT		

CD44	 GGCTTTCAATAGCACCTTGC		 ACACCCCTGTGTTGTTTGCT		

LEF1	 CAAGCACAAACCTCTCAGGA		 TGGGTGGAGAAAGAGATCCA		

HES1	 CGGACATTCTGGAAATGACA		 CATTGATCTGGGTCATGCAG		

HES2	 GCATCAACCAGAGCCTGAG		 TCCAGGACGTCTGCCTTCT		

HEY1	 TGGATCACCTGAAAATGCTG		 ATGCGAAACCAGGTCGAACTC		

HEY2	 AAGATGCTTCAGGCAACAGG		 TACCGCGCAACTTCTGTTAG		

SOX9	 CCAACGCCATCTTCAAGG		 AAGTCGATAGGGGGCTGTCT		

LDHA	 CGCCGATTCCGGATCTCATT	 CTCCATGTTCCCCAAGGACC	

SLC2A1	 CATTGGCTCCGGTATCGTCA	 GGAAGCACATGCCCACAATG	

CA9	 CTCGGAGCACACTGTGGAAG	 TTCCAAGCGAGACAGCAACT	

NANOG	 AACCAAAGGATGAAGTGCAAGCGG	 TCTGGTTGTTCCAAGTTGGGTTGG	

KLF4	 CACCATGGACCCGGGCGTGGCTGCCAGAAA	 TTAGGCTGTTCTTTTCCGGGGCCA
CGA	

LIF	 GTTCTGCACTGGAAACATGG	 TAGCTTGTCCAGGTTGTTGG	

HOXD11	 GCCAGTGTGCTGTCGTTCCC	 GCCAGTGTGCTGTCGTTCCC	

EYA1	 ACTCAGCTCATCCCAGCATT	 CACCACTTTTCTTCCAAACCTT	

TBX6	 CATCCACGAGAATTGTACCCG	 AGCAATCCAGTTTAGGGGTGT	

T	 AGGTACCCAACCCTGAGGA	 GCAGGTGAGTTGTCAGAATAGGT	

OSR1	 ACATCTGCCACAAAGCCTTC	 ACCTGTGAGTGTAGCGTCTT	

RET	 GTCCTGTGCAGTCAGCAAGA	 AGGTGCCATAGCCAGCTTTA	

CDH6	 AAACAGAAGGACAGGGAGACC	 GTCGCAGTGACTTGGACAAC	

LHX1	 GCAGTGACCCCAGTTTGTCT	 GGTTCTGGAACCAGACCTGA	

CDH1	 CCTGGGACTCCACCTACAGA	 GGAAATGGGCCTTTTTCATT	
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ITGA8	 CTGGACGTGGAAAAGCTCAC	 ACTGGGTCCTTTTCTGGTGT	

MEOX1	 AGGCGGAGAAAGGAGAGTTC	 GCTCAGAGAGGTCCAGGTTT	

CUBN	 GCACTGGAAATGAGCTAGCA	 TCAACCCGAATGACCCAAGA	

SLC3A1	 CACCATAGCCATCATTGCCC	 CCCGGAAATCTTCAACACCA	

SLC12A1	 GCCTGCTTGAGATTCACGAG	 CAGCACACCTTTCACCCATC	

NPHS2	 ACAAGGAGAACAAGAGGGCA	 AAGCAGATGTCCCAGTCGG	

COL3A1	 CTTTGTGCAAAAGGGGAGCT	 TGGGTTGGGGCAGTCTAATT	

ETV4	 GCCCCTCGACTCTGAAGATC	 GGCTCCTTCTTGATCCTGGT	

ETV5	 TCTGGCTCACGATTCTGAAGA	 CATGGCTACAAGACGACAGC	

CCND1	 CAATGACCCCGCACGATTTC	 AAGTTGTTGGGGCTCCTCAG	

EPO	 AGATGGGGGTGCACGAATG	 TGATTGTTCGGAGTGGAGCA	

MYC	 AGCTTGTACCTGCAGGATCTGA		 CCTGCCTCTTTTCCACAGAA		

PDK1	 AAGCAGTTCCTGGACTTCGG	 GCATCCTCAGCACTTTTGTCC	

ZEB1	 CCATATTGAGCTGTTGCCGC	 CTGTGTCATCCTCCCAGCAG	

HK2	 GCCTGTGAATCGGAGAGGTC	 CCAAAGCACACGGAAGTTGG	

STAT3	 CAAGGGCTTCTCCTTCTGGG	 GGTCTTCAGGTATGGGGCAG	

STAT1	 CACAAGGTGGCAGGATGTCT	 TCCCCGACTGAGCCTGATTA	

BCL2	 GAACTGGGGGAGGATTGTGG	 ACTTCACTTGTGGCCCAGAT	

STAT5	 AGAATCCCCAGTTCTTCCCC	 GTAGTGCCCCAGCTTGATCT	

Surveyor	and	sgRNA	Design	 	 	

VHL	Surveyor	 GTAACGAGTTGGCCTAGCCT	 AGTCAATTTCCCACGCCACA	

sgRNA	VHL	 CACCGCCCGTATGGCTCAACTTCGA	 AAACTCGAAGTTGAGCCATACGGGC	

sgRNA	PBRM1	 CACCGTAATACCATCCGAGACTATA	 AAACTATAGTCTCGGATGGTATTAC	

sgRNA	SETD2	 CACCGAGCGCGTCCTCTCTCGATAA	 AAACTTATCGAGAGAGGACGCGCTC	

sgRNA	RFP	 CACCGCACGCCCCCGTCTTCGTATG	 AAACCATACGAAGACGGGGGCGTGC	

sgRNA	CD81	 CACCGGCGCTGTCATGATGTTCGT	 AAACACGAACATCATGACAGCGCC	

Golden	Gate	Assembly	 	 	

Golden	Gate	
RFP	Pos	1	

ACGCGTCTCACACCGCACGCCCCC
GTCTTCGTATG	

ACGCGTCTCAGGACTCTTTCCCCTGC
ACTGTACC	

Golden	Gate	
VHL	Pos	1	

ACGCGTCTCACACCGCCCGTATGG
CTCAACTTCGA	

ACGCGTCTCAGGACTCTTTCCCCTGC
ACTGTACC	

Golden	Gate	 ACGCGTCTCAGTCCGGCAAGTTTG ACGCGTCTCACGAATCTTTCCCCTGC
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PBRM1	Pos	2	 TGGAATTGGT	 ACTGTACC	

Golden	Gate	
SETD2	Pos	3	

ACGCGTCTCATTCGGGCAAGTTTGT
GGAATTGGT	

ACGCGTCTCAAAACTTATCGAGAGA
GGACGCGCTC	

Golden	Gate	
CD81	Pos	3	

ACGCGTCTCATTCGGGCAAGTTTGT
GGAATTGGT	

ACGCGTCTCAAAACACGAACATCAT
GACAGCGCC	

Table	6:	Oligos	designed	during	PhD	project	
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