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Introduction
 
	 The	two	main	characteristics	of	stem	cells	are	their	ability	to	self-renew	and	to	
differentiate	towards	specialized	cells.	During	the	last	decades	diverse	sources	of	mouse	
and	human	stem	cells	have	been	identified	and	they	have	become	the	object	of	extensive	
investigation.	 This	 scientific	 interest	 is	 well	 explained	 by	 the	 broad	 variety	 of	 possible	
applications	of	stem	cells	in	regenerative	medicine	and	tissue	engineering.	Embryo-derived	
stem	cells,	pluripotent	stem	cells	able	to	give	rise	to	the	cells	of	all	three	embryonic	germ	
layers,	remain	the	“gold	standard”	for	research	on	stem	cell	therapy	and	regeneration	of	
postnatal	tissues.	Nevertheless,	the	use	of	embryonic	stem	cells	in	clinical	practice	raises	
serious	ethical	and	technical	questions	as	it	requires	the	use	of	preimplantation	embryos	
which	 are	not	 genetically	 similar	 to	 the	patient.	 In	 order	 to	overcome	 these	problems	
many	 research	 groups	 focus	 their	 research	 on	 alternative	 sources	 of	 cells	 with	 basic	
features	and	differentiation	capacities	resembling	pluripotent	embryonic	stem	cells.	One	
approach	focuses	on	inducing	transition	of	somatic	cells	towards	the	pluripotent	cell	state	
via	somatic	cell	nuclear	transfer,	cell	fusion	or	through	generation	of	induced	pluripotent	
stem	cells	with	a	defined	set	of	transcription	factors	(Jaenisch	R,	et	al.,2008;Lowry	WE,	et	
al.,2008).	
	 Another	way	to	derive	stem	cells	for	regenerative	medicine	 is	the	use	of	endo-
genous	 adult	 stem	 cells.	 These	 cells	 lack	 the	 wide-ranging	 differentiation	 potential	 of	
embryonic	stem	cells,	but	show	an	extensive	ability	to	self-renew	as	well	as	the	ability	to	
differentiate	towards	one	particular	 lineage.	Efficient	methods	for	the	 isolation,	 in vitro 
propagation,	enrichment	and	differentiation	towards	a	specific	lineage	of	such	multipotent	
tissue-specific	adult	stem	cells	need	to	be	established	in	order	for	these	cells	to	become	an	
alternative	for	patient-specific	stem	cell	therapy.	In	this	thesis	we	focus	on	stem	cells	from	
the	human	testis.
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Background of the thesis

The testis as a source of stem cells
	 The	testis	is	an	interesting	source	of	stem	cells	as	it	contains	progenitors	of	both	the	
germ	cell-	as	well	as	the	somatic	cell-lineage.	Coordinated	self-renewal	and	differentiation	
of	these	distinct	cell	types	provides	tissue	homeostasis,	in	particular	spermatogenesis	and	
hormone	production.	 In	addition,	 it	has	recently	been	demonstrated	 in	rodents	 that	 in	
vitro	propagated	germline	stem	cells	can	acquire	a	pluripotent	cell	state	making	the	testis	a	
potential	source	of	pluripotent	cells	for	all	applications	of	regenerative	medicine	(Kanatsu-
Shinohara	M,	 et	 al.,2004;Guan	K,	 et	 al.,2006;Seandel	M,	 et	 al.,2007;Ko	K,	 et	 al.,2009).		
However,	whether	 such	cells	 can	also	be	obtained	 from	human	 testis	 is	unknown.	The	
identity	of	human	testicular	somatic	stem	cells	still	needs	to	be	explored.	

Germline stem cells
	 Spermatogonial	 stem	 cells	 (SSCs),	 the	 germline	 stem	 cells,	 are	 present	 in	 low	
numbers	 in	 both	 rodent	 and	 human	 testis,	 making	 their	 identification	 and	 further	
investigation	difficult	(Tegelenbosch	RA,	et	al.,1993;He	Z,	et	al.,2009).	Several	approaches	
for	the	identification,	isolation	and	propagation	of		spermatogonial	cells	in	vitro	have	been	
successfully	established	during	the	last	decade	(Shinohara	T,	et	al.,2000;Kanatsu-Shinohara	
M,	 et	 al.,2003;Wu	 X,	 et	 al.,2009).	 Recently,	 several	 cell	 surface	 markers	 (CD9,	 CD49f,	
GFRα1,	CD333)	and	transcription	factors	(MAGEA4,	UTF1,	PLZF)	have	been	demonstrated	
to	be	competent	tools	in	identifying	human	spermatogonia	including	SSCs.	However,	the	
lack	of	highly	 specific	markers	of	SSCs	hampers	 the	 investigation	of	 characteristics	and	
potential	of	these	cells,	and	germ	cell	(xeno)transplantation	remains	the	only	definitive	
method	 for	 the	detection	of	 SSCs.	 Several	 techniques	have	been	developed	 that	allow	
the	 enrichment	 of	 spermatogonia	 including	 SSCs	 from	 testis	 cell	 suspensions,	 such	 as	
sorting	for	the	presence	(CD49f,	CD90)	and	absence	(c-kit	(CD117),	HLAI(ABC)/or	H-2Kb) 
(multiparameter	selection)	(Shinohara	T,	et	al.,2000;	Geens	M,	et	al.,2007)	of	uncommitted	
spermatogonia.	 Furthermore,	 a	 culture	 system	 for	 propagation	 of	 human	 adult	 and	
prepubertal	SSCs		has	recently	successfully		been	established	by	our	group	(Nagano	M,	et	
al.,2002;He	Z,	et	al.,2009;Sadri-Ardekani	H,	et	al.,2009;Sadri-Ardekani	H,	et	al.,2011).	Such	
in	vitro	propagation	is	an	important	prerequisite	to	obtain	sufficient	numbers	of	SSCs	if	
one	aims	to	use	SSC	transplantation	to	restore	fertility	in	sterile	childhood	cancer	survivors	
in	the	future.

Pluripotent stem cells derived from testicular tissue
	 SSCs	 are	 well	 known	 as	 unipotent	 cells	 responsible	 for	 the	 maintenance	 of	
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spermatogenesis.	Yet,	another	unique	feature	of	these	progenitors	has	recently	become	
clear	 upon	 the	development	 of	 a	method	 to	 propagate	 SSCs	 in vitro.	 Several	 research	
groups	have	described	the	spontaneous	arising	of	pluripotent	embryonic	stem	cell-like	cells	
(ES-like	cells)	during	long-term	culture	and	serial	passaging	of	postnatal	mouse	germ	cells	
(Kanatsu-Shinohara	M,	et	al.,2004;Guan	K,	et	al.,2006;Seandel	M,	et	al.,2007;	Kanatsu-
Shinohara	M,	et	al.,2008;Ko	K,	et	al.,2009).	This	spontaneous	transition	to	the	pluripotent	
state	by	unipotent	 stem	cells	 in	 vitro	was	 termed	 culture-induced	 reprogramming	and	
emerged	as	a	new	promising	source	of	pluripotent	stem	cells	 (Seandel	M,	et	al.,2007).		
The	pluripotent	state	of	the	obtained	ES-like	cells	was	confirmed	by	in	vitro	and	in	vivo	
differentiation,	teratoma	formation	upon	transplantation,	and	contribution	to	the	soma	
and	the	germ	line	in	chimeras	after	injection	of	these	cells	into	mouse	blastocysts.	With	
the	use	of	an	OCT4-GFP	reporter	mouse	model	and	clonal	analysis	it	was	further	confirmed	
that	the	pluripotent	stem	cells	that	arise	in	vitro	are	indeed	derived	from	adult	unipotent	
germline	stem	cells	(Ko	K,	et	al.,2010).	Derivation	of	a	comparable	cell	population	from	
human	testicular	cultures	could	open	a	new	source	of	autologous	pluripotent	stem	cells	
for	regenerative	medicine.	In	addition,	the	discovery	of	such	cells	in	the	human	testis	could	
shed	new	light	on	the	mechanisms	of	testicular	tumorigenesis	(Clark	AT,2007;	Looijenga	
LH,	et	al.,2007)	(Figure	1).	Further	investigation	is	required	in	order	to	evaluate	the	ability	

Figure 1. Physiological and pathological stem cell fates of germ and somatic stem cells in vivo and in vitro.
The	physiological	development	of	spermatozoa	from	spermatogonial	stem	cells	(SSCs)	in vivo	is	shown	in	the	central	column.	
In	parallel,	somatic	MSC-like	adult	Leydig	cell	(ALC)	progenitors	are	responsible	for	physiological	Leydig	cell	regeneration	
in vivo.	 	 In	pathological	 situations	 (left	side	of	figure),	germ	and	somatic	progenitors	can	 turn	 into	cancer	stem	cells	 in 
vivo	 leading	 to	 testicular	 germ	cell	 tumors,	 testicular	 teratomas	 and	 testicular	 interstitial	 cell	 tumors.	When	 taken	out	
of	their	tissue-specific	microenvironment	and	brought	into	cell	culture	(right	side	of	figure),	it	is	known	that	mouse	SSCs	
spontaneously	change	their	stem	cell	potential	by	means	of	culture-induced	reprogramming.	Our	aim	was	to	investigate	the	
in vitro	potency	of	germ	and	somatic	stem	cells	derived	from	the	human	testis.
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of	human	germ	cells	to	overcome	their	linage	restriction	and	to	obtain	a	pluripotent	cell	
state.	
Somatic stem cells in the testis
	 For	several	decades,	the	testis	has	for	the	most	part	been	studied	as	a	source	of	
germ	cells,	but	more	recently	focus	has	shifted	towards	somatic	stem	cells	and	their	role	in	
testis	tissue	homeostasis.	Previously,	development	of	techniques	for	germ	cell	enrichment	
and	transplantation	revealed	heterogeneity	 in	 the	stem	cells	purified	 from	testis	single	
cell	suspensions	based	on	side	population	(SP)	phenotype	using	Hoechst	33342	exclusion	
criteria	(Shinohara	T,	et	al.,2011).	Stem	cells	with	SP	phenotype	have	been	isolated	from	
multiple	mammalian	tissues	(Zhou	S,	et	al.,2001;Challen	GA,	et	al.,2006).	Spermatogonial	
stem	cells	enriched	by	this	method	could	be	“contaminated”	by	somatic	stem	cells	also	
possessing	SP	phenotype	(Lassalle	B,	et	al.,2004).		
	 Several	 recent	 studies	 in	 rodents	 have	 shown	 that	 this	 non-germ	 stem	 cell	
population	contains	progenitors	for	testosterone-producing	Leydig	cells	(LC).	These	pro-
genitors	 are	 responsible	 for	maintenance	 of	 the	 adult	 LC	 subset	 during	 the	 life	 of	 the	
male	 individual	 and	 regeneration	 in	 case	 of	 damage.	 During	 development	 in	 pre-	 and	
postnatal	 life	 of	 a	male	 individual	 testosterone	 production	 is	 provided	 by	 two	 distinct	
subpopulations	of	cells:	fetal	LC	and	adult	LC.	The	functional	properties	and	development	
of	 these	 subpopulations	 during	 testes	 organogenesis	 are	 mainly	 known	 from	 rodent	
models,	but	it	is	generally	accepted	that	this	development	is	also	common	for	primates	
including	human	 (Davidoff	MS,	 et	 al.,2004).	 Fetal	 LCs	originate	 from	mesenchymal-like	
cells	situated	between	the	testis	cords	(Benton	L,	et	al.,1995;Zirkin	BR,2010)	and	provide	
the	androgen	levels	required	for	development	of	the	male	gonad.		
	 The	 stem	 cell	 properties	 of	 adult	 LC	 progenitors	 in	 adult	 murine	 testis	 have	
previously	been	proven	by	selection	of	“Hoechst	dim”	SP	containing	LC	progenitors	that	
proliferate	and	differentiate	towards	mature	adult	LC	after	transplantation	into	the	testis	of	
an	LC	depleted	recipient	mouse(Lo	KC,	et	al.,2004).	However,	the	molecular	characteristics	
of	the	uncommitted	Leydig	cell	progenitors	are	still	unclear.	Several	research	groups	have	
investigated	adult	LC	regeneration	after	complete	depletion	of	existing	cell	populations	
induced	by	administration	of	ethane	dimethanesulphonate	(EDS)	 in	rats.	This	approach	
provided	 essential	 information	 about	 the	 localization	 and	 specific	 markers	 expressed	
by	 differentiating	 LC	 precursors	 (Teerds	 KJ,	 et	 al.,1999;	 Davidoff	MS,	 et	 al.,2004).	 EDS	
exposure	 studies	 revealed	 close	 relation	 of	MSC-like	 adult	 LC	 progenitors	 to	 testicular	
microvasculature	and	tissue-specific	pericytes	 such	as	connection	of	newly	 formed	cell	
clusters	with	the	blood	vessels,	coexpression	of		several	pericyte-specific	markers	(aSMA,	
NG2,	nestin	e.t.c.)	and	basement	membrane	fragments	traceable	on	the	cell	surface	of	
adult	LC	(Davidoff	MS,	et	al.,2004).	
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	 Although	it	is	generally	thought	that	similar	adult	LC	progenitors	exist	in	human	
testis	 based	 on	 the	MSC	 characteristics	 of	 neoplastic	 LC	 in	 testicular	 tumors	 (Ulbright	
TM,	et	 al.,2002),	 consequential	 studies	on	human	 testis-specific	undifferentiated	MSC/
pericyte-like	 cells	 are	 required	 to	 identify	 this	 specific	 Leydig	 cell	 progenitors.	 Their	
identification	 would	 facilitate	 development	 of	 the	 efficient	 methods	 for	 isolation,	 en-
richment,	 propagation	 and	 differentiation	 to	 androgen-producing	 cells	 in	 vitro.	 These	
Leydig	stem	cells	could	potentially	be	considered	as	candidates	for	regenerative	medicine	
by	 autotransplantation	 to	 restore	 testis	 steroidogenic	 function	 in	 case	 of	 testosterone	
insufficiency	 after	 chemotherapy	 or	 other	 conditions	 associated	 with	 hypogonadism	
requiring	androgen	replacement	(Figure	1).

Aim and outline of the thesis
	 The	aim	of	this	thesis	is	to	translate	recent	findings	from	animal	studies	on	the	
potency	of	testicular	stem	cells	to	the	human	and	to	determine	whether	stem	cells	from	
human	 testis	can	provide	a	new	stem	cells	 source	 for	 regenerative	medicine.	We	have	
elucidated	this	issue	by	investigating	the	presence,	origin	and	differentiation	abilities	of	
such	cells	derived	from	human	testicular	tissue.	

The	main	questions	addressed	by	this	thesis	are:	

1.		Do	cells	with	embryonic	stem	cell-like	(ES-like)	properties	arise	spontaneously		
						from	in vitro	human	primary	testicular	cell	cultures?

2.		How	close	do	these	ES-like	cells	resemble	pluripotent	embryonic	stem	cells?

3.		What	is	the	origin	of	these	ES-like	cells	in	human	primary	testicular	cell	culture
						system?

4.		Could	testicular	somatic	progenitors	be	identified	and	applied	for	generation	of
						steroid-producing	Leydig	cells?	

	 In	Chapter II we	describe	 the	derivation	of	ES-like	cells	 from	primary	 testicular	
cultures	started	from	testis	tissue	of	 four	adult	men	undergoing	bilateral	orchidectomy	
due	 to	prostate	cancer.	The	obtained	human	 testis-derived	ES-like	cells	 (htES-like	cells)	
were	propagated	under	culture	conditions	commonly	used	for	propagation	of	hESCs	and	
characterized	for	expression	of	pluripotency-associated	markers	(POU5f1,	NANOG,	SOX2),	
directed	differentiation	potential	in vitro	and	in vivo,	chromosomal	stability	and	epigenetic	
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status.
	 In	Chapter III	the	stem	cell	state	of	htES-like	cells	is	further	studied,	by	means	of	
selective	expansion	of	ES-like	colonies	under	culture	conditions	known	to	be	supportive	for	
propagation	of	different	types	of	pluripotent	stem	cells	(hESCs,	mouse	epiblast	stem	cells	
and	human	naïve	ESC).	Furthermore,	combinations	of	growth	factors	and	small	molecules	
in	the	culture	media	were	used	to	trigger	diverse	mechanisms	known	to	be	involved	in	
the	maintenance	of	the	human	pluripotent	cell	state.	Microarray	analysis	was	applied	to	
compare	the	gene	expression	profiles	of	the	in	vitro	propagated	htES-like	cells	with	that	
of	pluripotent	hESCs,	multipotent	somatic	stem	cells	and	fully	differentiated	fibroblasts	to	
evaluate	their	actual	stem	cell	state.	
 Chapter IV	 defines	 htES-like	 cells	 as	 multipotent	 human	 testis-derived	 stem	
cells	(mhtSCs)	rather	than	ES-like	cells	and	describes	their	derivation	in	vitro	by	selective	
isolation	of	different	testicular	cell	populations,	i.e.	a	mix	of	somatic	and	germ	cells	or	pure	
somatic	and	germ	cells,	aiming	to	determine	their	origin.
 Chapter V focuses	 on	 the	 isolation	 and	 characterization	 of	 somatic	 MSC-like	
progenitors	 from	 testis	 interstitium	 as	 possible	 precursors	 of	 adult	 Leydig	 cells.	 Their	
characteristics	 and	 ability	 to	 differentiate	 towards	 androgen-producing	 cells	 in vitro is 
evaluated.
 Chapter VI summarizes	the	obtained	results	and	discusses	the	possible	application	
of	testis-derived	stem	cell	in	regenerative	medicine.
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Abstract

	 Given	the	significant	drawbacks	of	using	human	embryonic	stem	(hES)	cells	 for	
regenerative	medicine,	the	search	for	alternative	sources	of	multipotent	cells	is	ongoing.	
Studies	in	mice	have	shown	that	multipotent	ES-like	cells	can	be	derived	from	neonataland	
adult	testis.	Here	we	report	the	derivation	of	ES-like	cells	from	adult	human	testis.
Testis	material	was	donated	for	research	by	four	men	undergoing	bilateral	castration	as	
part	of	prostate	cancer	treatment.	Testicular	cells	were	cultured	using	StemPro	medium.	
Colonies	that	appeared	sharp	edged	and	compact	were	collected	and	subcultured	under	
hES-specific	 conditions.	 Molecular	 characterization	 of	 these	 colonies	 was	 performed	
using	 RT–PCR	 and	 immunohistochemistry.	 (Epi)-genetic	 stability	 was	 tested	 using	
bisulphite	sequencing	and	karyotype	analysis.	Directed	differentiation	protocols	 in	vitro	
were	performed	toinvestigate	the	potency	of	these	cells	and	the	cells	were	injected	into	
immunocompromised	mice	to	investigate	their	tumorigenicity.
	 In	testicular	cell	cultures	from	all	 four	men,	sharp-edged	and	compact	colonies	
appeared	between	3	and	8	weeks.	Subcultured	cells	from	these	colonies	showed	alkaline	
phosphatase	 activity	 and	 expressed	 hES	 cell-specific	 genes	 (Pou5f1,	 Sox2,	 Cripto1,	
Dnmt3b),	 proteins	 and	 carbohydrate	 antigens	 (POU5F1,	 NANOG,	 SOX2	 and	 TRA-1-60,	
TRA-1-81,	SSEA4).	These	ES-like	cells	were	able	 to	differentiate	 in	vitro	 into	derivatives	
of	all	three	germ	layers	including	neural,	epithelial,	osteogenic,	myogenic,	adipocyte	and	
pancreatic	 lineages.	The	pancreatic	beta	cells	were	able	to	produce	 insulin	 in	response	
to	 glucose	 and	 osteogenic-differentiated	 cells	 showed	 deposition	 of	 phosphate	 and	
calcium,	demonstrating	their	functional	capacity.	Although	we	observed	small	areas	with	
differentiated	cell	types	of	human	origin,	we	never	observed	extensive	teratomas	upon	
injection	of	testis-derived	ES-like	cells	into	immunocompromised	mice.
	 Multipotent	 cells	 can	 be	 established	 from	 adult	 human	 testis.	 Their	 easy	
accessibility	 and	 ethical	 acceptability	 as	 well	 as	 their	 non-tumorigenic	 and	 autogenic	
nature	make	these	cells	an	attractive	alternative	to	human	ES	cells	 for	 future	stem	cell	
therapies.
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Introduction

	 Since	their	discovery,	human	embryonic	stem	(hES)	cells	have	had	the	prospect	
of	being	the	savior	for	patients	suffering	from	diseases	that	result	from	specific	cell	loss	
or	damage	such	as	Alzheimer’s	disease,	Parkinson’s	disease,	spinal	cord	injury,	diabetes	
and	cancer	 (Cowan	CA,	et	al.,2004).	Two	major	drawbacks	have	precluded	 their	use	 in	
clinical	settings	thus	far.	First,	hES	cells	are	derived	from	human	embryos	andare	therefore	
not	 genetically	 identical	 to	 the	 person	 for	 whom	 they	 are	 destined	 to	 be	 used.	 As	 a	
consequence,	transplantation	of	such	cells	will	invoke	immune	rejection	and	constituent	
immune	suppression	will	be	necessary	to	allow	the	transplanted	cells	to	survive.	Second,	
the	generation	of	hES	cells	entails	 the	destruction	of	human	preimplantation	embryos,	
which	 is	considered	ethically	unacceptable	by	many	members	of	society.	As	a	result	of	
these	drawbacks,	researchers	have	focused	on	finding	alternative	sources	of	multipotent	
cells	 in	 the	adult	human	body.	Recently,	 induced	pluripotent	stem	cells	 (iPS	cells)	have	
successfully	 been	 derived	 from	 adult	 and	 fetal	 human	 fibroblasts	 (Takahashi	 K,	 et	
al.,2007;Lowry	WE,	 et	 al.,2008;Mali	 P,	 et	 al.,2008;Nakagawa	M,	 et	 al.,2008;Park	 IH,	 et	
al.,2008).	However,	their	generation	currently	requires	viral	transduction	with	transcription	
factors,	sometimes	including	c-myc,	a	well-known	oncogene	(Hyun	I,	et	al.,2007;Nakagawa	
M,	et	al.,2008;Wernig	M,	et	al.,2008).As	a	consequence,	extensive	studies	will	be	needed	
to	 ascertain	 the	 actual	 potency	 of	 iPS	 cells	 and	 to	 control	 their	 elevated	 tumorigenic	
potential	 (Gearhart	 J,	 et	 al.,2007;Hyun	 I,	 et	 al.,2007).	 Spermatogonial	 stem	 cells	 from	
neonatal	and	adult	mice	are	able	to	develop	into	multipotent	cells	when	cultured	under	
specific	conditions	in vitro	(Kanatsu-Shinohara	M,	et	al.,2004;Guan	K,	et	al.,2006;Seandel	
M,	 et	 al.,2007;de	 Rooij	 DG,	 et	 al.,2008).	 In	 addition,	 efficient	 and	 longterm	 culture	 of	
spermatogonial	stem	cells	is	now	possible	allowing	sufficient	cells	for	regenerative	therapy	
to	be	generated(Kanatsu-Shinohara	M,	et	al.,2003).
	 Very	 recently,	 three	 groups	 have	 independently	 found	 formation	 of	 ES-like	
cells	 by	 exposing	human	 testicular	 cells	 to	 specific	 ES	 conditions	 in	 vitro	 (Conrad	 S,	 et	
al.,2008;Golestaneh	N,	et	al.,2009;Kossack	N,	et	al.,2009).	Here,	we	show	that	ES-like	cells	
can	also	be	generated	under	culture	conditions	known	to	support	long-term	proliferation	
of	spermatogonialstem	cells	(SSCs).
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Materials and Methods

Testicular cell isolation and culture

	 After	written	informed	consent,	testis	material	was	donated	for	research	by	four	
men	undergoing	bilateral	castration	as	part	of	prostate	cancer	treatment.	Testicular	cells	
were	isolated	by	enzymatic	digestion	(trypsine,	collagenase	and	hyaluronidase	in	MEM-
containing	 DNase)	 and	 cultured	 in	 supplemented	 StemPro-34	 medium	 as	 previously	
described	for	mouse	testicular	cells	(Kanatsu-Shinohara	M,	et	al.,2003),	but,	importantly,	
with	the	omission	of	feeder	cells.	When	somatic	cells,	originated	from	the	testicular	cell	
isolation,	tended	to	overgrow	the	culture,	differential	passaging	was	performed.	After	their	
initial	appearance,	sharp-edged,	compact	colonies,	which	morphologically	resembled	ES	
colonies,	were	picked	and	subcultured	as	described	earlier	(Xu	C,	et	al.,2001)	with	some	
modifications.	 Briefly,	 individual	 colonies	 were	 subcultured,	 after	 collection	 from	 the	
main	cultures,	again	without	feeder	cells,	in	ES	cell	medium	(DMEM-KO	medium),	20%	ES	
qualified	FCS,	2-mM	L-glutamine,	1%	non-essential	amino	acids,	1%	 Insulin-Transferrin-
Selenium	(all	Gibco,	Carlsbad,	CA),	25-ng/ml	bFGF	and	0.1-mM	b-mercaptoethanol	(both,	
Sigma,	St.	Louis,	MO)	on	Matrigel	(Becton	Dickinson,	Bedford,	MA)	coated	culture	dishes.	
Cells	were	split	each	week	1:3	by	scraping	and	transferring	them	to	new	matrigel-coated	
dishes	and	the	cells	were	successfully	frozen-thawed	multiple	times.
	 Human	ES	cells	used	as	controls	(line	ES[4])	were	cultured	as	described	elsewhere	
(Raya	A,	et	al.,2008).	To	 study	 the	potency	of	 these	 testis-derived	ES-like	 cells,	 in	 vitro	
directed	 differentiation	 was	 applied	 to	 obtain	 derivatives	 of	 all	 three	 germ	 layers.	
Differentiation	into	epidermal(Bagutti	C,	et	al.,1996),	neural(Strubing	C,	et	al.,1995)	and	
osteogenic	cells(Sottile	V,	et	al.,2003)	was	performed	following	the	hanging	drop	method.	
Differentiation	 into	myogenic	 cells	was	 induced	with	 the	 addition	 of	 1%	DMSO	 in	 the	
medium	(Zheng	JK,	et	al.,2006).	Pancreatic	cell	lineage	differentiation	was	performed	as	
described	previously(Baharvand	H,	et	al.,2006),	but	with	omission	of	nestin-	positive	cell	
selection.

Characterization of undifferentiated and differentiated testis-derived ES-like cells

RT–PCR
	 RNA	was	extracted	from	testis-derived	ES-like	cells,	testis	tissue	and	ES[4]	human	
ES	cells.	A	quantity	of	1	mg	of	 total	RNA	 from	hES	cells	or	germline	stem	cells	or	0.03	
mg	of	mRNA	from	testis	tissue	was	used	in	a	reverse	transcriptase	reaction	with	random	
primers	 and	M-MLV	 reverse	 transcriptase	 (Invitrogen	 Carlsbad,	 CA).	 PCR	 amplification	



Chapter II

26

was	performed	using	 gene-specific	 forward	 and	 reverse	 primers	 (Supplementary	 Table	
S1)	as	follows:	3	min	at	948C	followed	by	35	cycles	of	1	min	at	948C,	1	min	at	a	specific	
annealing	temperature	 for	each	primer	 (Pou5f1	 [touchdown	70,	69,	68,	66,	64,	62,	60,	
58,	57	(28x)8C],	sox2	558C,	Cripto	[touchdown	64,	60	(2_),	56	(2_),	52	(4_),	48	(26_)8C],	
Dnmt3b	588C,	Plzf	558C	and	Tbp	598C),	1	min	728C	and	a	final	elongation	of	5	min	at	
728C.

Immunofluorescence
	 For	 characterization,	 testis-derived	 ES-like	 cells	were	fixed	 in	 80%	methanol	 or	
4%	 paraformaldehyde.	 The	 following	 antibodies	 were	 applied:	 anti-	 POU5F1	 (sc-8629,	
Santa	Cruz,	CA),	anti-NANOG	(MAB1997,	R&D	Systems,	Minneapolis,	MN),	anti-SOX2	(Y-
17,	 sc-17	320,	Santa	Cruz),	anti-SSEA4	 (MAB4304,	Chemicon,	Billerica,	MA),	anti-SSEA1	
(ab-16	285,	Abcam,	Cambridge,	UK),	anti-TRA-1-60	(ab-16288,	Abcam)	and	anti-TRA-1-81	
(NB100-1833,	Novus	Biologicals,	Littleton,	CO).	Prior	to	antibody	incubation	for	POU5F1,	
NANOG	 and	 SOX2,	 cells	 were	 pretreated	 with	 0.1%	 Triton	 X-100.	 After	 incubation	 of	
primary	antibodies	and	washing,	cells	were	incubated	with	rabbit	anti-mouse	FITC	(F	7506,	
Sigma)	for	SSEA4,	SSEA1,	Tra-1-60,	TRA-1-81,	donkey	anti-goat	FITC	(Jackson,	Maine)	for	
POU5F1	and	SOX2	and	goat	anti-rat	Alexa	488	(A11	006,	Molecular	Probes,	Carlsbad,	CA)	
for	NANOG.	As	negative	 control	 isotype,	 IgG	or	 blocking	peptide	was	used.	 Cells	were	
examined	using	a	fluorescence	microscope	(Leica	DMRA).

Immunocytochemistry
	 To	detect	the	differentiation	of	testis-derived	ES-like	cells	into	particular	lineages,	
immunocytochemistry	was	applied	with	the	following	antibodies:	for	neural	derivatives,	
anti-neurofilament	 (NF,	 RT97,	HybridomaBank,	 The	University	 of	 Iowa,	 Iowa)	 and	 anti-
glial	 fibrillary	 acidic	 protein	 (GFAP,	 Z0334,	 DakoCytomation,	 Glosturp,	 Denmark);	 for	
epidermal	cell	differentiation,	anti-cytokeratin	14	 (CK14,	B429)	 (sc-58	723,	Santa	Cruz);	
for	osteogenic	differentiation,	anti-osteocalcin	(OC-30,	ab-134180,	Abcam);	for	myogenic	
differentiation,	anti-a-smooth	muscle	actin	antibody	(MU128-UC,	BioGenex,	San	Ramon,	
CA);	and	 for	 insulin-producing	cells,	 anti-c-peptide	 (RE11	247C100,	BioVendor,	Candler,	
North	 Carolina).	 Formalin-fixed	 cells	 were	 treated	 with	 Triton	 X-100	 and	 endogenous	
peroxidase	was	blocked	with	0.35%	peroxidase.	After	blocking	with	5%	goat	serum	and	1%	
BSA,	and	overnight	incubation	with	the	primary	antibody	at	48C,	cells	were	incubated	with	
PowerVision	 poly	 HRP-anti-mouse	 IgG,	 (#DPVM-110HRP,	 Immunologic,	 ImmunoVision	
Tech.	Co.,	Brisbane,	CA)	for	30	min	at	room	temperature,	and	signal	was	visualized	with	
3,30-diaminobenzidinetetrahydrochloride	 and	 counterstained	 with	 hematoxylin.	 The	
following	reference	tissues	were	used	as	positive	controls:	brain	tissue	for	NF	and	GFAP	
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stainings,	skin	tissue	for	CK14	staining,	testis	tissue	for	a-SMA	staining,	placenta	tissue	for	
OC-30	staining	and	pancreas	tissue	for	c-peptide	staining.	The	corresponding	IgGs	were	
applied	to	differentiated	ES-like	cells	as	a	negative	control.

Alkaline phosphatase activity
	 Alkaline	phosphatase	 activity	 as	 a	marker	 for	 undifferentiated	 ES-like	 cells	was	
demonstrated	with	NBT/BCIP	(Roche)	according	to	the	manufacturer’s	instructions.

Histochemical stainings
	 To	 detect	 insoluble	 calcium	 and	 phosphate	 deposition,	 Alizarin	 Red	 S	 and	
von	 Kossa	 staining	 were	 performed,	 respectively	 (Sottile	 V,	 et	 al.,2003;Baharvand	
H,	 et	 al.,2006;Huitema	 LF,	 et	 al.,2006;Zheng	 JK,	 et	 al.,2006).	 To	 show	 the	 lipid	 droplet	
accumulations	within	the	cells,	Oil	Red	O	staining	was	performed(Pittenger	MF,	et	al.,1999).

Quantification of insulin secretion
	 Secreted	insulin	in	culture	medium	was	detected	with	the	IMMULITE2000	Insulin	
kit	 (L2KIN2,	 Siemens).	Medium	was	 collected	 from	differentiated	 cells	 cultured	 for	8	h	
without	 N-2	 supplement	 (Invitrogen)	 and	 serum	 to	 check	 the	 basal	 insulin	 secretion.	
To	 detect	 glucose-induced	 insulin	 release,	 10-mM	glucose	 in	 Krebs-Ringer	 bicarbonate	
solution	was	added	to	the	differentiated	cells	for	2.5	h	as	described	previously	(Segev	H,	
et	al.,2004)	after	an	initial	culture	of	5.5	h	in	medium	without	N-2	supplement	and	serum.

Teratoma induction
	 Testis-derived	ES-like	cells	in	matrigel	were	injected	into	NMRI	nu/nu	mice	(Charles	
River,	The	Netherlands)	or	severe	combined	immunodeficient	(SCID)	beige	mice	(Charles	
River	Laboratories,	France)	(Supplementary	Table	S2).	The	procedures	were	approved	and	
performed	according	to	the	regulations	provided	by	the	animal	ethics	committee	of	the	
Academic	Medical	Center	of	the	University	of	Amsterdam	and	the	Barcelona	Biomedical	
Research	 Park.	Mice	were	 sacrificed	 9–20	weeks	 post-injection	 and	 the	 injection	 sites	
were	dissected	and	microscopically	assessed	for	the	presence	of	teratomas	using	standard	
hematoxylin/eosin	staining.	To	detect	the	presence	of	remaining	cells	of	human	origin	at	
the	 transplanted	site,	we	performed	HLA	 immunostaining	on	cryosections,	which	were	
treated	with	0.1%	Triton	X-100,	5%	goat	serum	and	1%	BSA	in	PBS	for	30	min	at	RT	and	
subsequently	with	HLA-ABC:fITC	antibody	for	an	hour	at	RT.	For	the	secondary	antibody,	
the	sections	were	submerged	into	biotin	conjugated	goat	anti-mouse	antibody	and	finally	
the	signal	was	detected	with	the	ABC	system	(Sigma-Aldrich).
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Karyotyping
	 To	study	the	chromosomal	stability,	ES-like	cells	were	synchronized	in	the	cell	cycle	
by	starvation	for	48h	using	serum	deprivation	culture	conditions.	Cells	were	treated	with	
Colcemid	(Gibco	15	210-057),	trypsinized,	resuspended	in	75-mM	KCl	hypotonic	solution,	
fixed	 in	 MeOH/acetic	 Acid	 (3:1)	 and	 stained	 for	 metaphase	 spreads	 using	 a	 standard	
technique	(Barch	M,	et	al.,1997).	For	each	cell	line,	at	least	30	metaphase	spreads	were	
examined.

Bisulphite sequencing
	 Methylation	status	of	H19,	Pou5f1	and	Nanog	was	investigated	in	ES-like	cells	using	
enriched	SSCs	as	a	reference.	To	obtain	enriched	SSCs,	we	performed	CD49f	(Biolegend	
313604)	positive	cell	selection	on	testicular	cells	using	miniMACSTM	separation	system	
(Miltenyi	Biotec	130-090-312)	in	accordance	with	manufacture’s	protocol.	Genomic	DNA	
was	extracted	and	conversion	of	unmethylated	cytosines	to	uracil	was	carried	out	using	
the	EpiTect	Bisulphite	kit	(#59	104,QIAGEN)	according	to	the	manufacturer’s	protocol.	For	
each	reaction	2	mg	of	DNA	was	treated	with	bisulfite	and	one-fifth	of	that	converted	DNA	
was	used	as	input	for	each	PCR	reaction.	Primers	for	Pou5f1	and	Nanog	were	as	described	
by	Deb-Rinker	(Deb-Rinker	P,	et	al.,2005)	and	the	primers	for	H19	were	as	described	by	
Conrad	(Conrad	S,	et	al.,2008).	PCR	was	performed	as	follows:	initial	denaturation	for	10	
min	at	958C	and	38	cycles	of	958C	for	1	min,	588C	for	1	min	and	728C	for	1	min	for	Pou5f1	
and	Nanog	and	38	cycles	of	958C	for	1	min,	538C	for	1	min	and	728C	for	1	min	for	H19	and	
followed	by	728C	for	10	min.	The	resultat	products	were	cleaned	up	with	QIAquick	PCR	
purification	kit	(#28	104,	QIAGEN)	and	cloned	(TOPO-TA	cloning,	Invitrogen)	and	after	that	
were	sequenced.	Resultant	sequences	were	aligned	to	the	DNA	sequences	of	the	selected	
loci	of	the	gene	of	interest	on	the	website	of	quantification	tool	for	methylation	analysis	
(http://quma.cdb.riken.jp/top/index.html).

Results

	 Testicular	cells	were	isolated	and	cultured	from	testis	samples	withnormal	or	focal	
spermatogenesis	of	four	men	(Table	I).	 In	the	cultures	of	all	four	samples,	we	observed	
the	appearance	of	sharp-edged	and	compact	colonies	(Fig.	1A)	that	resembled	true	hES	
colonies.	We	designated	these	colonies	as	ES-like	colonies.	The	number	of	human	testis-
derived	ES-like	colonies	that	developed	in	each	culture	experiment	varied	between	one	
and	more	than	90	colonies	(Table	I).	All	colonies	appeared	between	3	and	8	weeks	after	
the	 initiation	 of	 the	 primary	 cultures	 and	 these	 colonies	 could	 be	 further	 subcultured	
using	hES	cell-specific	conditions	on	matrigel-coated	dishes	without	a	feeder	layer	for	at	
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Patient Age
(years)

Testis histology Number of 103 cells
initial culture

Number of
ES-like clones

Intervention before
castration

URO.0003 88 Normal	spermatogenesis 75 1 Local	radiotherapy	to	the	prostate	10	years	
before	orchidectomy

URO.0008 61 61	Focal	full	
spermatogenesis Low/ND 8 None

URO.0012 95 Focal	full	
spermatogenesis 1.3 2 None

URO.0021 67 Poor	spermatogenesis 270 ~	90 None

A B C

D

Figure 1. Characterization of ES-like cells. 
(A)	Digital	 interference	contrast	 image	showing	a	
sharp-edged	and	compact	ES-like	colony.	
(B)	Phase	contrast	 image	depicting	outgrowth	of	
ES-like	 colony	on	matrigel.	 (C)	Bright	field	 image	
showing	 alkaline	 phosphatase	 activity	 of	 ES-
like	 cells	 grown	 on	matrigel	 as	 a	monolayer.	 (D)	
Immunofluorescence	 staining	 of	 human	 adult	
ES-like	 cells	 for	 POU5F1	 (OCT-4),	 NANOG,	 SOX2,	
SSEA1,	SSEA4,	TRA-1-60,	TRA-1-81	(left	panel).	The	
middle	 panel	 shows	 DAPI	 staining	 and	 the	 right	
panel	 shows	 the	merged	 images.	 Bars	 represent	
60	mm	(a,b,c)	and	20	mm	(d).

Table I. Patient information.
ND	-	not	determined.	The	number	of	human	testis	derived	ES-like	colonies	that	developed	in	each	culture	experiment	
varied	between	patients.

Pou5f1

Sox2

Cripto1

DNMT3B

Plzf

TBP

Figure 2. Characterization of ES-like cells at the genomic level.	
Gel	electrophoresis	of	RT–PCR	products	of	ES	cell-specific	genes	
(Pou5f1,	Sox2,	Cripto1,	Dnmt3b),	a	spermatogonial-specific	gene	
(Plzf)	and	a	ubiquitously	expressed	gene	Tata	box-binding	protein	
(TBP)	 in	normal	human	testis,	ES-like	cells	 from	all	 four	men	at	
several	passage	numbers	and	a	human	ES	cell	line	(ES[4]).	

A B C

D
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least	 15	weeks	 for	 13	 passages	 (Fig.	 1B).	 Cells	were	passaged	1:3	 every	week	with	 an	
estimated	 doubling	 time	 of	 96	 h	 (http://www.chestx-ray.com/SPN/DoublingTime.html)	
and	 could	be	 successfully	 frozen	and	 thawed	multiple	times.	When	 subcultured	under	
hES	cell-specific	conditions,	the	ES-like	cells	displayed	strong	alkaline	phosphatase	activity	
(Fig.	 1C)	 and	 expressed	 hES	 cell-specific	 transcription	 factors	 (POU5F1,	NANOG,	 SOX2)	
and	surface	markers	(SSEA4,	TRA-1-60,	TRA-1-81)	(Fig.	1D).	Similarly	to	hES	cells,	human	
testicular-derived	ES-like	cells	were	negative	for	SSEA1	(Fig.	1D).	At	the	transcript	level,	ES-
like	cells	showed	expression	of	hES	cell-specific	genes	that	remained	expressed	throughout	
the	 length	 of	 the	 cultures	 (Fig.	 2).	 Upon	 exposure	 to	 in	 vitro	 directed	 differentiation	
conditions,	 ES-like	 cells	 showed	 the	 potential	 to	 differentiate	 into	 derivatives	 of	 all	
three	germ	 layers.	More	precisely,	we	confirmed	differentiation	 into	the	neural	 lineage	
by	staining	with	neurofilament	(NF)	and	glial	fibrillary	acidic	protein	(GFAP)	(Fig.	3).	ES-
like	cells	that	differentiated	into	the	epithelial	lineage	stained	positive	for	cytokeratin14	
(CK14)	while	ES-like	cells	 that	differentiated	 into	 the	myogenic	 lineage	 stained	positive	
for	alpha	smooth	muscle	actin	(a-SMA)	(Fig.	3).	Osteogenic	cells	derived	from	ES-like	cells	

undi�erentiated cells

di�erentiated cells

Ab IgG reference tissue

Figure 3. Differentiation potential of 
ES-like cells in vitro. 
Bright	 field	 images	 showing	 differen-
tiation	 into	 the	 neural	 (NF	 and	 GFAP)	
epidermal	 (CK14),	 myogenic	 (a-SMA),	
osteogenic	 (OC-30)	 and	 pancreatic	
(c-peptide)	 lineages.	 The	 left	 panel	
shows	undifferentiated	ES-like	cells,	the	
second	panel	shows	differentiated	cells,	
the	 third	 panel	 shows	 the	 IgG	 isotype	
negative	 control	 for	 each	 staining	 and	
the	 right	 panel	 shows	 the	 reference	
tissues	 as	 a	 positive	 control	 (from	 top	
to	bottom:	brain	tissue	for	NF	and	GFAP	
stainings,	 skin	 tissue	 for	 CK14	 staining,	
testis	tissue	for	a-SMA	staining,	placenta	
tissue	 for	 OC-30	 staining,	 pancreas	
tissue	 for	 c-peptide	 staining).	 Bars	
represent	40	mm	in	NF,	GFAP,	CK14	and	
a-SMA	images	and	c-peptide	staining	on	
undifferentiated	cell	images	and	60	mm	
in	 c-peptide	 stainings	 on	 differentiated	
cell	images	and	80	mm	in	OC-30	staining	
panels	and	reference	tissue	panels.
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clearly	 showed	 a	 layered	 structure	 typical	 of	 cartilage	 and	 stained	 positive	 for	 OC-30,	
and	ES-like	cells	also	had	 the	potential	of	differentiation	 into	 the	pancreatic	 lineage	as	
demonstrated	by	the	presence	of	c-peptide,	i.e.	the	precursor	of	insulin	(Fig.	3).	Besides	
the	changes	in	expression	upon	differentiation	as	described	above,	the	ES-like	cells	also	
showed	morphological	changes	like	the	formation	of	islets	upon	pancreatic	differentiation	
(Fig.	4A)	and	the	presence	of	multinucleated	elongated	cells	after	myogenic	differentiation	
(Fig.	4B).	Furthermore,	we	occasionally	observed	spontaneous	differentiation	of	ES-like	
cells	into	cells	with	typical	adipocyte	morphology	and	accumulation	of	lipid	(Fig.	4C	and	
D).We	then	studied	the	functionality	of	the	differentiated	ES-like	cells.	ES-like	cells	directed	
towards	pancreatic	differentiation	were	able	to	increase	insulin	secretion	upon	exposure	
to	glucose	(Fig.	5A).
	 In	addition,	ES-like	cells	directed	towards	osteogenic	differentiation	deposited	both	
calcium	and	phosphate	(Fig.	5B).	ES-like	cells	from	three	patients	(URO0008	ES-like	clone	
2	passage	8,	URO0012	ES-like	clone	2	passage	12	and	URO0021	ES-like	clone	2	passage	9)	
were	karyotyped	and	all	three	showed	a	normal	46	XY	karyotype	(Fig.	6).	We	also	studied	

Figure 4.  Morphological view and chemical stainings for 
differentiation. 
(A)	Digital	 interference	contrast	 image	showing	morphology	
of	 an	 in	 vitroformed	 pancreatic	 islet,	 bar	 represents	 100	
mm.	 (B)	 Binucleated,	 elongated	muscle	 cell,	 bar	 represents	
100	mm.	(C)	Spontaneous	differentiation	of	ES-like	cells	into	
adipocytes	 showing	 vacuolization	 in	 the	 cytoplasm	 of	 the	
cells,	bar	represents	50	mm.	(D)	Spontaneous	differentiation	
of	 ES-like	 cells	 into	 adipocytes	 showing	 lipid	 drops	with	Oil	
Red	O	staining,	bar	represents	50	mm.

Figure 5.  Functionality of in vitro differentiated 
ES-like cells. 
(A)	Histogram	showing	the	active	secretion	of	insulin	
in	 response	 to	glucose	by	ES-like	cells	differentiated	
into	functional	beta	cells.	(B)	Histochemical	analysis	of	
ES-like	cells	differentiated	into	the	osteogenic	lineage.	
Wells	1	and	2	show	calcium	deposition	(Alizarin	Red	
staining).Well	1	 shows	 the	 in	vitro	differentiated	ES-
like	cells	while	well	2	shows	undifferentiated	parallel	
cultured	 cells	 from	 the	 same	 patient	 as	 a	 negative	
control.	 Phosphate	 deposition	 was	 detected	 with	
von	Kossa	staining	in	osteogenic	differentiated	ES-like	
cells	(Well	3),	and	undifferentiated	ES-like	cells	were	
used	as	controls	(Well	4).

A AB
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the	methylation	 status	 of	 H19,	 Pou5f1	 and	Nanog	 in	 enriched	 SSCs	 and	 ES-like	 clones	
from	all	 patients.	 As	 compared	with	 enriched	 SSCs,	 the	 ES-like	 cells	 showed	 increased	
demethylation	for	all	three	genes	(Fig.	7).	To	investigate	the	ability	of	ES-like	cells	to	give	
rise	to	teratomas,	we	injected	a	total	of	44	mice	of	two	different	immunocompromised	
strains	commonly	used	to	assay	teratoma	(NMRI	nu/nu	and	SCID)	with	varying	amounts	of	
cells	(from	106	to	107	cells	per	injection)	from	early	and	later	passages	(passage	number	
ranging	from	4	to	7)	at	several	injection	sites	(subcutaneous,	i.m.	and	intratesticular).	Mice	
were	sacrificed	and	analyzed	for	teratoma	formation	after	9–20	weeks	(Supplementary	
Table	S2).	Although	we	observed	small	areas	with	differentiated	cell	types	of	human	origin	

Figure 6. Karyotype analysis of one of the ES-like cell 
lines. 
The	ES-like	clones	showed	a	normal	46	XY	karyotype.

Figure 7. Epigenetic status of H19, Nanog and Pou5f1 
genes in the ES-like cell lines. 
Methylation	 status	 of	 H19,	 Pou5f1	 and	 Nanog	 in	 ES-
like	 cells,	 as	 compared	 with	 the	 enriched	 SSCs,	 showed	
increased	demethylation.

Figure 8. HLA staining of in vivo differentiated ES-like 
cells to detect cells of human origin. 
(A)	HLA	staining	on	in	vivo	differentiated	ES-like	cells.	 (B)	
IgG	application	on	 in	vivo	differentiated	ES-like	cells	as	a	
negative	control.	Mouse	skin	(C)	and	muscle	(D)	are	shown	
to	indicate	HLA	specificity	to	human	cells.	No	cross-reaction	
on	mouse	tissue	was	seen	indicating	the	specificity	of	HLA	
staining	for	human	tissue.
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(Fig.	8),	we	did	not	observe	extensive	teratomas	in	any	of	the	44	injected	mice,	whereas	
hES	or	iPS	cells	injected	in	parallel	readily	gave	rise	to	complex	teratomas	(data	not	shown).

Discussion

	 Our	results	demonstrate	the	spontaneous	in vitro	generation	of	ES-like	cells	from	
adult	human	testis	under	conditions	known	to	support	 long	term	proliferation	of	SSCs.	
These	ES-like	cells	expressed	hES	cellspecific	markers,	and	could	be	 subcultured	 for	15	
weeks	and	stay	karyotypically	normal.	In	addition	these	ES-like	cells	could	differentiate	into	
cells	of	all	germ	layers	in	vitro	and	produce	functional	beta	cells	and	adipocytes,	but	did	
not	contribute	to	teratoma	formation	in	vivo.	As	such,	these	ES-like	cells	could	potentially	
be	highly	useful	for	future	stem	cell-based	clinical	therapies.	The	difference	between	our	
study	 and	 the	 very	 recently	 published	 studies	 (Conrad	 S,	 et	 al.,2008;Golestaneh	N,	 et	
al.,2009;Kossack	N,	et	al.,2009)	on	human	ES-like	cells	from	adult	testis	lies	in	the	culture	
method	used.	To	generate	ES-like	colonies,	we	used	culture	conditions	known	to	support	
the	long-term	proliferation	of	SSCs	(Kanatsu-Shinohara	M,	et	al.,2004),	whereas	the	others	
used	culture	conditions	that	favor	the	growth	of	ES	cells.
	 Our	results	together	with	the	previous	papers	on	ES-like	cells	derived	from	adult	
human	testis	 indicate	 that	 the	culture	conditions	used	to	generate	ES-like	cells	are	not	
that	critical.	Future	studies	should	determine	the	most	efficient	method	to	generate	ES-
like	cells	from	human	testis.	Although	the	ES-like	colonies	in	our	experiments	arose	from	
human	testicular	cells	that	support	SSCs,	the	precise	origin	of	these	cells	remains	to	be	
established	 since	we	 did	 not	 use	 a	 rigorous	 preselection	 procedure	 but	 rather	 used	 a	
mixed	 culture	 system	of	 various	 testicular	 cells,	 including	 Sertoli	 and	 peritubular	 cells.	
Studies	in	mice	using	GPR125	as	a	germ	cell	marker	indicate	that	the	ES-like	cells	are	of	
germ	cell	origin,	making	SSCs	the	most	likely	candidates	(Guan	K,	et	al.,2007;Seandel	M,	et	
al.,2007).	Unfortunately,	no	unique	human	or	mouse	SSC	markers	are	currently	available	
to	 address	 this	 question	 directly.	 Although	 we	 succeeded	 in	 the	 generation	 of	 ES-like	
colonies	from	all	four	men	included	in	our	study,	the	occurrence	of	these	colonies	seemed	
a	stochastic,	and	as	yet	uncontrollable,	process	and	as	a	result	 the	number	of	colonies	
derived	from	each	sample	varied.	This	variation	might	depend	on	the	age	of	the	patient	
and/or	the	number	of	stem	cells	present	within	the	testis	biopsy.	Future	studies	will	need	
to	determine	the	precise	pathway	by	which	ES-like	cells	arise	from	human	testis	to	both	
control	 the	timing	of	 their	occurrence	and	 to	 increase	 the	efficiency	of	 the	procedure.	
Teratoma	formation	is	a	hallmark	of	pluripotent	cells	but,	at	the	same	time,	constitutes	
a	major	drawback	for	their	potential	therapeutic	application.	Although	we	were	able	to	
show	 the	presence	of	 human	 cells	 at	 the	 injection	 site	 9	weeks	post-injection,	we	did	
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not	observe	teratomas	in	any	of	the	44	injected	mice.	The	human	testis-derived	ES-like	
cells	recently	described	showed	in	general	organized	but	rather	small-sized	non-extensive	
teratoma	formation	upon	injection	into	immunocompromised	mice	and	not	in	all	cases	
(Conrad	S,	et	al.,2008;Golestaneh	N,	et	al.,2009;Kossack	N,	et	al.,2009).	This	suggests	that	
the	ES-like	cells	derived	from	human	testis	might	have	lost	some	of	their	pluripotency	or	
may	have	not	been	fully	reprogrammed	to	pluripotency	during	their	culture	 in	vitro.	 In	
conclusion,	our	results	show	that	adult	human	testis-derived	ES-like	cells	can	differentiate	
into	cell	types	of	all	germ	layers	with	functional	capabilities	in	vitro.	Thus,	testis-derived	
human	ES-like	cells	are	potentially	useful	for	future	stem	cell-based	clinical	therapies	as	
part	of	regenerative	medicine.	Their	easy	accessibility	and	ethical	acceptance	make	these	
cells	an	attractive	alternative	to	human	ES	cells,	at	least	for	male	patients.
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Gene	name Accession	number	NCBI Primer	sequence

Pou5f1 XR_019128 Fw:	acccacactgcagcagatc
Rv:	ctggcacaaactccaggttt

Sox2 NM_003106 Fw:	gtttgcaaaagggggaaagt
Rv:	gaggcaaactggaatcagga

Cripto NM_003212.1 Fw:	ctacgaccttctggggaaaa
Rv:ggcaaagaagtaagaagtagttctgtaa

Dnmt3β NM_175850.1 Fw:	agatcaagctcgcgactctc
Rv:	cgtctgtgaggtcgatggta

Plzf NM_001018011 Fw:	ggtcgagcttcctgataacg
Rv:		cctgtatgtgagcgcaggt

Tata	box	binding	protein NM_003194 Fw:	gtgacccagcagcatcactg
Rv:	gtcatggcaccctgaggg

Pou5f1_bisulfite	sequencing	
primer*

XR_019128 Fw:	atttgttttttgggtagttaaggt
Rv:	ccaactatcttcatcttaataacatcc

Nanog_bisulfite	sequencing	
primer*

NC_000012.10 Fw:	ttaatttattgggattataggggtg
Rv:	aaacctaaaaacaaacccaacaac

H19	(5’UTR)	_bisulfite	
sequencing	primer**

NC_000011.8 Fw:	atattgaagtttttagagtgtgattt
Rv:	ttccccttctatctcacca

Table SI. The primers used in the study. 
*(Deb-Rinker,	et	al.,2005),	
**(Conrad,	et	al.,	2008).

Mouse	strain Number	of	
mice	injected

Injection	site Number	of	testis-derived	
ES-like	cells	injected

NMRI	nu/nu 15 Subcutaneous 5	-10	x	106

SCID 4 Intramascular 1	x	106

SCID 4 Subcutaneous 1	x	106

SCID 2 Intramascular 1	x	106

SCID 6 Intramascular 2	x	106

SCID 6 Subcutaneous 2	x	106

SCID 7 Intramascular 2	x	106

Table S II. Testis-derived ES-like cells in matrigel were injected into NMRI  nu/nu or SCID beige 
mice for teratomas induction.

Supplementary data
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Abstract

 Spontaneous in vitro transition of undifferentiated spermatogonia into the 
pluripotent cell state has been achieved using neonatal and adult mouse testis tissue. 
In an effort to establish an analogous source of human patient-specific pluripotent stem 
cells, several research groups described the derivation of embryonic stem cell-like cells 
from primary cultures of human testis. These cells are characterized in all studies as 
growing in compact colonies, expressing pluripotency associated markers and possessing 
multilineage differentiation capabilities in vitro, but only one study claimed their ability 
to induce teratomas. This controversy initiated a debate about the pluripotent state and 
origin of human testis-derived ES-like cells (htES-like cells). 
 htES-like cell colonies were obtained from primary testicular cultures of three 
individuals and selectively expanded using culture conditions known to support the 
propagation of  blastocyst-derived human embryonic stem cells (ESCs), mouse epiblast stem 
cells and “naïve” human ESCs. The stem cell properties of htES-like cells were subsequently 
assessed by testing the expression of ESC-specific markers, differentiation abilities in vitro 
and in vivo, and microarray profiling. The expression of pluripotency-associated markers 
in htES-like cells and their differentiation abilities differed significantly from those of ESCs. 
Gene expression microarray analysis revealed that htES-like cells possess a transcriptome 
distinct from human ESCs and fibroblasts, but closely resembling the transcriptome of 
mesenchymal stem cells (MSCs). The similarity to MSCs was confirmed by detection of 
SSEA4/CD146 expressing cells within htES-like colonies and efficient in vitro differentiation 
toward three mesodermal lineages (adipogenic, osteogenic, chondrogenic). 
 Taken together, these results indicate that htES-like cells, in contrast to pluripotent 
stem cells derived from adult mouse testis, are not pluripotent and most likely not of germ 
cell but of mesenchymal origin.
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Introduction

 The active search for multipotent progenitors within different postnatal tissues 
resulted in the identification of diverse tissue-specific stem cells, characterized by the ability 
to self-renew and differentiate toward various cell lineages (Crisan M, et al.,2008;Kuroda 
Y, et al.,2010). Recently it has been shown that pluripotent ES-like stem cells can 
spontaneously arise in primary cultures of mouse neonatal and adult testis (Kanatsu-
Shinohara M, et al.,2004). These mouse testis-derived stem cells possess features similar 
to mouse blastocyst-derived embryonic stem cells (ESCs), such as in vitro differentiation 
toward three germ layers (including generation of contracting cardiomyocytes, functional 
neurons and glial cells), teratoma formation, chimera formation and germline transmission 
(Guan K, et al.,2006;Kanatsu-Shinohara M, et al.,2008;Ko K, et al.,2009). 
 These results initiated a search for autologous pluripotent stem cells derived 
from human testis tissue for application in regenerative medicine. In an effort to establish 
this new source of stem cells, several independent research groups indeed described 
the derivation of embryonic stem cell-like cells from primary cultures of human testis 
(human testis-derived ES-like cells, htES-like cells) (Conrad S, et al.,2008;Golestaneh N, et 
al.,2009;Kossack N, et al.,2009;Mizrak SC, et al.,2010). Despite the application of rather 
different derivation protocols, in all studies htES-like cells could be detected in primary 
testicular cultures as cells forming colonies that morphologically resembled those of human 
ESCs. Being expanded under conditions routinely used for the propagation of human ESCs, 
these cells express pluripotency-associated markers and have multilineage differentiation 
abilities in vitro. However, in three out of four published studies these cells failed to form 
teratomas after injection into immunodefficient mice (Golestaneh N, et al.,2009;Kossack 
N, et al.,2009;Mizrak SC, et al.,2010). These controversial results provoked a discussion 
about the pluripotent state of these human testis-derived stem cells. In addition, a recent 
report suggested that, based on the evaluation of gene expression profiles, testis-derived 
progenitors, previously described as pluripotent stem cells (Conrad S, et al.,2008), miss 
some hallmark characteristics of human ESCs and could be of fibroblast (FB) origin (Ko K, 
et al.,2010). 
 In order to elucidate the stem cell state of htES-like cells obtained in our laboratory 
according to previously published protocol (Mizrak SC, et al.,2010) , we investigated ESC-
associated surface markers and gene expression levels, in vitro and in vivo differentiation 
abilities of these cells propagated under various culture conditions known to support the 
propagation of human ESCs, mouse epiblast stem cells as well as “naïve” human ESCs. 
Furthermore, we compared the gene expression profiles of these propagated htES-like cells 
with profiles of pluripotent human ESCs, multipotent bone marrow-derived mesenchymal 
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stem cells (MSCs) and fibroblasts FBs (the outline of the experiment is represented in the  
Supplementary data, Flow chart I).

Materials and Methods

Culture of htES-like cells, MSCs and FBs
 HtES-like cells were derived from primary testicular cultures, starting with between 
57000 and 250000 cells, according to a previously published protocol (Sadri-Ardekani H, et 
al.,2009;Mizrak SC, et al.,2010) from frozen-thawed testis material from three individuals 
(between 60 and 79 years of age), undergoing bilateral orchidectomy for prostate 
cancer with their informed consent. The material used for this research was ‘left-over’ 
testis material from clinically conducted orchidectomies and none of the patients had to 
undergo any intervention specifically for this research. Use of this material for research was 
allowed by the Dutch Central Committee on Research involving Human Subjects (CCMO). 
 Cell culture media and reagents were purchased from Gibco (Invitrogen, Carlsbad, 
USA). Chemicals and growth factors were obtained from Sigma-Aldrich (St.Louis, USA,) 
unless specified otherwise; small molecules were obtained from Stemgent (Cambridge, 
USA). HtES-like colonies that spontaneously arose in these cultures were individually 
expanded under five distinct culture conditions: (I) on Matrigel (BD Biosciences, San 
Jose, CA, USA http://www.bdbiosciences.com) coated wells or (II) on mouse embryonic 
fibroblast (MEF) feeder layers in KO-DMEM medium, 15% FCS, 25ng/ml bFGF, 2mM 
L-glutamine, 1% NEAA, 1% ITS, 0.1mM β-mercaptoethanol, 1% Penicillin/streptomycin 
(basic medium), (III) on Matrigel in medium consisting of KO-DMEM, 15% FCS, 2mM 
L-glutamine, 1% NEAA, 0.1mM β-mercaptoethanol, 50µg/ml ascorbic acid, 200µg/ml 
iron-saturated transferrin, 1% Penicillin/streptomycin, supplemented with 1ng/ml bFGF, 
50ng/ml Activin A (R&D Systems,  Minneapolis, USA) and 0.5µM of the GSK-3-β  inhibitor 
6-bromoindirubin-3’-oxime (BIO) (Chou YF, et al.,2008), (IV) on Matrigel in basic medium 
in the presence of 3µM of the pharmacological GSK-3-β inhibitor aminopyrimidine 
CHIR99021(Chen S, et al.,2006), or (V) on MEF feeder layers in 2i medium composed of a 1:1 
mixture of DMEM/F12 and Neurobasal medium supplemented with 1% N2 supplement, 
2% B27 supplement, 1% NEAA, 1mM L-glutamine, 1% penicillin/streptomycin, 5 mg/
ml BSA, 0.1mM β-mercaptoethanol  and containing a combination of MAPK/ERK (1µM 
PD0325901) and GSK-3β (3µM CHIR99021) inhibitors and 100U/ml LIF (Hanna J, et al.,2010). 
 As the application of small molecule inhibitors required  dimethylsulphoxide 
(DMSO) as a solvent, htES-like colonies propagated in basic ESC culture medium containing 
equal concentrations of DMSO were used as negative controls (control IV/DMSO). HtES-like 
cells were passaged using dispase II 2mg/ml (Roche, Mannheim, Germany), plated in ratios 
1:3/1:4 for further propagation and maintained in a 37°C humidified incubator at 5% CO2.
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MSCs cultures established from bone marrow aspirates of adult donors were kindly 
provided by Dr. Holger Jahr and cultured in accordance with previously described protocols 
(Hellingman CA, et al.,2010). Human dermal FB from two different donors were purchased 
from Lonza (Basel, Switzerland) and propagated according to the manufacturer’s protocol. 
The NCCIT cell line was cultured using a standard protocol (Kooistra SM, et al.,2009).

Flow Cytometry and Cell Sorting
 Flow cytometry was performed using LSR II and FACS Canto II flow cytometers (BD 
Biosciences) using Diva™ acquisition and analysis software; cell sorting was performed 
on BD FACS Aria flow cytometer. The following fluorochrome-conjugated antibodies, 
were used: anti-CD31PE, anti-CD34PE, anti-CD34Cy™7, anti-CD34FITC,  anti-CD44PE, anti-
CD45APC or anti-CD45Cy™7, anti-CD49fFITC, anti-CD73PE, anti-CD90APC, anti-CD105FITC, 
anti-CD106APC, anti-CD117PE, anti-CD200PE, anti-SSEA4PE, anti-TRA-1-60PE, anti- TRA-1-
81PE, anti-HLAA,B,CAPC, anti-HLADRAPC (all from BD Pharmingen , San Jose, CA, USA). 
Anti-CD29FITC was provided by eBioscience (San Diego, USA) and anti-CD133APC by 
Miltenyi-Biotec (Bergisch Gladbach, Germany, http://www.miltenybiotec.com). Matched 
isotype controls were applied to determine background fluorescence levels. Anti-TRA-1-
85APC (R&D systems) labeling was applied to discriminate cells of human origin in feeder 
cultures. 7-AAD (BD Pharmingen) was used to exclude non-viable cells from analysis. The 
NCCIT cell line was used as a positive control for pluripotency-associated markers SSEA4, 
TRA-1-60, TRA-1-81(Choo AB, et al.,2008).

Gene Expression Analysis

Polymerase chain reaction
 Extraction of total RNA was performed using the RNeasy mini-kit (Qiagen, 
Hilden, Germany) accompanied with on-column DNAse treatment by RNAse-Free DNAse 
(Qiagen,) or using the MagNa pure LC RNA isolation kit on the MagNAPure LC instrument 
(Roche). One microgram of total RNA was used as input for reverse transcription with the 
Superscript II Reverse transcriptase kit (Invitrogen). RNA of human ESC cell lines HuES-1 
and GFP-HES-3 was kindly provided by Prof. Dr C.L. Mummery and Dr R. Passier.
 PCRs were performed using gene-specific primer pairs (Supplementary data 
Table SI and SII). In control reactions reverse transcriptase was omitted. Quantitative 
RT-PCR was done using a Roche LC 480 instrument using Universal Probe Library assays 
(Universal ProbeLibrary Assay Design Center www.roche-applied-science.com) or SYBR 
Green I Master kit (Roche). Data were normalized using the expression of hypoxanthine 
phosphoribosyltransferase 1 as a reference; quantitative gene expression analysis was 
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performed using the relative expression software tool (REST; www.qiagen.com). The 
specificity of the assays was confirmed by sequencing the PCR products. In case of 
POU5F1, the quantitative RT-PCR was performed using primer pair amplifying sequence 
within exon 1 specific to the POU5F1 isoform 1 transcript (NM_002701.4), but not to 
POU5F1 isoform 2(NM_203289.4). This PCR assay was combined with sequence analysis 
of specific polymorphism within exon 1 of POU5F1 and an Apa I restriction digestion of 
the obtained amplicons in order to distinguish between expression of POU5F1 isoform 
1 and transcribed pseudogene sequences (Palumbo C, et al.,2002; Liedtke S, et al.,2008; 
Panagopoulos I, et al.,2008). 

Gene expression microarray
 Total RNA was extracted from: three different htES-like colonies cultured in 
condition I, II or IV respectively (all at passage 5),  cell aggregates derived from these 
colonies at different time points during embryoid body culture (4-7-10-14-18 days), 
biological duplicates of human ESC (HuES-1, GFP-HES-3), bone marrow-derived MSCs 
(passages 4 and 5) and human dermal FBs (passages 2 and 3). Extraction was performed 
with the MagNa pure LC RNA isolation kit on the MagNa Pure LC, RNA was converted 
into cDNA and both Cy3 (test sample) and Cy5 (common reference) labeled using 
aminoallyl amplification microarray processing reagents and hybridized to NimbleGen 
Human Gene Expression microarrays (12x135K) (Roche), against Cy5 labeled common 
(pooled) reference. The data were processed and analyzed using R statistical software 
(http://cran.r-project.org/), and visualized using Spotfire. The NimbleGen annotation 
was used for normalization (robust multi-array average (RMA) algorithm (Irizarry RA, et 
al.,2003); unreliable data excluded) and data interpretation. Gene expression profiles 
were compared by using hierarchical clustering (Euclidian distance, Ward method) and 
principal component analysis and by visualization using heatmaps. Expression of selected 
genes was validated by RT-PCR. The microarray data files were submitted to the Gene 
Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/), the following link has 
been created for review of record GSE27203: http://www.ncbi.nlm.nih.gov/geo/query/
acc. cgi?token=tvmtnekaaoaoufs&acc=GSE27203.

In vitro Differentiation of htES-like cells

Embryoid body formation
 To induce embryoid body (EB) formation, several independent htES-like cell clones 
initially expanded under conditions I, II or IV were dissociated using 2mg/ml Dispase II 
(Roche). The unfiltered cell suspensions obtained after Dispase II treatment were plated 
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into ultralow attachment dishes (Corning Inc., Lowell, MA, USA) in culture medium DMEM/
F12+GlutaMAX™ supplemented with 15%  FBS, 1% NEAA, 0.1 mM β-mercaptoethanol 
(Tian X, et al.,2008;Schraufstatter IU, et al.,2010;Liu GH, et al.,2011). At time points 4, 
7, 10, 14, and 18 days of culture, cell aggregates were collected for morphological or 
transcriptome analyses. 

Trilineage mesodermal differentiation
 Adipogenic and osteogenic differentiation of several independent htES-like cell 
clones initially expanded under condition I, II, IV was induced by monolayer culture in 
the corresponding differentiation medium according to conventional protocols (Prockop 
DJ,1997;Pittenger MF, et al.,1999). To induce chondrogenic differentiation, htES-like cells 
were dissociated by 0.25% trypsine/EDTA and 2x105 cells were centrifuged at 200g for 
10 min to obtain cell pellets. Formed cell pellets were cultured in polypropylene tubes 
in differentiation medium consisting  of DMEM, 1.25µg/ml  culture grade BSA,  50µg/
ml ascorbic acid, 1mM Sodium pyruvate, 1% ITSX, 5.35µg/ml linolic acid, 100nM 
Dexamethasone  and 10ng/ml TGF-β2 (R&D systems) (Hellingman CA, et al.,2010). The 
differentiation medium was refreshed every 2 days with gentle shaking of the formed 
solid cell pellets in order to easily separate them from the bottom of the tube. In order 
to evaluate differentiation state, histochemical stainings and PCR assays were performed. 
Trilineage differentiation of a human bone marrow- derived MSC line was performed in 
parallel as a positive control for the differentiation assays. As negative controls, htES-like 
cells were cultured in a similar medium without the differentiation-inducing agents (Kaltz 
N, et al.,2010).

Immunocytochemistry
 Plated htES-like colonies were fixed in 4 % paraformaldehyde and incubated 
with anti-SSEA4 (Millipore, Billerica, MA, USA) in a 1:500 dilution at 4°C overnight. 
Immunocomplexes were visualized with donkey anti-mouse Alexa488 secondary antibody 
(Molecular Probes Inc., OR, USA) and 4,6-diamidino-2-phenylindole counterstaining using 
a LeicaDMRA fluorescence microscope (Leica, Wetzlar, Germany). The NCCIT cell line was 
used as a positive control and the corresponding isotype IgG was applied as a negative 
control for the immunostaining.

Histochemical Stainings
 To assay spontaneous differentiation in EB, cell aggregates were fixed in 4 % 
paraformaldehyde, embedded in paraffin, sectioned and stained with hematoxylin 
and eosin. Oil red O and Alizarin Red stainings were performed to determine lipid and 
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calcium deposits during induced differentiation assays, respectively. For the evaluation 
of chondrogenic differentiation, cell pellets were snap frozen and cryosectioned 
(5µm). Cryosections were stained with Alcian blue (pH=2.5) for the detection of acid 
mucopolysaccharides, cell nuclei were counterstained with Nuclear Fast Red.

Teratoma Formation Assay
 Cell suspensions containing 5x106 cultured htES-like cells propagated at culture 
conditions I, II, IV at passages 4 -8 from three individuals were resuspended in 200μl of 
DMEM/Matrigel (3:1) and injected subcutaneously into the flanks of female NMRInu/nu 

mice (n=28, Charles River, Wilmington, MA, USA) (Prokhorova TA, et al.,2009). Propagated 
htES-like cell colonies were injected in quadruplicate (two injection sites in two animals 
per culture condition per patient).  For each injected cell line and condition one animals 
per condition was sacrificed 5 weeks after injection (in a time frame when human ESC line 
ES[4] usually successfully forms teratomas (Raya A, et al.,2008;Mizrak SC, et al.,2010). 
Due to lack of visible teratoma formation by htES-like cells, for the second animal the 
observation period was extended up to 10 or 15 weeks. In addition, FACS sorted SSEA4 
positive cells originating from six colonies propagated under culture condition IV were 
injected subcutaneously into the flanks of 10 female NMRInu/nu mice in a concentration 
of 5x106 cells per site in a similar way as unsorted cells. From clones expanded under 
condition I and IV, 0.4-1x106 cells resuspended in 10 µl DMEM were injected into both 
testes of male NMRInu/nu mice (n=2). Mice were sacrificed 10 weeks after injection. All 
animal procedures were approved by the animal ethics committee of the Academic 
Medical Center of the University of Amsterdam. After 5 to 15 weeks, the injected areas 
were excised, fixed overnight in 4% paraformaldehyde and embedded in paraffin. Paraffin 
sections (5µm) were stained with hematoxylin and eosin or used for COT-1 fluorescence 
in situ hybridization to detect human cells according to a previously described protocol 
(Sadri-Ardekani H, et al.,2009). Mouse tissue of flanks injected with DMEM/Matrigel and 
human testis tissue were used as a negative and positive control for COT signal respectively.

Statistical analysis
 Statistical analysis of quantitative RT-PCR data and group comparisons was 
performed using pairwise fixed reallocation randomization test by Relative Expression 
Software Tool (REST 2008) (Pfaffl MW, et al.,2002). A value of P < 0.05 was considered as 
statistically significant. All data are presented as mean ±SD. Microarray data from htES-
like colonies using condition I, II or IV (passage 5) and EBs derived from these colonies 
at different time points were analyzed for differential gene expression between any two 
time points using contrast analysis in a mixed linear model with coefficients for Condition 
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(random), and Time (fixed). For hypothesis testing a permutation-based empirical BayesF 
test was used (Cui X, et al.,2005) and the resulting P-values were corrected for false 
discoveries (Storey JD, et al.,2003). 

Results

Derivation and Propagation of htES-like Cells
 Primary testis cell cultures were initiated from a population consisting of both germ 
and somatic cells obtained from cryopreserved testis tissue samples of three individuals after 
serial enzymatic dissociation as described previously (Sadri-Ardekani H, et al.,2009). For a 
period of 30-50 days during testicular cell culture (passage 4 - 6) spontaneous formation of 
cell colonies with sharp borders, morphologically distinguishable from germline stem cell 
clusters, was observed (Fig.1A). The frequency of htES-like colony formation for the entire 
period of primary cell culture varied between 10 and 26 colonies per patient. Discrete 
htES-like colonies were manually harvested and individually expanded using five distinct 
conditions based on combinations of growth factors and small molecules known to be 
efficient in the maintenance of an undifferentiated state and self renewal of several types 
of human pluripotent stem cells (Thomson JA, et al.,1998;Chen S, et al.,2006;Hanna J, et 
al.,2010) and mouse epiblast stem cells (Chou YF, et al.,2008). Using culture conditions I 
(bFGF/Matrigel), II (bFGF/MEF) and IV (bFGF/CHIR99021/Matrigel), htES-like cells could be 
expanded up to 22 passages.  In the group of htES-like colonies propagated under culture 
condition I we included two colonies of URO0021 that were characterized in our previous 
study (Mizrak SC, et al.,2010). Subculturing of htES-like colonies using culture condition 
III (bFGF/ActivinA/BIO/Matrigel) resulted in limited expansion with an early onset of 
senescence at passage 2-3. Culture condition V (LIF/PD0325901/CHIR99021/MEF) did not 
allow for the expansion of any colonies (Supplementary data Table SIII). 

Molecular Characterization of htES-like Cells Under Different Culture Conditions
 Flow cytometrical analysis for three human ESC surface antigens indicated the 
absence of TRA-1-60 and TRA-1-81, but expression of SSEA4 on the surface of htES-like 
cells (Fig.1B). Immunofluorescent staining of htES-like colonies revealed that SSEA4 is 
expressed by cells migrating out of a cell colony (Fig.1C, Supplementary data Fig.S1A,B). 
The subpopulation of SSEA4 expressing cells varied between 2% and 16% of cells with 
the highest percentage of SSEA4-positive cells observed using condition IV (SSEA4+/IV). 
These SSEA4+/IV cells remained SSEA4 positive and TRA-1-60 and TRA-1-81 negative 
after fluorescence-activated cell sorting (FACS) and subsequent subculturing. Except the 
observed differences in levels of SSEA4 expression, further flow cytometrical analysis of 
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surface markers revealed, that irrespective of the culture condition used, htES-like cells 
possess a constant surface antigen expression profile, i.e. CD29+/CD44+/ CD49f+/CD73+/
CD90+/CD105+/CD106+/CD200+/HLAABC+/HLADR/C31-/CD34-/CD45-/CD117-/CD133- 

(Supplementary data, Fig.S2). 
 Expression levels of the pluripotency-associated genes POU5F1, NANOG, SOX-
2, MYC and KLF4 in htES-like cells expanded using culture conditions I, II or IV as well 
as in the SSEA4+/IV subpopulations were analyzed by quantitative RT-PCR. Irrespective 
of the culture condition used, all htES-like cells showed low levels of POU5F1, NANOG 
and SOX-2 expression when compared to hESCs, while their expression levels of MYC and 
KLF4 resembled that of hESCs (Fig.2A). Expression of POU5F1 isoform 1 is considered to 
be one of the key factors determining cell pluripotent state, whereas POU5F1 isoform 
2 and expressed pseudogenes do not contribute to maintenance of pluripotency and 
self-renewal capacity (Liedtke S, et al.,2007;Wang X, et al.,2010). Ninety percent of htES-
like colonies from all culture conditions showed detectable levels of POU5F1 isoform 1 
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Figure 2. Characterization of htES-like cells.
(A) Quantitative PCR analysis of ESC-specific gene expression in htES-like cells under culture conditions I, II, IV, 
FACS-enriched SSEA4 positive cell populations from culture condition IV (SSEA4/IV), control IV (IV/DMSO) and ESCs. 
Transcript levels are depicted as a fold change relative to levels in cells under condition I. (B and C):  Restriction 
analysis (B) and sequence analysis (C) of amplicons obtained after quantitative RT-PCR for POU5F1 expression in htES-
like cells and reference cells (human ESCs, MSCs, FB and lymphocytes) performed in order to confirm the presence 
of ApaI recognition site typical for POU5F1 isoform 1. Some tested htES-like colonies showed expression of POU5F1 
isoform 1 transcript (colony1) as well as coexpression of pseudogenes (colony 2). (D) Quantitative PCR analysis of 
CD146 expression in htES-like cells under condition IV, their SSEA4-enriched subpopulations (SSEA4/IV) and DMSO 
control condition IV (IV/DMSO). Transcript levels are depicted as a fold change relative to levels in htES-like cells under 
condition IV. Error bars represent mean + SD, * P<0.05.
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(Fig.2B,C), of which ~40% co-expressed POU5F1 pseudogene transcripts such as POU5F1B 
(NM_001159542.1) (Kastler S, et al.,2010); these 40% pseudogene expressing colonies 
were excluded from further quantitative PCR analysis. Overall, the expression level of 
POU5F1 isoform 1 in htES-like cells propagated under culture conditions I, II or IV was 
1000-fold lower compared with human ESCs as measured by quantitative RT-PCR. 
The SSEA4-enriched cell populations from culture condition IV showed equally low 
POU5F1 levels indicating the absence of a correlation between the expression of POU5F 
1 isoform 1 and the expression of SSEA4 in htES-like cells. Remarkably, SSEA4-enriched 
htES-like cells possessed significantly higher expression levels of CD146 (melanoma cell 
adhesion molecule, MCAM, Fig. 2D).

Spontaneous Differentiation of htES-like Cells in vitro
 We evaluated the ability of htES-like cells to spontaneously differentiate in vitro 
into derivatives of all three germ layers upon EB induction, a feature common to all 
pluripotent cells including ESCs (Itskovitz-Eldor J, et al.,2000;Liu GH, et al.,2011). Although 
htES-like cells from all tested culture conditions (I, II and IV) were able to form discrete 
aggregates resembling EBs when cultured in low attachment dishes (Fig.3A), none of these 
aggregates showed morphological signs of spontaneous differentiation toward derivatives 
of the three germ layers (Fig.3B). Subsequent gene expression microarray analysis of 
these htES-like cell aggregates at 0, 4, 7, 10, 14 and 18 days of culture, also did not reveal 
any dynamics in the expression of either early or late genes involved in differentiation 
toward the mesodermal, endodermal or ectodermal lineages (Fig.3C). On the other hand, 
spontaneous differentiation of htES-like cells into adipocytes was frequently observed in 
adherent cultures during propagation using condition II (bFGF/MEF). Multiple adipocytes 
could be observed in the outgrowth areas in the periphery of the colony (Supplementary 
data Fig.S3).  

Teratoma Formation
 htES-like cells propagated using conditions I, II and IV, as well as the SSEA4-enriched 
subpopulations, were assessed for their ability to induce teratomas. In a time frame from 
5 to 10 weeks after injection, some htES-like cells produced compact formations (~10 X 5 
X 5mm). Using COT1 in situ hybridization we could detect human cells in these formations. 
Yet, we never observed elements of any of the three germ layers, indicating that htES-like 
cells failed to produce teratomas (Supplementary data Fig. S4A and B). 
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Gene Expression Signature of htES-like Cells
 To elucidate the characteristics of htES-like cells, we compared the whole-genome 
gene expression profiles of htES-like colonies expanded using culture conditions I, II or IV 
with those of human blastocyst-derived pluripotent stem cells (i.e. two ESC cell lines, HuES-
1 and hES3-GFP) (Passier R, et al.,2008), adult bone marrow-derived MSCs (Hellingman 
CA, et al.,2010), and dermal FBs from different donors (Halfon S, et al.,2010) by microarray 
analysis. Principal component analysis (Fig.4A), and hierarchical clustering (Supplementary 
data, Fig.S5) demonstrated that htES-like cells from discrete cell colonies cultured in either 
condition I, II or IV, clustered separately from ESCs and FBs, but close to MSCs. Although 
differences in expression of individual genes between htES-like cell colonies propagated 
under culture conditions I, II and IV existed, the overall gene-expression profiles were 
consistent. All analyzed htES-like clones possess low expression levels of fibroblast-specific 
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Figure 3. Spontaneous differentiation of htES-like cells in vitro.
(A) Formation of discrete aggregates of htES-like cells after plating into low attachment dishes (scale bar 100µm). 
(B) Hematoxylin and eosin staining of EB cross-section indicating the absence of derivatives of three embryonic 
germ layers in cell aggregate at the Day 18 of embryoid body formation assay (scale bar 30 µm). (C): Microarray data 
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differentiation at 0 (before EB formation), 4, 7, 10, 14 and18 days of EB formation assay. Error bars represent mean+ 
SD from three individual htES-like clones. 
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genes such as MMP1, MMP3, MMP10, S100A4 and, to a lesser extent, SNAI2 when 
compared with FBs, while they show expression of several genes described as specific 
markers for MSCs (i.e. FIBRONECTIN1, NFIB, TM4SF4, SEC13L1, NOTCH3, JAG1) (Etheridge 
SL, et al.,2004;Wagner W, et al.,2005;Halfon S, et al.,2010;Kaltz N, et al.,2010) (Fig.4B and 
C). The low expression of pluripotency-associated genes POU5F1, NANOG, SOX-2 in htES-
like cells in comparison to ESC, as noticed in the RT-PCR analysis, was confirmed in the 
microarray experiment. In addition, analysis of the expression of germ cell markers by 
htES-like cells propagated at different culture conditions did not reveal any similarity to 
the expression profile known for human spermatogonia (Wu X, et al.,2009) (Fig.4C). 
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Induced Differentiation of htES-like Cells in vitro 
 The surface marker expression profile, the spontaneous differentiation of htES-
like cells into adipocytes, and their gene expression signature suggested potential 
characteristics of htES-like cells as progenitors were, similar to MSC, predisposed for 
differentiation toward mesodermal lineages The ability to differentiate toward the three 

Figure 5. Differentiation of htES-like cells toward mesodermal lineages.
The htES-like cells propagated under culture conditions I, II and IV, and bone marrow-derived MSCs were subjected to 
induced differentiation in vitro. As negative control htES-like cells were subjected to the non inductive medium (non 
differentiated). (A) Phase contrast images of Oil Red O-stained lipid droplets in the cytoplasm of cells differentiated 
toward adipogenic linage (scale bar 30µm). (B) Phase contrast images of Alizarin Red S-stained calcium deposits 
formed during osteogenic differentiation assay (scale bar 50µm).  (C): Bright field images of Alcian blue staining of 
acid mucopolysaccharides in cell pellet cultures induced chondrogenesis (scale bar 30µm). RT-PCR analysis of adipo-
(D), oseteo-(E) and chondrogenic (F) differentiation markers expressed by htES-like cells in response to induction of 
differentiation.
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mesodermal lineages (adipo-, osteo-, chondrogenic) is considered to be one of the central 
hallmarks of MSCs derived from different sources. Consequently, the ability of htES-like 
cells to differentiate into three mesodermal lineages was tested according to conventional 
guidelines of human MSC differentiation (Pittenger MF, et al.,1999). Standard 3-week 
differentiation assays showed lipid accumulation confirmed by Oil Red O staining (Fig.5A) 
and expression of typical adipocyte markers (LIPOPROEINLIPASE, ADIPSIN) (Fig.5D) 
indicating the efficient induction of adipogenesis in htES-like cells derived from all three 
culture conditions. Induction of osteogenesis was confirmed by detection of calcium 
deposition with Alizarin Red staining for all htES-like colonies initially expanded under 
culture conditions I, II, IV and their SSEA4-enriched subpopulations (Fig.5B). Expression 
of osteoblast-specific transcripts such as RUNX2 and SPP1 (OSTEOPONTIN) could be 
detected in several htES-like clones prior to differentiation induction, but increased upon 
application of the osteogenic differentiation protocol (Fig.5E, Supplementary data Fig.
S6 A,B). HtES-like cells in negative control wells produced extremely dense monolayers 
of cells and the corresponding staining did not reveal any signs of lipid accumulation or 
calcium deposition (Fig.5 A,B). In pellet cultures supplemented with TGF-β2, htES-like cells 
expanded under all three culture conditions as well as SSEA4+/IV cells formed compact 
structures containing elements of extracellular matrix (Derfoul A, et al.,2006;Hellingman 
CA, et al.,2010). Sections of cell pellets showed single cells located in lacunae whilst Alcian 
blue staining demonstrated the presence of acid mucopolysaccharides (Fig.5C). Expression 
of COLLAGEN TYPE XI and AGGRECAN confirmed chondrogenic differentiation of htES-like 
cells (Fig.5F). In the negative controls, cultured htES-like cells failed to form solid Alcian 
blue positive cell pellets (Fig.5C).

Discussion

 In this study, we found that htES-like cells are not pluripotent based on the lack 
of pluripotency-associated cell surface markers, low expression levels of key pluripotency-
associated genes, absence of spontaneous differentiation to three germ layers in vitro upon 
EB formation as well as their inability to induce teratomas. In contrast, their transcription 
profile as well as their ability to differentiate into three mesodermal lineages indicated 
that htES-like cells closely resemble MSCs.  
 We were able to propagate htES-like cells in three out of five tested culture 
conditions. The fact that culture condition III and V failed to support propagation of htES-
like cells suggests that these cells do not share stem cell characteristics with mouse epiblast 
stem cells (Chou YF, et al.,2008) as well as human ‘naïve’ ESCs (Hanna J, et al.,2010). 
Irrespective of the three culture conditions successfully used for expansion, htES-like cells 
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derived from several individual donors possessed a similar immunophenotype. Expression 
of HLAABC (Major histocompatibility complex I) by htES-like cells indicates the absence of 
germ cells in expanded cell colonies, whereas the lack of CD34 expression distinguishes 
them from testicular stromal cells (Kuroda N, et al.,2004), which are abundantly present 
in primary testicular cell cultures. The absence of CD34/CD133, markers known to identify 
endothelial progenitors in different tissues (Peichev M, et al.,2000), suggests htES-like 
cells to be different from this cell population. 
 Generally, the surface antigen expression profile of htES-like cells highly resembles 
the surface antigen profile of MSCs. This resemblance was further indicated by the fact 
that SSEA4-enriched subpopulations of htES-like cells expressed elevated levels of CD146 
(MCAM), a marker known to identify multipotent progenitors in heterogeneous MSC 
populations (Delorme B, et al.,2008;Halfon S, et al.,2010;Russell KC, et al.,2010). The 
SSEA4-enriched cell populations did not show co-expression of other surface markers 
associated with pluripotency (TRA-1-60, TRA-1-81) and equally low expression levels 
of POU5F1 and other pluripotency-associated genes. On the other hand, our data are 
consistent with previous reports suggesting that low transcript levels of POU5F1 splice 
variants and its pseudogenes can be detected in several types of somatic stem cells, but 
do not determine their stem cell state (Kaltz N, et al.,2008).
 In this study, we evaluated the expression of pluripotency-associated surface 
markers by flow cytometry rather than immunohistochemistry as performed previously 
(Mizrak SC, et al.,2010). Whereas we previously detected TRA-1-60 and TRA-1-81 positive 
cells in htES-like cell cultures, we could not detect a clear population of TRA-1-60 and 
TRA-1-81 expressing cells in our flow cytometry experiments, also not when using cells 
described in our previous study from URO0021(Mizrak SC, et al.,2010) propagated under 
culture condition I (bFGF/Matrigel). This might be due to differences in the techniques 
used. We were only able to demonstrate a subpopulation of SSEA4 positive cells using 
flow cytometry. The lack of a prominent population expressing the pluripotency markers 
TRA-1-60 and TRA -1-81 using flow cytometry indicates a difference in characteristics 
between our htES-like cells, human testis-derived pluripotent stem cells described by 
others (Conrad S, et al.,2008) and human ESCs (Prowse AB, et al.,2009).
 In this study, we also assess the abilities of htES-like cells to differentiate 
spontaneously, which is typical for ESCs (Itskovitz-Eldor J, et al.,2000). For that we applied 
the standard EB protocol rather than culture in a differentiation induction medium as 
previously described (Conrad S, et al.,2008;Golestaneh N, et al.,2009;Mizrak SC, et al.,2010). 
It is known that in vitro directed differentiation can induce expression of differentiation 
markers in non-pluripotent cells, for instance MSCs (Woodbury D, et al.,2000;Bertani 
N, et al.,2005;Wislet-Gendebien S, et al.,2005;Santos TM, et al.,2010). In contrast to in 
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vitro directed differentiation, the spontaneous differentiation approach in combination 
with evaluation of gene expression profiles at different time points of EB culture used in 
our current study avoids artificial effects from induced differentiation and clearly reveals 
the inability of the htES-like cells described here to differentiate spontaneously toward 
derivatives of three germ layers.
 The notable differences in properties of htES-like cells and human ESCs became 
further apparent by the comparison of their gene expression signatures. Indeed, recently 
the pluripotent state of htES-like cells was questioned and investigation of the global gene 
expression of these cells (Conrad S, et al.,2008) compared with that of human FBs showed 
striking similarities (Ko K, et al.,2010). Our microarray analysis revealed an expression 
profile of htES-like cells distinct from FBs, but close to that of MSCs. The similarity of 
the transcriptome of MSCs and htES-like cells was further identified by comparing the 
Euclidean distances in the expression of selected genes known to distinguish MSC from 
FB. Furthermore, the close relationship of htES-like cells and MSCs became clear from 
the trilineage mesodermal in-vitro differentiation potential (adipogenesis, osteogenesis 
and chondrogenesis) of cells propagated using culture conditions I, II or IV and the SSEA4-
enriched subpopulations. These data correspond to previous reports indicating adipo- 
and osteogenic differentiation of testis-derived cells (Mizrak SC, et al.,2010;Tapia N, et 
al.,2011). This ability of htES-like cells to differentiate toward three mesenchymal lineages 
(including chondrogenesis in vitro) is known as one of the key characteristics designating 
uncommitted mesenchymal progenitors (Pittenger MF, et al.,1999). 
 While isolation of plastic adherent MSCs from human testis has been previously 
reported (Gonzalez R, et al.,2009), here we describe solitary colonies with defined 
MSC characteristics formed spontaneously in primary human testicular cell cultures. 
Interestingly, although htES-like cells have a similar immunophenotype as the previously 
described testis-derived MSCs, the subpopulation of SSEA4 expressing htES-like cells 
possess an immunophenotype different from the described SSEA4-positive subpopulation 
of primary testis-derived MSC. Whereas SSEA4-positive cells of  primary testis-derived 
MSCs express CD34 and lack CD90 (Gonzalez R, et al.,2009), in contrast, the described 
here SSEA4-positive htES-like cells derived from primary testicular cell cultures are CD90-
positive and CD34- negative. 
 Overall, our findings demonstrate that htES-like cells are not pluripotent and have 
features closely resembling the stem cell properties of MSCs. In contrast to human, in 
mouse testicular cell cultures the spontaneous occurrence of spermatogonial stem cell 
(SSC)-derived pluripotent cells has clearly been demonstrated (Kanatsu-Shinohara M, 
et al.,2004;Guan K, et al.,2006;Ko K, et al.,2009). Whether alternative human primary 
testicular cell culture system allows the spontaneous reprogramming of human SSCs to ES-
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like cells remains to be determined. Compared with pluripotent htES-like cells described 
in other studies (Conrad S, et al.,2008;Golestaneh N, et al.,2009;Kossack N, et al.,2009) 
where emerging of typical cell colonies was observed in the first weeks of culture, the htES-
like cell colonies described here were observed relatively late in a period of 30-50 days of 
culture. However, it might also be possible that the htES-like cell colonies described in this 
study have not spontaneously arisen from SSCs present in original testicular cell culture 
(Sadri-Ardekani H, et al.,2009;Mizrak SC, et al.,2010), but in fact were derived from somatic 
stem cells also existing in this culture system. It is known that germ line stem cells are not 
the only stem cell type in testis tissue. Several studies reported the presence of more stem 
cell types exhibiting a side population phenotype within testis tissue of rodents (Lo KC, et 
al.,2004;Shinohara T, et al.,2011). It is well established that in human testis several stem 
cell types can be identified including SSCs(Nagano M, et al.,2002;He Z, et al.,2009;Sadri-
Ardekani H, et al.,2009;Wu X, et al.,2009;Sadri-Ardekani H, et al.,2011), MSCs (Gonzalez 
R, et al.,2009) and MSC-like Leydig cell progenitors (Davidoff MS, et al.,2004;Davidoff MS, 
et al.,2009). The htES-like cells described in this study show characteristics more close to 
testis-derived MSCs than to SSCs.  
 Taken together, the present results suggest that htES-like colonies formed in 
previously described human testicular cell culture (Sadri-Ardekani H, et al.,2009;Mizrak 
SC, et al.,2010) do not possess the pluripotent cell state indicating that these htES-like 
cells cannot be considered as a source of patient-specific pluripotent cells for stem cell 
therapy. The htES-like cells described here share several core features with human MSCs, 
however their origin, functional properties and relation to tissue-specific MSCs require 
further investigation and could provide new insights into the function of testis stroma.
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Human testiscular cell culture

ES-like colonies

Culture condition I

Culture condition II

Culture condition III

Culture condition IV

Culture condition V
ESC culture medium/LIF
PD0325901+CHIR99021

+ MEF

ESC culture medium/bFGF 
+ Matrigel

ESC culture medium/bFGF 
+ MEF

ESC culture medium/bFGF
BIO+Activin A 

+ Matrigel

ESC culture medium/bFGF
CHIR99021 
+ Matrigel

SSEA4+

Pluripotency assay

Stem cell markers analysis
- Flow cytometry
- Q-PCR
- Immunostaining

Embryoid body induction
- Whole genome microarray analysis 

D4-D7-D10-D14-D18
- Screening for ecto-, meso-,   
endodermal markers    

Teratoma induction

Microarray profiling
Reference cell lines:
HUES-1,GFP-HES-3
Bone marrow MSC
Dermal FB

Induced mesodermal 
differentiation

Adipogenic

Osteogenic

Chondrogenic

*

*

Supplementary data

Supplementary Flow Chart I.
htES-like colonies spontaneously formed in primary testicular cultures of three individuals were subcultured in five 
distinct culture conditions. Expanded in three culture conditions out of five htES-like cells were characterized for 
expression of pluripotency- associated markers, embryoid body induction and teratoma formation. Whole-genome 
expression profiles of htES-like cells maintained under culture conditions I, II and IV were compared with two hESC 
lines, bone marrow-derived MSCs and dermal FBs from different donors. Irrespective to culture condition used for 
propagation, htES-like cells possess induced differentiation towards three mesodermal lineages (adipo-, osteo- and 
chondrogenic).
* Not applied for SSEA4-enriched subpopulation of htES-like cells.
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Figure 1

Figure S2. Surface antigen expression profile of htES-like cells propagated under 
culture condition IV analyzed by flow cytometry.

Figure S1. Controls for SSEA4 Immunostaining.
(A) NCCIT cells stained for SSEA4 (positive control), (B) Immunostaining of htES-like 
cells with an isotype IgG instead of SSEA4 primary antibody as a negative control. 
Bar represents 30µm.

A 

B
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Figure S3. Spontaneous differentiation of htES-like colony expanded under 
culture condition II towards adipogenic lineage. 
(A) Phase contrast, (B) Oil Red O staining indicating lipid accumulation. 
Scale bar 50μm

Figure S4. Absence of teratoma induction following injection of htES-like cells. 
(A, B) Presence of undifferentiated ht ES-like cells under the skin (A) or testis capsule(B) of NMRI nu/nu mice at 5 
weeks after injection. Human origin of cells is confirmed by COT-1 fluorescence in situ hybridization. 
Scale bar (A)100 μm, (B) 50 μm.

A 

A 

B

B



Chapter III

68

Figure S5. Hierarchical clustering of htES-like cells expanded under culture 
conditions I,II,IV and reference cell lines (ESCs, MSC and FB).

Figure S6. Quantitative RT-PCR analysis of the osteogenic differentiation.
Markers expressed by htES-like cells upon induced osteogenesis in vitro. (A,B): Changes in expression levels of RUNX2 
(A) and SPP1 (B) in htES-like cells initially expanded under culture conditions I, II, IV and their SSEA4 subpopulations 
(SSEA4+/IV) subjected to differentiation assay (differentiated cells) compared to undifferentiated controls maintained 
under propagation conditions (undifferentiated cells). Cells expanded in standard culture medium with corresponding 
DMSO concentrations are used as a control for culture condition IV (DMSO/control IV). Transcript levels are depicted 
as a fold change relative to levels in htES-like cells under culture condition I.
Error bars represent mean + SD, *P<0.05

A 

B
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Table SI.  Primer sequences used for quantitative RT-PCR.

Gene ID transcript Primer sequence
Fw

Primer sequence 
Rv

Probe/t Cycles Amplicon
(bp)

POU5F1 
  NM_002701.4 
*NM_001159542.1  
* NR_036440.1

agccgggctgggttgatcct tgtcctgggactcctccggg
SYBR 

Green; 
66°C

50 339

Nanog NM_024865.2 gcttgccttgctttgaagcatccg tctggtcttctgtttcttgacc
SYBR 

Green; 
60°C

50 269

Sox2 NM_003106.2 ttgctgcctctttaagactagga ctggggctcaaacttctctc
Probe 
# 35; 
55°C

50 75

Klf4 NM_004235.4 gggagaagacactgcgtca ggaagcactgggggaagt
Probe 
# 52;  
55°C

50 88

c-Myc NM_002467.4 caccagcagcgactctga gatccagactctgaccttttgc
Probe 
#34;   
55°C

50 102

DPPA-4 NM_018189.3 aaaaatgtctatcaaaggcagtaaagt gaggtctggggttgtcagtg
Probe# 

13; 
55°C

50 74

GDF3 NM_020634.1 tctcccgagacttatgctacg ttctttgggtaaagaaagaaacctt
Probe 
#14; 
55°C

50 94

TERF1 NM_017489.2 
NM_003218.3               ggctggatgctcgatttc gttctcaactggcaagctgtt

Probe 
#34; 
55°C

50 140

CCND1 NM_053056.2 gaagatcgtcgccacctg gacctcctcctcgcacttct
Probe 
#67; 
55°C

50 61

HOXB4 NM_024015.4 tggatgcgcaaagttcac gaaattccttctccagctcca
Probe 
#62;  
55°C

50 115

MMP1 NM_001145938.1 gatgaagtccggtttttcaaag cagcatcgatatgcttcacag
Probe 
#17; 
55°C

50 127

MMP3 NM_002422.3 gctgatataatgatctcttttgcagt cataggcatgggccaaaa
Probe 
#85;  
55°C

50 88

CD146 NM_006500.2 gtctgcgccttcttgctc ccacctccaccagctcag
Probe 
#56;  
55°C

50 97

CD271 NM_002507.3 cagagcctgcatgaccag gcagagccgttgagaagc
Probe 
#39;  
55°C

50 131

RUNX2
NM_001024630.3
NM_001015051.3 acaagtgcggtgcaaactt ctgcttgcagccttaaatga

Probe 
#79;   
55°C

50 121

SPP1
NM_001040058.1 
NM_000582.2 
NM_001040060.1

cgcagacctgacatccagt ggctgtcccaatcagaagg
Probe 
#61;   
55°C

50 136

HPRT1 NM_000194.2 gaccagtcaacaggggacat gtgtcaattatatcttccacaatcaag
Probe 
# 22;  
55°C

50 95

HPRT1 NM_000194.2 cctgctggataacatcaaagcact tccaacacttcgtggggtcct
SYBR 

Green; 
60°C

50 288

*POU5F1 pseudogene transcripts recognized by primer pair
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Table SII.  Primer sequences used for RT-PCR.

Gene ID transcript Primer sequence 
Fw

Primer sequence 
Rv

t Cycles Amplicon 
(bp)

ITGα6 NM_000210.1
tcatggatctgcaaatggaa gcggggttagcagtatattca 52°C 35 300

ITGβ1 NM_033668.1
gtgggtggtgcacaaattc ggtcaatgggatagtcttcagc 55°C 35 300

ActivinR
2A1

NM_001616.3
gggagctgctgcaaagttg ccacatcaacactggtgcc 59°C 35 783

ActivinR 1B1 NM_004302.4
cacgtgtgagacagatggg ggcggttgtgatagacacg 60°C 35 346

ActivinR 
2B 1

NM_001106.3
caccatcgagctcgtgaag gagcccttgtcatggaagg 60°C 35 611

GSK3β2

NM_002093.3 
NM_001146156.1 cagcagccttcagcttttgg ccggaacatagtccagcaccag 60°C 35 358

β-catenin 2

NM_001904.3 
NM_001098209.1
NM_001098210.1

gctgatttgatggagttggacatgg gccaaacgctggacattagtgg 60°C 35 365

TCF12
HSTCF1A

accagcggcatgtacaaagag ttcaggttgcggtcgaagggc 60°C 35 421

TCF42
HSBCTCF4

ccatcaccggcacacattgtc actatggtgtgagccgacatc 60°C 35 467

LPL
NM_000237.2

gagatttctctgtatggcacc ctgcaaatgagacactttctc 56°C 35 276

Adipsin 3
NM_001928.2

ggtcacccaagcaacaaagt cctcctgcgttcaagtcatc 55°C 35 271

RUNX2
NM_001024630.3
NM_001015051.3 gacagccccaacttcctgt ttcccgaggtccatctactg 62°C 35 330

SPP1
NM_001040058.1
NM_000582.2 
NM_001040060.1

tggaagttctgaggaaaagca tgaggtgatgtcctcgtcg 62°C 35 502 isoform 
1

Collagen XI 
alpha 14

NM_001854.3 
NM_080629.2 
NM_080630.3 
NM_001190709.1

acttctgactgcctctgctc gcttttgccatgtgattctgcc 61°C 35 495

Aggrecan 3 NM_001135.3 
NM_013227.3 tgaggagggctggaacaagtacc ggaggtggtaattgcagggaaca 66°C 35 350

ACTA2 NM_001141945.1
NM_001613.2 tcctcccttgagaagagttacga ggagcaggaaagtgttttagaagc 59°C 35 445

TBP NM_003194.4
gtgcccagcagcatcactg gtcatggcaccctgaggg 59°C 35 224

Primer sequences references:
1. Beattie GM, Lopez AD, Bucay N, et al. Activin A maintains pluripotency of human embryonic stem 

cells in the absence of feeder layers. Stem Cells. 2005;23:489-495.
2. Etheridge SL, Spencer GJ, Heath DJ, et al. Expression profiling and functional analysis of wnt 

signaling mechanisms in mesenchymal stem cells. Stem Cells. 2004;22:849-860.
3. Gang EJ, Bosnakovski D, Figueiredo CA, et al. SSEA-4 identifies mesenchymal stem cells from bone 

marrow. Blood. 2007;109:1743-1751.
4. Derfoul A, Perkins GL, Hall DJ, et al. Glucocorticoids promote chondrogenic differentiation of adult 

human mesenchymal stem cells by enhancing expression of cartilage extracellular matrix genes. 
Stem Cells. 2006;24:1487-1495.
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Table SIII. htES-like colonies obtained from testicular cell cultures of three individuals contributed into 
the study.  

Condition I Condition II Condition III Condition IV Condition V

Individual 1 6 6 4 4 6

Individual 2 2 2 1 1 1

Individual 3 6 2 - 2 -

Cell propagation >20 passages >20 passages 3 passages >20 passages 1 passage
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Abstract
 In contrast to mouse germ cell-derived pluripotent stem cells, the pluripotent 
state of human testis-derived embryonic stem cell-like that spontaneously arise in primary 
testicular cell cultures remains controversial.  Recent studies have shown that these cells 
closely resemble multipotent mesenchymal stem cells (MSC), raising the question on their 
origin and designate these cell population as multipotent human testis-derived stem cells 
(mhtSC) rather when truly ES-like cells. Here, we evaluate the origin of mhtSCs in vitro by 
culturing selected testicular cell types. We demonstrate that mhtSCs can equally efficient 
be obtained in cultures of pure testicular somatic cells devoid of germ cells. Conversely, 
cultures with a purified population of germ cells/spermatogonia do not produce any 
mhtSCs. Based on common molecular characteristics of the somatic starting population 
and mhtSCs, we conclude that mhtSCs colonies originate from somatic mesenchymal 
progenitors present in primary testicular cell cultures and do not arise from germ cells 
undergoing incomplete reprogramming in vitro.



Chapter IV

76

Introduction

 In vivo, spermatogonial stem cells (SSCs) are responsible for continuous 
spermatogenesis and differentiate in a unipotent way. Self-renewal and differentiation 
of SSCs in vivo result in maintenance of the germ stem cell pool as well as formation 
of mature male gametes. The molecular mechanisms that regulate SSC self renewal and 
differentiation in vivo are still largely unknown. Nevertheless, it is well defined that SSCs 
reside within the seminiferous epithelium in low numbers in the rodent and human testis 
(Ebata KT, et al.,2008). This rare cell population lacks specific markers distinguishing 
them from committed spermatogonia, and as such xenotransplantation into the testis 
of immunodeficient mice is currently the sole test to confirm their presence (Brinster 
RL, et al.,1994;Nagano M, et al.,2001;Nagano M, et al.,2002;Kanatsu-Shinohara M, et 
al.,2003;Sadri-Ardekani H, et al.,2009;Hermann BP, et al.,2012). 
 The establishment of a mouse SSC culture system allowed further investigation of 
their unique biological features and revealed that these SSCs propagated under defined 
conditions in vitro can spontaneously give rise to germ line-derived pluripotent stem cells 
resembling blastocyst-derived mouse embryonic stem cells (ESCs) (Kanatsu-Shinohara M, 
et al.,2004;Guan K, et al.,2007;Seandel M, et al.,2007). The process of this spontaneous 
conversion of initially unipotent germ cells into a pluripotent state is often referred to as 
“culture-induced” reprogramming (Jaenisch R, et al.,2008). 
 Direct translation of the methods employed for the induction of a pluripotent 
cell state of rodent germ cells to the human turned out not to be straightforward. 
Although three papers have claimed the generation of pluripotent stem cells from human 
testicular cell culture systems (Conrad S, et al.,2008;Golestaneh N, et al.,2009;Kossack 
N, et al.,2009) this has been met with a lot of controversy (Conrad S, et al.,2008;Ko K, et 
al.,2010;Warthemann R, et al.,2012). We have previously reported spontaneous arising 
of colonies morphologically resembling human ESCs in primary cultures of human testis 
(Mizrak SC, et al.,2010). However, in contrast to pluripotent cells arising in rodent testicular 
cell culture system, these human testis-derived ES-like cells (htES-like cells) possessed 
features typical for organ-specific mesenchymal stem cells (MSC), so called multipotent 
stromal cells, rather than pluripotent embryonic stem cells (Chikhovskaya JV, et al.,2012). 
This suggested that htES-like cells could originate from a subpopulation of uncommitted 
mesenchymal progenitors present in primary testicular cultures rather than from SSCs via 
incomplete reprogramming in vitro. Consequently, due to lack of features in common with 
human ESCs, this cell population was designated as multipotent human testis-derived 
stem cells (mhtSC).
 In order to directly investigate the origin of mhtSCs, we attempted the generation 
of mhtSCs from distinct testicular cell populations by application of previously published 
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isolation and culture protocols. In contrast to previously published studies exploring the 
properties of  the appearing colonies, in the current study we determine from which 
cell type the colonies in primary testicular cell cultures originate. Various testicular cell 
populations, consisting of either somatic cells or germ cells or both, obtained with different 
isolation methods, were assessed for their ability to form mhtSC colonies in vitro and 
characterized for expression of spermatogonia-specific markers and somatic cell markers. 
We performed these studies with testicular cells from men with normal spermatogenesis 
and men with idiopathic Sertoli Cell-Only (SCO) syndrome. Our results indicate that while 
all derived mhtSC colonies possess an identical immunophenotype and differentiation 
potential, they never arise from pure germ cell populations but only from testicular cell 
populations containing somatic cells. The presence of testicular MSCs in the somatic 
cell fraction within starting testicular cell suspension confirms that mhtSC colonies arise 
from testicular MSCs rather than by means of de novo formation via  culture-induced cell 
reprogramming or epithelial-mesenchymal transition (EMT). 

Materials and methods

Patients
 Testicular cells were isolated from frozen-thawed fragments of testis biopsies of 
three individuals undergoing bilateral orchidectomy as a treatment for prostate cancer and 
testicular biopsies of three individuals with idiopathic Sertoli Cell-Only (SCO) syndrome with 
informed consent. Histological assessment of testis sections confirmed presence of full 
spermatogenesis for all tissue samples of prostate cancer patients (n= 3) and the complete 
absence of germ cells in the three men with SCO syndrome (n=3). Furthermore, testicular 
sperm extraction in these SCO men failed to obtain any spermatozoa. Testicular tissues 
used for research was ‘left-over’ after clinical diagnostic and treatment procedures. All 
patients provided informed consent for donating their spare tissue for research. According 
to Dutch law, these spare tissues can be used for research without approval of a medical 
ethical committee as none of the patients had to undergo any additional intervention to 
obtain the material for this research. 

Testicular cell isolation and culture
 Testicular cell isolation was performed by two methods, method I and II that are 
designed to isolate a mixture of somatic and germ cells or a pure population of germ 
cells, respectively. Method I implies a two step enzymatic digestion to isolate a mixture 
of different testicular cells (van Pelt AM, et al.,1996;Sadri-Ardekani H, et al.,2009). The 
used estimated volume of the biopsy fragments for testicular cell isolation was about 
1cm3 per individual in case of prostate cancer patients (URO0038; URO0059; URO0126) 
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and approximately 0,15 cm3 in case of testicular tissue of patients with SCO syndrome 
(AMC1834; AMC1880; AMC1939). Cell suspensions were obtained after first enzymatic 
digestion with Trypsin (Worthington LS003707), hyaluronidase type II (Sigma H2126) 
and collagenase Type I (Worthington LS004196) (mainly interstitial cells) and after 
second enzymatic digestion with hyaluronidase Type II and collagenase Type I followed 
by overnight differential plating of cells in suspension on plastic dishes (mainly testicular 
cells from tubular fraction). The obtained cells were cultured in StemPro complete 
medium based on supplemented StemPro-34 SFM medium (Invitrogen 10639-011) 
for spontaneous formation of mhtSC colonies as previously described (Mizrak SC, et 
al.,2010). Furthermore, single spermatogonia were picked manually from cultured and 
CD49f (ITGA6)-enriched testicular cells obtained by application of magnetic-activated 
cell sorting (MACS). Single cells were selected from this CD49f-sorted fraction based on 
assessment of their morphology by differential interference contrast microscopy, i.e. low 
intracellular complexity and high nuclear/cytoplasm ratio (van Pelt AM, et al.,1996; Wu X, 
et al.,2009). Obtained cells were cultured individually for spontaneous single cell mhtSC 
colony formation. These spermatogonia were cultured in StemPro complete medium or 
conditioned medium on either laminin (Sigma L6274) or Matrigel (BD Biosciences 356234) 
coated wells 384 well plates (353270 black/clear, Becton Dickinson, NJ, USA). Conditioned 
medium was obtained from testicular cell cultures, including somatic and germ cells, in 
StemPro complete medium. For each experiment 20 spermatogonia were cultured on 
laminin and 20 spermatogonia on Matrigel and experiments were repeated three times.
From testis biopsies of SCO patients, only floating cells obtained after 2nd enzymatic 
digestion with overnight plating were used to initiate primary testicular cell cultures, for 
spontaneous mhtSC colony formation, since application of the 1st enzymatic digestion 
yielded insufficient cell quantities from these biopsies due to smaller biopsy size 
(approximately 0,15 cm3).
 Method II combines magnetic-activated cell sorting with matrix selection of 
testicular cells with the aim to derive a pure population of spermatogonia as previously 
described (Conrad S, et al.,2008;Geens M, et al.,2011). Briefly, tissue fragments were 
mechanically disrupted and underwent enzymatic dissociation followed by 96h plating in 
the presence of 4 ng/ml glial cell line-derived neurotrophic factor (GDNF) (Sigma-Aldrich, 
G1777). Suspensions of unbounded cells were MACS sorted for CD49f(+) (ITGA6) cells, 
followed by matrix selection for Collagen I non-binding/Laminin binding testicular cells 
(Collagen I, BD 25643; Laminin, Sigma L6274) (Conrad S, et al.,2008). Obtained cells were 
plated as previously described in a concentration of 500 cells per 0,75 cm2 either on gelatin-
coated wells in a  culture medium (DMEM high glucose (Invitrogen 11965-092), 15% FCS 
(Gibco 10439-024), 1%NEAA(Gibco 11140), 1% L-glutamine (Invitrogen 25030-024), 0,05 
mM β-mercaptoethanol (Sigma M-7522)  supplemented with 103 units/ml recombinant 
human leukemia inhibitory factor (LIF) (Chemicon 1010) (Conrad S, et al.,2008) on 
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uncoated plastic or on mouse embryonic fibroblast (MEF) feeder layers in Stempro 
complete medium based on supplemented StemPro-34 SFM medium (Invitrogen 10639-
011) (Sadri-Ardekani H, et al.,2009) . The complete scheme of cell culture experiments and 
cell densities used for plating are represented in Figure 1. 

Propagation of mhtSC colonies 
 Compact mhtSC colonies spontaneously formed in primary testicular cell cultures 
were individually expanded on Matrigel  (BD Biosciences 356234) coated wells in culture 
medium (KO-DMEM medium (Gibco 10829), 15% FCS Gibco 10439-024, 25ng/ml bFGF 
(Sigma F0291), 2mM L-glutamine (Invitrogen 25030-024), 1% NEAA (Gibco 11140), 
1% ITS (Gibco 41400-045), 0.1mM β-mercaptoethanol (Sigma M-7522), 1% Penicillin/
streptomycin (Gibco 15070-063) at 37°C and 5%CO2 (Chikhovskaya JV, et al.,2012). MhtSCs 
originating from expanded colonies for 4 to 5 passages were subjected to assessment of 

Figure 1. Representation of cell isolation procedures, culture conditions and plating densities of initial cultures for 
formation of mhtSC colonies.
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surface marker expression profiles by flow cytometry, evaluation of gene expression by 
RT-PCR and differentiation potential by directed differentiation in vitro.

Reference cell lines
 Bone marrow derived MSCs and dermal fibroblasts of 2 adult donors were 
propagated up to passage 4 - 5 and used for comparison of cell type-associated marker 
expression in RT-PCR. The NCCIT cell line (human embryonic carcinoma cells) at passage 
21 was used as reference for optimization of UTF-1 in RT-PCR assays (Kooistra SM, et 
al.,2009). NCCIT cells cultured in presence of 0.5µM  GSK-3-β  inhibitor 6-bromoindirubin-
3’-oxime (BIO)(Sigma B-1686) were used as positive control for nuclear translocation  of 
β-catenin.

Flow Cytometry 
 For characterization of cell surface marker expression profiles, FACS Canto II 
flow cytometer (BD Biosciences) and Diva™ acquisition and analysis software have been 
applied. The following fluorochrome conjugated antibodies were used to perform flow 
cytometrical assays: anti-CD31PE (555446), anti-CD34PECy™7 (348811), anti-CD34FITC 
(555821),  anti-CD44PE (550989), anti-CD45APC(555485) or anti-CD45PECy™7 (348815), 
anti-CD49fFITC (555735), anti-CD73PE (550257), anti-CD90APC (559869), anti-CD105FITC 
(561443), anti-CD117PE (555714), , anti-CD200PE (552475),  anti-HLAABCAPC (555555), 
anti-HLADRAPC (347403) (all from BD Pharmingen, San Jose, CA, USA). Anti-CD146FITC 
antibody was purchased from (Miltenyi Biotec 130-092-851). Anti-CD29FITC was provided 
by eBioscience (11-02229-42) and anti-CD133APC by Miltenyi-Biotec (130-090-854)  
Anti-SSEA4 antibodies labelled with PE or Alexa Fluor 700 were purchased from BD 
Pharmingen (560128) and Invitrogen Molecular Probes (SSEA429), respectively. Matched 
isotype controls were applied to determine background fluorescence levels. 7-AAD (BD 
Pharmingen 51-68981)) was applied for exclusion of non-viable cells from analysis. 

Magnetic-Activated Cell Sorting
 Enrichment of testicular cell suspensions for CD49f+ cells in Method II was 
performed by magnetic-activated cell sorting (MACS) with MiniMACS™ Separator system 
(Miltenyi Biotec 130-090-312) according to manufacturer’s instructions. Biotinylated anti-
human/mouse CD49f antibody (Biolegend 313604) in concentration 1 µg per 106 cells 
combined with anti-Biotin MicroBeads (Miltenyi Biotec 130-090-485) were applied for 
sorting of testicular cells on MS Colomns (Miltenyi Biotec 130-042-201).

Gene Expression Analysis
 Total RNA was extracted using the RNeasy mini-kit (Qiagen, Hilden, Germany 
74104) accompanied with on-column DNAse treatment by RNAse-Free DNAse (Qiagen, 
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79254). One microgram of total RNA was used as input for reverse transcription with 
the Superscript II Reverse transcriptase kit (Invitrogen 18064-014).  In case limiting 
numbers of cells were available, RNA isolation was performed using Arcturus PicoPure 
RNA isolation Kit (Applied Biosystems 12591-00). Obtained total RNA was checked for 
genomic contamination by carrying out PCR assay specific for genomic DNA sequence and 
amplified using the Ovation PicoSL WTA System V2 kit (NuGEN 3312-24) with 500 pg input 
per amplification reaction. The cDNA was used for quantitative RT-PCR and conventional 
RT-PCR in concentration of 5ng and 50ng per reaction, respectively. PCRs were performed 
using gene-specific primer pairs (Table S2 and S3). In control reactions, reverse transcriptase 
was omitted. The specificity of RT-PCR was confirmed by sequencing the PCR products. 
Additionally, cDNA of human ESCs (HuES-1) was used as control in the PCR assays for 
expression of cell type specific markers. Quantitative RT-PCR was performed using a Roche 
LC 480 instrument using Universal Probe Library assays (Universal ProbeLibrary Assay 
Design Center www.roche-applied-science.com). Data were normalized for the expression 
of hypoxanthine phosphoribosyltransferase 1 (HPRT1) as a reference and analyses was 
performed using the relative expression software tool (REST; www.qiagen.com). 

In Vitro differentiation of mhtSCs 
 Differentiation of mhtSCs towards mesodermal lineages (adipogenic, osteogenic 
and chondrogenic) was induced according to the standard guidelines of bone 
marrow MSC differentiation as previously reported (Prockop DJ,1997;Pittenger MF, 
et al.,1999;Hellingman CA, et al.,2010). For evaluation of the cell differentiation state, 
histochemical stainings were performed (Pittenger MF, et al.,1999). For identification of 
lipid accumulation during adipogenic differentiation and in vitro mineralization during 
osteogenic differentiation, Oil red O and Alizarin Red staining were applied, respectively. 
For assessment of chondrogenic differentiation, cultured cell pellets of mhtSCs were 
snap frozen in Tissue-tek OCT freezing compound (Sakura, www.sakuraeu.com) and 
cryosectioned (5µm) before staining with Alcian blue (pH=2.5) for the detection of acid 
mucopolysaccharides, that is produced by newly formed chondrocytes, and with Nuclear 
Fast Red for cell nuclei counterstaining. RT-PCR was applied to estimate expression of 
differentiation-specific genes for all three mesodermal lineages: LIPOPROTEINLIPASE 
and ADIPSIN, RUNX2 and SPP1 (OSTEOPONTIN), COLLAGEN TYPE XI and AGGRECAN.

Immunofluorescence
 Plated primary testicular cell suspensions and primary testicular cell cultures with 
arising  mhtSCs colonies were fixed with 4 % PFA and underwent immunostaining using 
a general protocol (www.abcam.com, Guideline procedure for staining of cell cultures 
using immunofluoresence). The primary mouse anti β-catenin antibody (BD Transduction 
labs Cat#610153) was used in a 1:100 dilution. The NCCIT cell line was used as a model 
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for optimization of dilution ranges. Immunocomplexes were visualized using donkey 
anti-mouse Alexa 488 secondary antibody (A21202 Invitrogen Molecular Probes) and 
4,6-diamidino-2-phenylindole counterstaining. Samples were analyzed using fluorescence 
microscope (Leica DMRA) and confocal microscope (Leica SP8X).

Statistical analysis
 Statistical analysis of quantitative RT-PCR data and group comparisons was 
performed using the Relative Expression Software Tool (REST 2008) (Pfaffl MW, et 
al.,2002). All data are presented as mean ±SEM.  A value of P < 0.05 was considered as 
statistically significant. 

Results

In vitro generation of mhtSCs from a mixture of germ cells and somatic cells, single 
spermatogonia or only somatic cells
 We employed our previously established method to obtain testicular cell fractions 
from testis tissue with normal spermatogenesis that contained both somatic cells and 
germ cells (Figure 1, Method I).Testicular cell suspensions were evaluated for specific 
cell surface marker expression. Flowcytometrical assay of starting populations revealed 
remarkable differences in their cell content. In both obtained cell populations, after the 1st 
and 2nd enzymatic digestion with overnight plating, the majority of cells were HLAABC(-) 
germ cells (95-98%) with only minor amounts of HLAABC(+) somatic cells (2-5%). The 
obtained HLAABC(-) germ cells after the 1st enzymatic digestion mainly contained CD49fdim 
cells (2-3%), while HLAABC(-) germ cells harvested after the 2nd enzymatic digestion with 
overnight plating contained CD49fdim cells (reaching up to 3-5% of general population) 
and a distinguishable small subpopulation of CD49fbright cells (0,05-0,07%) (Figure 2 A,B, 
S1). In both cell preparations, after the 1st enzymatic digestion and after the 2nd enzymatic 
digestion, the HLAABC(+) somatic cells contained only some cells with a CD49fdim phenotype 
(< 0,1%) (Figure 2 A,B). Within the HLAABC(-) germ cell populations no distinct population 
of CD146(+) cells comparable to CD49fbright/dim cells could be detected (Figure S2). Culturing 
of the testicular cell suspensions of the first and second enzymatic digestion showed rapid 
proliferation of cells, including somatic testicular cells, reaching passage 4 to 6 in a period 
of 50 days.  At the same time, the start of the cell propagation is always accompanied by 
the rapid decrease of germ cell content due to quick cell death of differentiating germ cell 
that are abundantly present in initial cell suspensions. As a result of this process the ratio 
of germ cells vs somatic cells in cultures already at passage 1 were changed in an inverse 
manner to 96-98% of HLAABC(+) somatic cells and 4-2% of HLAABC(-) germ cells (Figure 
S3). Spontaneous arising of mhtSC colonies was observed from week three onwards. 
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No differences in morphology and generation rate of mhtSC colonies between cultures 
from different individuals as well as between cultures started from cell suspensions after 
the 1st or 2nd enzymatic digestion with overnight plating were observed (Figure 2 C,D). 
When single spermatogonia, selected by micromanipulation after CD49f+ MACS sorting 
of cultured testicular cells were subcultured on laminin or Matrigel in StemPro medium, 
none of them resumed proliferation or generated  mhtSC colonies, also not after culturing 
in conditioned medium derived from mixed testicular cell cultures. The spermatogonia 
remained in culture for about two weeks and finally degenerated.
 We also cultured primary testicular cells after the 2nd enzymatic digestion from the 
testicular biopsies of SCO patients with complete loss of germ cells. Unfortunately, due to 
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Figure 2.  Testicular cells in primary testicular cell 
suspensions and cell cultures.
Germ and somatic cells in primary testicular cell 
suspensions obtained after 1st (A)  and 2nd (B) enzymatic 
digestion steps  with overnight plating using Method 
I were analyzed by flow  cytometry. MhtSC colonies 
spontaneously arise in primary testicular cell cultures that 
started from testicular cell suspensions obtained after 1st 
(C) and 2nd (D) enzymatic digestion steps with overnight 
plating from testicular tissue possessing complete 
spermatogenesis and (E) cell suspension derived after 2nd 
enzymatic digestion with overnight plating from testicular 
biopsy of patient with SCO syndrome. (F) Testicular cells 
isolated from testicular tissue of individuals with complete 
spermatogenesis according to Method II. (G) Expression 
of cell type- specific markers by cells present in testicular 
cell suspensions obtained after cell isolation according 
to method I and  II. (H) Isolated germ cells cultured on 
gelatin-coated well (typical morphological characteristics 
of germ cells (star) and somatic cells (arrow head) in 
vitro), MEFs (I) and plastic (J). (K) Degeneration of germ 
cells after 1 month in culture. Scale bar 50µm (C-E), 20µm 
(F, H-K). Asterisk and triangle indicate cells processing 
spermatogonial and somatic cell morphology respectively.

A B

C D E

F G

H I

J K



Chapter IV

84

the low number of cells obtained from testicular tissue due to limiting size of testicular 
biopsy, flow cytometrical assessment of the starting population could not be performed. 
When cultured in similar conditions as described for mixed testicular cells, the testicular 
somatic cells from the SCO patients rapidly started to proliferate and reached passage 5 
in 50 days. Strikingly, cells from these testicular biopsies also spontaneously gave rise to 
testicular cell cultures with mhtSC colonies indistinguishable from the colonies derived 
from testis tissue of individuals with complete spermatogenesis (Figure 2 E). 

In vitro generation of mhtSCs of pure germ cell fraction  
 We applied the method of Conrad et al. (Conrad S, et al.,2008)  to obtain highly 
purified germ cell populations (Figure 1, Method II). In doing so, we obtained only a limited 
number of cells, albeit highly homogeneous. The isolated cells possessed all morphological 
characteristics of spermatogonia, i.e. round cells with low intracellular complexity, high 
nucleus/cytoplasm ratio and 2 or 3 relatively big nucleoli (Figure 2 F). Unfortunately, due 
to the low number of cells obtained from testicular tissue after application of this isolation 
method (Table S1), flow cytometrical assessment of the starting population could not 
be performed. Q-PCR assays confirmed enrichment for spermatogonia-specific marker 
MAGEA4, while the somatic cell marker peritubular myoid-specific Alfa 2 smooth muscle 
actin (ACTA2) was not expressed (Figure 2 G). When cultured under culture conditions 
described before for the generation of germ cell-derived pluripotent stem cells (Conrad 
S, et al 2008), these cells did not expand and remained in culture without any sign of 
proliferation. Only a few single attached somatic cells could be noticed in some wells 
(Figure 2 H). Culture of these spermatogonial cells on MEFs or non coated plastic dishes 
in StemPro complete medium also did not result in their proliferation and generation of 
mhtSC colonies (Figure 2 I,J).  After 2 weeks in vitro, these non-proliferating spermatogonia 
started to degenerate, and no cell aggregation or formation mhtSC colonies were observed 
over a period of 1 month (Figure 2 K). 

Surface marker expression profile of mhtSCs
 MhtSC colonies originated from testicular cultures of testis tissue possessing 
complete spermatogenesis, both obtained after the 1st and 2nd enzymatic digestion with 
overnight plating, and of testis tissue from patients with SCO syndrome were individually 
expanded for evaluation of their cell surface markers characteristics. All colonies 
possessed a similar surface markers expression profile characteristic for MSCs: CD29(+)/
CD44(+)/CD49f(+)/CD73(+)/CD90(+)/CD105(+)/HLAABC(+)/HLADR(-)/CD31(-)/CD34(-)/
CD45(-)/CD117(-)/CD133(-) (Figure S4). Remarkably, cells from expanded mhtSC colonies 
also displayed a number of surface markers such as CD146 and CD200, known to identify 
uncommitted progenitors in heterogeneous populations of MSC in diverse tissues (Figure 
S5) (Delorme B, et al.,2008;Dominici M, et al.,2009;Russell KC, et al.,2010). While mhtSC 
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colonies and subpopulations of mhtSCs at passage 1, 2 demonstrated SSEA4-expression, 
during further propagation and passaging, expression of SSEA4 gradually reduced similar 
to our previous observations (Chikhovskaya JV, et al.,2012) .

MSC trilineage differentiation potential of mhtSCs
 The ability to differentiate towards three mesodermal lineages (adipo-, osteo- 
and chondrogenic) is declared as one of the defining criteria of MSC (Dominici M, et 
al.,2006;Eildermann K, et al.,2012).
 Under differentiation-inducing conditions, all mhtSCs, originated from cultures 
with either mixed germ cells and somatic cells or somatic cells alone, possessed equal 
trilineage differentiation potential. In case of adipogenic differentiation, lipid accumulation 
and expression of adipocyte-specific markers (LIPOPROTEINLIPASE, ADIPSIN) were 
observed (Figure 3 A,D). Calcium deposition and expression of RUNX-2 (RUNT-RELATED 
TRANSCRIPTION FACTOR 2) and SPP1 (OSTEOPONTIN) indicated osteogenic differentiation 
of mhtSCs (Figure 3 B,E). Differentiation toward chondrogenic lineage in cell pellet 

Figure 3. Differentiation of mhtSCs toward mesodermal 
lineages.
(A) Oil Red O staining confirming adipogenic differentiation 
of mhtSCs, (B) Alizarin Red S staining of calcium deposits 
formed during osteogenic differentiation, (C) Alcian blue 
staining of acid mucopolysaccharides in the sections 
of cell pellets  after chondrogenic differentiation. 
Scale bar 50 µm. 
RT–PCR analysis of (D) adipo-, (E) osteo-,and (F) chondrogenic- 
differentiation markers expressed by mhtSCs in response to 
induced differentiation in respective cell lineages.
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cultures was confirmed by accumulation of extracellular matrix components (acid 
mucopolysaccharides) detected by Alcian blue staining as well as expression of cartilage 
specific markers COLLAGEN TYPE XI and AGGRECAN (Figure 3 C,F). 

Molecular characterization of mhtSC colonies
 Based on the spontaneous formation of mhtSCs colonies from starting cell 
populations composed of germ cells and somatic cells or only of somatic cells, but not 
from highly purified germ cells, we expected that mhtSCs colonies originate from testicular 
somatic cells,  presumably the somatic mesenchymal progenitors. 
 In order to further evaluate this hypothesis, we characterized the expression of 
several genes known to make a distinction between multipotent MSCs and fibroblast 
markers in mhtSC colonies originating from testicular cell cultures of tissues with 
complete spermatogenesis (after 1st and 2nd enzymatic steps of cell isolation) and SCO 
testes (only after 2nd enzymatic step). Expression of Transmembrane 4 L6 family member 
1 (TM4SF1) and nuclear factor I/B (NFIB) genes previously reported to recognize MSCs 
from various tissues was significantly higher in mhtSCs compared to the isolated testicular 
cell populations and that of MSCs from bone marrow (Figure 4A). Expression levels of 
fibroblast specific S100A4 and matrix metalloproteinase-3 (MMP3) were significantly 
lower in mhtSCs compared to control fibroblast cell lines (Figure 4 B). Spermatogonial 
specific genes (PLZF, MAGEA4) were not expressed in any of the mhtSCs. CD49f expression 
was observed in all mhtSCs (Figure 4 C). Generally, no differences in surface markers 
expression profiles, gene expression and differentiation abilities between mhtSC colonies 
derived from primary testicular cultures of patients with complete spermatogenesis or 
patients with SCO syndrome were observed.

Figure 4. Expression of somatic and germ cell-specific 
markers by mhtSCs.
Quantitative PCR assays for expression of (A) MSC-specific 
markers, (B) Fibroblast-specific markers and (C) Germ cell-
specific markers by mhtSCs derived from different starting 
testicular cell suspensions.
Data are presented as mean ±SEM. A value of *P < 0.05 
was considered as statistically significant.
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Comparing molecular characteristics of starting testicular cell populations with derived 
mhtSCs
 In order to further evaluate the origin of mhtSCs, RT-PCR assays for expression of 
specific biomarkers of spermatogonia, testicular somatic cells and MCSs were performed 
on isolated germ and/or somatic cells obtained with Method I and non proliferating 
spermatogonia derived according to Method II and compared with that of mhtSCs.  The 
cell populations obtained from tissue specimens with normal spermatogenesis using 
method I and II possessed expression of germ-specific markers DDX4 and spermatogonial 
specific markers undifferentiated embryonic cell transcription factor 1 (UTF1), PLZF, 
deleted in azoospermia-like (DAZL), while mhtSCs did not express any of these markers 
(Figure 5A). Also the expression of the spermatogonial specific marker MageA4 was 
found in cell populations obtained with both Method I and II from biopsies with normal 
spermatogenesis (Figure 2G), while mhtSCs did not show expression of this specific 
marker (Figure 4C). Expression of CD49f could be found in all tested samples (Figure 5A) in 
agreement with detection of CD49f-expressing cells within the somatic cell population of  

Figure 5. Expression of cell type-specific markers by cells 
present in starting testicular cell suspensions and obtained 
mhtSCs.
(A) RT-PCR assay for expression of cell type-specific markers 
by starting cell populations derived from testicular tissue 
specimens with normal spermatogenesis isolated with Method 
I and II, and mhtSCs spontaneously formed in cell cultures. 
(B) Quantitative PCR assays for expression of MSC-specific 
marker TM4SF1, Fibroblast-specific marker S100A4 and germ 
cell-specific marker MAGEA4 by cells present in different 
starting testicular cell suspensions isolated with method I in 
comparison to testicular tissue specimens. Data are presented 
as mean ±SEM. A value of * P < 0.05 was considered as 
statistically significant.
β-catenin immunostaining performed on cells present in 
(C) primary testicular cell culture (Method I), (D) confocal 
images  on one focus level from a Z stack  of a mhtSC colony 
spontaneously formed in primary testicular cell culture. 
Scale bar 50µm.
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HLAABC(+) as well as the HLAABC(-) germ population (Figure 2 A,B). Expression of Sertoli 
cell-specific follicle-stimulating hormone receptor (FSHR) was found neither in any of the 
isolated cells nor in mhtSCs (Figure 5A).
 Cell populations derived with Method I expressed somatic cell markers such as 
MSC-specific TM4SF1 and ACTA-2, while cells from Method II did not show expression of 
these markers (Figure 5A). These somatic MSC marker TM4SF1 and to a lesser extent the 
fibroblast marker S100A4 were expressed by starting populations of method I, both from 
testis tissue with normal spermatogenesis and testis tissue with SCO, and by all mhtSCs 
(Figure 4B and 5B). 

Tracing of EMT in primary testicular cell cultures
 Although the number of Sertoli cells is very low or even undetectable in the initial 
testicular suspensions and in mhtSC colonies as indicated by the  lack of expression of the 
FSH receptor (Figure 5A), these cells could potentially be a source of mhtSC by epithelial-
mesenchymal transition (EMT) in primary testicular cell cultures. In order to verify if indeed 
EMT caused mhtSC formation, we investigated during the process of colony formation 
the presence of EMT-specific markers (typical for so called metastable cells)  (Lee JM, et 
al.,2006;Tanwar PS, et al.,2011). Using an immunofluorescence assay for β-catenin, we did 
not  detect cells possessing the EMT- associated nuclear translocation of β-catenin in the 
primary testicular cell cultures nor within arising  mhtSC colonies themselves (Figure 5C 
and D, S6, Supplementary movie 1). 

Discussion

 In the current study, we have demonstrated that mhtSC colonies only arise in 
testicular cell cultures that contain somatic cells even in the absence of germ cells. In 
addition, mhtSC colonies, either originating from testicular tissue specimens with normal 
spermatogenesis or specimens with SCO syndrome, arise in a similar frequency and are 
indistinguishable from each other on the morphological, molecular and functional level. 
In our previous study, we demonstrated that the mhtSCs generated in human testicular 
cell cultures are not pluripotent, but resemble MSCs (Chikhovskaya JV, et al.,2012). In 
the current study, we performed generation of mhtSC colonies from primary cultures of 
selected testicular cell populations in order to determine the cell type of origin. The cell 
populations obtained with the two enzymatic step isolation method previously established 
in our laboratory (Method I) always provide mhtSC colonies, even from testis with SCO. 
When applied for testicular tissue with complete spermatogenesis, the starting testicular 
cell suspensions contained germ and somatic cells. Flow cytometrical analysis revealed 
immunophenotypes corresponding to that of spermatogonia and testicular somatic cells 
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(Geens M, et al.,2007;He Z, et al.,2009). Testicular cell suspensions from biopsies with 
full spermatognesis obtained after 1st and 2nd enzymatic digestions with overnight plating 
showed expression of spermatogonia-specific genes in addition to MSC and FB-specific 
genes. In contrast, only MSC and FB specific markers were detected in samples derived 
from SCO testis tissues using the same isolation method. This indicates that mhtSCs derive 
from testicular cell cultures that contain somatic cells irrespective of the presence of 
spermatogonia.
 In parallel, we applied a testicular cell isolation protocol based on MACS for 
CD49f(+) cells followed by a matrix selection procedure (Method II) (Conrad S, et al.,2008). 
In contrast to our results, this method of testicular cell isolation was previously reported 
as the initial step in the generation of pluripotent testis-derived stem cells (Conrad 
S, et al.,2008). The obtained small but highly homogenous cell population possessed 
expression of known human spermatogonial markers including UTF1, PLZF and MAGEA4 
and germ cell marker DDX4 (von Kopylow K, et al.,2010). Although some preparations 
showed a few single contaminating adherent spindle-shaped somatic cells in culture in 
combination with low ACTA2 expression level, generally this method provided an almost 
pure germ cell subset of round feebly bounded germ cells. In all cell populations obtained 
with Method II, the presence of uncommitted spermatogonia was confirmed by detection 
of the pluripotency-associated transcription factor UTF1. UTF1 was recently identified 
as a spermatogonial-specific marker in human adult testis with expression restricted to 
Adark and Apale spermatogonia (von Kopylow K, et al.,2010;von Kopylow K, et al.,2012). 
An algorithm applied for determining human germ and somatic testicular cells based on 
expression of specific biomarkers is presented in Figure 6.

Figure 6. Biomarkers applied to distinguish human germ and somatic testicular cells.
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 Besides the notable differences between cell fractions obtained with the two 
isolation methods, they showed expression of common markers. It is well established 
that mouse and human SSCs express CD49f (ITGA6) (Wu X, et al.,2009;He Z, et al.,2012). 
Nevertheless this surface molecule is well known to be expressed by a wide range of 
somatic cells including MSCs (Kaltz N, et al.,2008;Qian H, et al.,2012). In the current 
study, we were able to detect CD49f expression in HLAABC(-) germ cells as well as in 
HLAABC(+) somatic cell populations (Figure 6) and showed prominent expression of CD49f 
transcripts by RT-PCR in the isolated testicular cells.  This result is in agreement with our 
observation that for obtaining highly pure spermatogonia by Method II, the initial MACS 
sorting for a CD49f(+) population from the testicular cell suspension must be followed 
up by an enrichement for spermatogonia via matrix selection procedure for removal of 
CD49f+ somatic cells. Taking in consideration that harvesting of the target populations 
during Collagen I and Laminin matrix selections is based on repetitive washings of 
plates, the chance of unintentionally harvesting of somatic cells always exists. This fact 
explains the occurrence of single spindle-shaped somatic cells and detection of low 

Figure 7. Generation of mhtSC colonies in primary testicular cell cultures established from testis tissues 
with complete spermatogenesis and SCO syndrome and their characteristics.
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ACTA2 expression levels in some isolated cell populations, while the vast majority of the 
isolated cells are CD49f(+)-expressing spermatogonia. Our observations are in line with a 
previously published study where a matrix adhesion-based protocol has been evaluated 
for its applicability to eliminate contaminating malignant cells from human testicular cell 
suspensions. While significant enrichment of the germ cell population was achieved,  
complete depletion of malignant cell could not be reached (Geens M, et al.,2011)
 In the current study we repeatedly attempted propagation of nearly pure 
isolated spermatogonia from Method II under various culture conditions, but we never 
observed proliferation or generation of mhtSC colonies. Moreover, single cell subculture 
of spermatogonia harvested by micromanipulation from propagated and CD49f(+) sorted 
testicular cells did not resume proliferation or form mhtSC colonies. Even when cultured 
in conditioned medium from testicular cells, these spermatogonia did not resume 
proliferation. This indicates that factors secreted by somatic cells in conditioned medium 
are not sufficient to induce or maintain the proliferative state in spermatogonia and 
may suggest that cell-cell contact between spermatogonia and somatic testicular cells is 
essential for proliferation of germ cells.
 Recently several studies identified biological markers typical for human type 
A spermatogonia such as fibroblast growth factor receptor 3 (FGFR3, CD333), UTF1 
and consequently disclosed possible molecular mechanisms of their self renewal and 
differentiation (von Kopylow K, et al.,2010). It became apparent that besides having some 
comparable characteristics with rodent germ line stem cells, human SSC seemed to hold 
their unique features including specific gene expression, the mechanisms controlling self 
renewal, differentiation and stage hierarchy (He Z, et al.,2009;Ko K, et al.,2010;von Kopylow 
K, et al.,2012). Therefore, a direct transition of methods and culture conditions efficient 
for induction of pluripotent cell state of rodent germ cells are not applicable for human 
germ cells. The culture conditions applied in this study, largely based on achievements in 
rodent germ cell culture techniques (Stem Pro medium, LIF supplementation, a.s.o.), did 
not provide generation of bona fide pluripotent stem cells from highly purified human 
spermatogonia (Figure 7).  This observation is in agreement with the earlier described 
concerns regarding the pluripotent cell state of previously described pluripotent stem 
cells derived from human testicular cell cultures in respect to pluripotent gene expression 
profiles and ability to form teratomas (Ko K, et al.,2010;Ko K, et al.,2011).
 In contrast to the pure spermatogonial cell suspensions, all cell suspensions 
obtained after application of the 1st or 2nd enzymatic steps (Method I) contain both 
germ and somatic testicular cells or only somatic cells in case of SCO testicular tissue. 
SCO-derived testicular cell suspensions showed rapid attachment and proliferation of 
somatic cells that finally gave rise to mhtSCs colonies with equal efficiency (Figure 7). 
As we previously described (Chikhovskaya JV, et al.,2012), the immunophenotype of the 
observed mhtSCs corresponds to the conventional panel of cell surface and molecular 
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characteristics for MSCs consistent with minimal criteria of MSC identification (Dominici M, 
et al.,2006). The mhtSCs possess consistent differentiation towards mesodermal lineages 
resembling basic features of MSCs derived from various tissues, that are also existing in 
the human testis (Gonzalez R, et al.,2009). Furthermore, all expanded mhtSC colonies 
possessed high expression levels of markers such as TM4SF1, a marker that has recently 
been recommended as a marker able to uniquely identify MSCs from most tissue sources 
(Bae S, et al.,2011), and NFIB known to distinguish bona fide MSC from plastic-adherent 
fibroblasts (Wagner W, et al.,2005;Kaltz N, et al.,2010). In addition, mhtSC colonies 
contain cells expressing CD146 (MCAM), a marker specific for uncommitted bona fide 
MSCs typically possessing differentiation potential towards three mesodermal lineages, 
supporting a mesenchymal phenotype of mhtSCs (Delorme B, et al.,2008;Dominici M, 
et al.,2009;Russell KC, et al.,2010).The same CD146+ cell population was present in the 
starting testicular suspension within the HLA ABC (+) somatic cell subset before plating 
and did not appear de novo in culture, which could indicate that these testicular MSCs are 
likely the cell type origin of the mhtSCs. 
 On the other hand, mhtSCs, possessing mesenchymal properties, could potentially 
be formed  by testicular somatic cells undergoing EMT. However, screening of primary 
testicular cell cultures during mhtSC colony formation did not reveal cells with the 
previously described EMT-specific phenomenon of β-catenin nuclear translocation neither 
in cells present primary cell culture nor  in the forming colonies (Lee JM, et al.,2006;Tanwar 
PS, et al.,2011).  These results indicate that mhtSCs arise from testicular mesenchymal 
progenitors that are already present in the starting cell population rather than by EMT of 
other somatic cell types in vitro.
 In addition, the finding that mhtSCs also arise efficiently from testicular cell culture 
from testis of patients with SCO, provides compelling evidence that mhtSCs do not arise 
as a result of incomplete reprogramming of germline stem cells in vitro. Based on this 
fact together with the absence of EMT in culture, we can conclude that mhtSC colonies 
originate from somatic mesenchymal cells present in the testicular cell cultures and pre-
existing in the isolated starting cell population. 

Summary

 In conclusion, the current study shows that mhtSC colonies arise in vitro from 
somatic testicular cells and not from germ cells. This contrasts sharply with previous 
findings in mouse where complete spontaneous reprogramming of germ cells into 
pluripotent stem cells was clearly demonstrated. Thus, our finding of a testicular MSC 
origin of mhtSCs, clearly demonstrates that the human testis harbors two stem cell types, 
being the unipotent spermatogonial stem cells and the multipotent MSCs, and both do 
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not spontaneously change their potency in vitro. 
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Figure S1. Detection of viable (7AAD (-)) cells in primary 
testicular cell suspensions obtained  after 1st and 2nd 
enzymatic digestion with overnight plating of testicular 
tissue possessing normal spermatogenesis.

Figure S2. Flow cytometrical assay for CD146 expression 
in primary testicular cell suspension from testis tissue 
with normal spermatogenesis.

Figure S3. The change in the germ cell vs somatic cell ratios in primary testicular cell cultures  started from primary 
testicular cell suspensions obtained  after 1st and 2nd enzymatic digestion with overnight plating (passage 1).
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Figure S4. Surface markers expression profile of mhtSCs arisen in primary testicular cell cultures.
MhtScs were generated  from testicular cell suspensions obtained after 1st (A)  and 2nd (B) enzymatic digestion with 
overnight plating of testicular tissue processing normal spermatogenesis and (C) from cell suspensions obtained after 
2nd enzymatic digestion and overnight plating of testicular biopsy of patient with SCO syndrome.
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Figure S5. Surface expression of CD146 and 
CD200 by cells present in mhtSC colonies (at 
passage 5). 
Subcultured cells of mhtSC colonies from 
primary cultures after (A) 1st and (B) 2nd 
enzymatic digestion with overnight plating 
of testicular tissue possessing normal 
spermatogenesis and (C) from primary 
cultures of testicular biopsy of patient with 
SCO syndrome.

Figure S6. Controls for β-Catenin 
immunostaining.
Performed on (A) NCCIT cells cultured in 
presence of GSK inhibitor BIO as an sample 
exhibiting the β-catenin nuclear translocation, 
(B and C) Primary testicular cell culture 
(Method I) and mhtSC colony stained with 
isotype IgG as negative controls, respectively. 
Scale bar 50µm.
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Supplementary Table 1.  Cell fractions recovered after consequent steps of cell 
isolation (Method II).

Patient 72h plating CD49f+ cells after 
MACS

Collagen I-/Laminin + 
cell fraction

Individual  1 3,5 X 106 2,32 X 106 13,2 X 104

Individual  2 2 X 106 22,6 X 104 2,1 X 104

Individual  3 2 X 106 29,5 X 104 2,1 X 104

Supplementary Table 2.  Primer sequences used for quantitative RT-PCR.
Gene ID transcript Primer sequence

 Fw
Primer sequence 

Rv
Probe/ t Cycles Ampli 

con 
(bp)

CD49f NM_000210.1 attctcatgcgagccttcat ggaaacacagtcactcgaacc
Probe # 74; 
59°C 50 92

ACTA2 NM_001141945.1 gcactgccttggtgtgtg tcccattcccaccatcac
Probe # 21;  
59°C 50 131

MAGEA4 NM_001011548.1 cccaggctctataaggagacaag cagcaggcaagagtgcag
Probe # 61;  
59°C 50 143

PLZF NM_001018011 gcacagttttcgaaggagga cagaagacggccatgtca
Probe # 80;  
59°C 50 74

MMP3 NM_002422.3 gctgatataatgatctcttttgcagt cataggcatgggccaaa Probe #85;  
59°C 50 88

S100A4 NM_019554 gctcaaccaagtcagaactaaaggag gcagcttcatctgtccttttc
Probe # 24;  
59°C 50 78

TM4SF1 BC_010166.2 gtggttcttttctggcatc ccagcccaatgaagacaaat
Probe # 10;  
59°C 50 71

NFIB NM_005596 agtccaagccacaatgatcc tccagattttacaaaactatcctcaa
Probe # 65;  
59°C 50 69

HPRT1 NM_000194.2 gaccagtcaacaggggacat gtgtcaattatatcttccacaatcaag Probe # 22;  
55°C 50 95
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Supplementary Table 3.  Primer sequences used for RT-PCR.
Gene ID transcript Primer sequence 

Fw
Primer sequence

 Rv
 t/ pcr 
type

Cycles Amplicon 
(bp)

CD49f NM_000210.1 tcatggatctgcaaatggaa gcggggttagcagtatattca 52°C 35 300

UTF1 NM_003577 accagctgctgaccttgaacc ttgaacgtacccaagaacga
50°C; 

hot start 35 228

DDX4 NM_024415 ttgggaagcagaaatcaacc aaaccacccattgtggatgt 54°C 35 240

PLZF NM_001018011 ggtcgagcttcctgataacg cctgtatgtgagcgcaggt 55°C 35 396

DAZL NM_001351 gccacgtcctttggttttta tcatttggcacaacttcagc 58°C 35 312

FSHR ENST00000304421.4 tcggatctgtcactgctctaac gcttggtgaggacaaacctc
59°C; 

hot start 35 113

TM4SF1 BC_010166.2 gtggttcttttctggcatc ccagcccaatgaagacaaat
59°C; 

hot start 35 71

LPL NM_000237.2 gagatttctctgtatggcacc ctgcaaatgagacactttctc 56°C 35 276

Adipsin 1 NM_001928.2 ggtcacccaagcaacaaagt cctcctgcgttcaagtcatc 55°C 35 271

RUNX2 NM_001024630.3
NM_001015051.3 gacagccccaacttccgt ttcccgaggtccatctactg 62°C 35 330

SPP1
NM_001040058.1
NM_000582.2 
NM_001040060.1

tggaagttctgaggaaaagca tgaggtgatgtcctcgtcg 62°C 35 502 isoform1

Collagen XI 
alpha 12

NM_001854.3 
NM_080629.2 
NM_080630.3 
NM_001190709.1

acttctgactgcctctgctc gcttttgccatgtgattctgcc
61°C; 

hot start 35 495

Aggrecan 1 NM_001135.3 
NM_013227.3 tgaggagggctggaacaagtacc ggaggtggtaattgcagggaaca 66°C 35 350

ACTA2 NM_001141945.1
NM_001613.2 tcctcccttgagaagagttacga ggagcaggaaagtgttttagaagc 59°C 35 445

TBP NM_003194.4 gtgacccagcagcatcactg gtcatggcaccctgaggg 59°C 35 22

Genomic  
DNA

agcttctattcgagggcttc ctctctgcaatccctgacat 61°C 35 196

Primer sequences references: 
1. Gang EJ, Bosnakovski D, Figueiredo CA, et al. SSEA-4 identifies mesenchymal stem cells from bone marrow. 

Blood. 2007;109:1743-1751.
2. Derfoul A, Perkins GL, Hall DJ, et al. Glucocorticoids promote chondrogenic differentiation of adult human 

mesenchymal stem cells by enhancing expression of cartilage extracellular matrix genes. Stem Cells. 
2006;24:1487-1495.
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Abstract

	 The	production	of	testosterone	by	Leydig	cells	(LCs)	is	required	for	progression	of	
spermatogenesis	and	maintenance	of	the	blood	testis	barrier	as	part	of	a	specific	testicular	
tissue	 microenvironment.	 Furthermore,	 testosterone	 has	 an	 effect	 on	 many	 organs	
throughout	the	body.	Adult	LCs	are	formed	at	puberty	by	proliferation	and	differentiation	
of	adult	LC	progenitors	that	reside	within	the	testicular	interstitium.	In	addition,	in	animal	
studies,	adult	LC	progenitors	have	shown	to	be	able	to	regenerate	the	mature	Leydig	cell	
pool	upon	testicular	damage.	In	humans,	just	as	in	rodents,	testis-specific	undifferentiated	
pericyte-/mesenchymal-like	 cells	 (MSC)	 that	 reside	 in	 the	 interstitial	perivascular	niche	
have	recently	been	proposed	as	possible	progenitors	for	steroidogenic	adult	LCs.	However,	
a	 true	human	LC	stem	cell	capable	of	 in	vitro	proliferation	has	not	yet	been	 identified.	
Here,	we	 determine	 the	 characteristics	 of	 several	 testicular	 somatic	 subpopulations	 in	
order	to	search	for	LC	progenitors.
	 Our	findings	suggest	that,	just	as	in	rodents,	a	subpopulation	of	platelet-derived	
growth	 factor	 receptor	 α	 positive	 (PDGFRa+;CD140A+)	 human	 testicular	 somatic	 cells	
contain	a	population	of	low-proliferating	but	committed	LC	progenitors.		In	addition,	we	
demonstrate	 that	 cells	 positive	 for	 the	mesenchymal	marker	Melanoma	 cell	 adhesion	
molecule	 (MCAM/CD146+),	but	negative	for	PDGFRa,	possess	high	 in	vitro	proliferative	
activity	 and	have	high	 expression	 levels	 of	 nestin,	 a	marker	 known	 to	be	expressed	 in	
LC	 progenitors.	 Moreover,	 during	 induced	 LC	 differentiation	 the	 CD146+/CD34-/HLA	
ABC+	subpopulation	lost	 its	CD146	expression	and	begin	expressing	PDGFRa,	as	well	as	
the	 	specific	steroidogenic	enzyme	3-β-hydroxysteroid	dehydrogenase	2	(3β–HSD2)	and	
luteinizing	 hormone	 receptor	 (LHR)	 typical	 for	 mature	 androgen-producing	 cells.	 Our 
results	 strongly	 suggest	 that	 human	 testicular	 CD146+	 somatic	 cells	 contain	 LC	 stem	
cells	that	can	be	isolated	and	propagated	in	vitro.	These	LC	stem	cells	can	potentially	be	
used	for	future	cell	therapy	approaches	to	restore	testis	steroidogenic	function	in	case	of	
hypogonadism.
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Introduction

	 Spermatogenesis	 is	 a	 continuous	 process	 of	 sperm	 production	 and	 is	 highly	
sensitive	 to	 factors	 such	 as	 temperature	 and	 local	 hormonal	 concentrations	 (Walker	
WH,2011).	 The	 presence	 of	 androgens	 is	 known	 to	 be	 indispensable	 for	 progression	
of	 germ	 cell	 differentiation	 and	 for	 maintenance	 of	 the	 blood-testis	 barrier,	 while	 it	
simultaneously	affects	functions	of	various	other	organs	(Pakarainen	T,	et	al.,2005;	Griffin	
DK,	et	al.,2010;Walker	WH,2011).	Androgens	are	produced	by	Leydig	cells	 (LCs),	which	
reside	within	the	testis	interstitium.	
	 LCs	 occur	 in	 two	 forms	 which	 are	 present	 in	 different	 stages	 of	 development	
(Hardy	MP,	 et	 al.,1991;	 Benton	 L,	 et	 al.,1995;	 Lejeune	 H,	 et	 al.,1998;	 Zirkin	 BR,2010).	
Foetal	LCs,	located	between	the	testis	cords	up	till	puberty,	arise	from	mesenchymal-like	
progenitors	within	 the	mesonephros	 (Mendis-Handagama	SM,	et	 al.).	 These	 foetal	 LCs	
provide	 the	 initial	onset	of	 steroidogenesis	 required	 for	prenatal	development	of	male	
gonads	(Mendis-Handagama	SM,	et	al.,2001;Ge	RS,	et	al.,2005).	
	 Adult	LCs	are	terminally	differentiated	steroidogenic	cells.	Being	highly	specialized,	
they	are	no	 longer	able	to	proliferate.	Mature	adult	LCs	are	formed	and	maintained	by	
differentiation	 of	 a	 small	 population	 of	 stem/progenitor	 interstitial	 cells	 from	 puberty	
onwards	 (Hardy	MP,	 et	 al.,1991;	Davidoff	MS,	 et	 al.,2004).	Data	obtained	 from	animal	
studies	suggest	a	low	physiological	turnover	of	adult	LCs	during	adulthood.	On	the	other	
hand,	complete	restoration	of	the	adult	LC	population	and	regeneration	of	steroidogenic	
activity	have	been	demonstrated	in	a	rat	model	after	induced	LC	depletion	by	administration	
of	ethane	dimethanesulphonate	(EDS),	known	to	cause	apoptosis	of	 	mature		adult	LCs	
(Teerds	KJ,	et	al.,1999;Davidoff	MS,	et	al.,2004).
 The	 functional	 properties	 and	 dynamic	 changes	 in	 the	 subpopulation	 of	 LC	
progenitors	 during	 tissue	 regeneration	 are	 only	 known	 from	 rodent	 models,	 but	 it	 is	
generally	 suggested	 that	 this	 LC	 regeneration	 model	 also	 holds	 for	 the	 human	 testis	
(Davidoff	 MS,	 et	 al.,2004).	 Undifferentiated	 pericyte-like	 cells	 coexpressing	 pericyte/
mesenchymal,	neuronal	and	glial	(astrocyte/oligodendrocyte)	cell	markers,	that	reside	in	
the	testicular	interstitium	in	association	with	the	microvasculature	system	are	considered	
as	possible	precursors	for	steroidogenic	adult	LC	(Davidoff	MS,	et	al.,2009).
	 Recently,	 different	ways	 to	 isolate	 steroidogenic	progenitors	 from	 rodent	 testis	
tissue	have	been	described	such	as	a	side	population	approach	using	Hoechst	33342	or	
by	 selection/expansion	 of	 3-β-hydroxysteroid	 dehydrogenase/Δ-5-4	 isomerase2	 (3β–
HSD2)-negative,	luteinizing	hormone	receptor	(LHR)-	negative	and	α-type	platelet-derived	
growth	factor	receptor	(PDGFRa,CD140A)-positive	cells.	Cells	isolated	with	each	of	these	
methods	possess	the	ability	to	differentiate	towards	steroidogenic	cells	and	can	colonize	
testis	 interstitium	of	hypogonadal	 recipients	 in	 the	rodent	 (Lo	KC,	et	al.,2004;Ge	RS,	et	
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al.,2006).	Existing	data	on	the	isolation	of	testis	specific	MSCs	suggest	that	it	is	theoretically	
possible	to	isolate	comparable	progenitor	cell	populations	from	human	testis	(Gonzalez	R,	
et	al.,2009).
 Recently,	our	group	demonstrated	the	existence	of	bona fide mesenchymal	stem	
cells	 (MSCs),	 so	 called	multipotent	 stromal	 cells,	 in	 primary	 cell	 cultures	 derived	 from	
human	testis	tissue	(Mizrak	SC,	et	al.,2010;Chikhovskaya	JV,	et	al.,2012).	We	hypothesized	
that	 human	 LC	 progenitors	 and	 possibly	 even	 LC	 stem	 cells	 reside	 within	 this	 MSC	
population.	 	 In	 the	 current	 study	we	 aimed	 at	 identifying	 LC	 progenitors	 from	 human	
testis.	

Material and Methods

Testicular cell isolation, enrichment and culture
	 Testicular	cells	suspensions	used	for	isolation	of	adult	LC	progenitors	were	derived	
from	 frozen-thawed	 fragments	 of	 testicular	 tissue	 in	 accordance	 with	 our	 previously	
described	protocol	(van	Pelt	AM,	et	al.,1996;	Sadri-Ardekani	H,	et	al.,2009),	using	only	the	
interstitial	cell	enriched	cell	fraction	recovered	after	1st	enzymatic	digestion	step.		Tissue	
specimens	were	obtained	after	oral	informed	consent	from	three	individuals	(URO0059,	
URO0034	 and	URO0077)	 undergoing	bilateral	 orchidectomy	as	 part	 of	 prostate	 cancer	
treatment.	According	to	Dutch	law,	ethics	committee	approval	was	not	required,	because	
anonymized	 tissue	 samples	 were	 used.	 None	 of	 these	 men	 had	 previously	 received	
chemotherapy	or	radiotherapy,	and	the	histological	assessment	of	testis	tissue	sections	
confirmed	the	presence	of	full	spermatogenesis	in	all	three	cases.	
	 Isolated	 cells	 were	 propagated	 under	 different	 culture	 conditions:	 (I)	 culture	
conditions	reported	to	be	efficient	for	propagation	of	rat	stem	LCs	with	minor	adaptations	
(Ge	 RS,	 et	 al.,2006),	 briefly	 DMEM/F12	 (Gibco),	 2%FBS	 (Gibco),	 1nM	 Dexamethasone	
(Sigma),	 10ng/ul	 	 human	 platelet-derived	 growth	 factor	 β-homodimer/BB	 (PDGF	 BB)	
(Sigma),	10	ng/ul		human	recombinant	EGF,	5	ng/ul			human,	recombinant		bFGF,	1	ng/
ul		human	recombinant	LIF	and	1%	ITS,	1%	penicillin/streptomycin;	(II)	Stem	pro	complete	
medium	(Sadri-Ardekani	H,	et	al.,2009)	and	(III)		medium	routinely	used	for	propagation	of	
bone	marrow	derived	MSCs	(Gonzalez	R,	et	al.,2009).	Primary	testicular	cells	were	cultured	
on	 plastic	 culture	 dishes.	 Cells	 were	 sorted	 at	 passage	 3.	 The	 sorted	 subpopulations	
were	expanded	on	growth	factor	non-reduced	Matrigel	(BD,	Biosciences)	coated	dishes	
in	 medium	 referred	 as	 medium	 at	 culture	 condition	 I.	 After	 reaching	 confluency,	 the	
propagated	 cells	were	 passaged	 using	 0,05%	Trypsin/EDTA	 (Gibco)	 and	 replated	 in	 1:3	
ratio.	
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Mesenchymal stem cells as reference
	 MSCs	derived	 from	bone	marrow	aspirates	were	kindly	provided	by	Dr.	Holger	
Jahr	 and	 were	 used	 as	 a	 positive	 control	 in	 the	 assessment	 of	 expression	 of	 specific	
mesenchymal	markers.	These	cells	were	cultured	in	accordance	with	a	previously	described	
protocol	(Chikhovskaya	JV,	et	al.,2012).

Flow Cytometry and Cell Sorting 
	 Flow	cytometrical	assays	were	performed	on	a	FACS	Canto	II	flow	cytometer	(BD	
Biosciences)	using	Diva™	acquisition	and	analysis	software.	Primary	cultures	of	testicular	
interstitial	cells	at	passage	3	were	sorted	with	BD	FACS	Aria	flow	cytometer	for	CD146+/
CD34-/7AAD-	 and	 PDGFRa+(CD140A+)/CD34-/7AAD-	 subpopulations.	 The	 following	
fluorochrome-conjugated	 antibodies	 were	 used	 for	 flow	 cytometrical	 assays:	 anti-
CD31PE,	anti-CD34PECy™7,	anti-CD34FITC,		anti-CD44PE,	anti-CD45APC,	anti-CD49fFITC,	
anti-CD73PE,	 anti-CD90APC,	 anti-CD105FITC,	 anti-CD106APC,	 anti-CD117PE,	 anti-
CD140A(PDGFRa)PE,	 anti-CD146FITC,	 anti-CD200PE,	 anti-HLAA,B,CAPC,	 anti-HLADRAPC,	
anti-SSEA4	PE	(all	from	BD	Pharmingen	,	San	Jose,	CA,	USA).	Anti-CD29FITC	was	obtained	
from	 eBioscience	 (San	 Diego,	 USA)	 and	 anti-CD133APC	 from	Miltenyi-Biotec	 (Bergisch	
Gladbach,	 Germany,	 http://www.miltenybiotec.com).	 Anti-SSEA4	 AlexaFluor	 700	 labelled	
antibody	was	purchased	from	BD	Pharmingen	and	Invitrogen.		Matched	isotype	controls	
were	applied	to	determine	background	fluorescence	levels.	7-AAD	(BD	Pharmingen)	was	
used	to	exclude	non-viable	cells	from	analysis.		Due	to	low	concentration	of	somatic	cells	in	
primary	testicular	cell	suspensions,	150,000	events	were	used	per	single	flow	cytometrical	
analysis	in	order	to	provide	correct	interpretation	during	the	gating	procedure.

In vitro differentiation of human adult LC progenitors
	 In	order	to	assay	the	differentiation	ability	of	the	sorted	subpopulations,	sorted	
cells	 were	 propagated	 for	 1-3	 passages	 before	 plating	 under	 differentiation	 culture	
conditions.	For	each	patient	enriched	subpopulations	of	progenitors	were	tested	for	their	
ability	to	differentiate	at	34°C	and	37°C	in	a	humidified	incubator	at	5%	CO2.	Differentiation	
of	CD146+/	HLA	ABC+/CD34-	cells	was	repeated	in	two	independent	experiments	starting	
from	cryopreserved	cells	derived	from	three	different	patients.	Differentiation	of	PDGFRa+/
HLA	ABC+/CD34-	cells	was	performed	once	per	patient,	due	to	low	recovery	of	this	cell	
subpopulation. Medium	composition	used	to	induce	differentiation	of	sorted	interstitial	
progenitors	towards	steroidogenic	cells	was	adopted	from	a	previously	published	protocol	
with	 adaptations	 towards	 human	 recombinant	 growth	 factors	 and	 hormones:	 briefly	
DMEM/F12	without	 phenol	 red	 (Gibco),	 2%FBS	 (Gibco),	 1nM	Dexamethasone	 (Sigma),	
10ng/ul	human		PDGF	BB	(Sigma),	human	recombinant	insulin-like	growth	factor	1	(IGF-I)	
ting(R&D	 systems),	 human	 luteinizing	 hormone	 (LH)	 human	 pituitary	 (Sigma),	 1nM	
Triiodothyronine	(T3)	(Sigma)	and	Thyroxine	(T4)(Sigma)	10nM,	1%	ITS	(Gibco),	1%	penicillin/
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streptomycin(Gibco)	(Ge	RS,	et	al.,2006).	At	5,	7	and	10	days	after	the	start	of	differentiation	
culture,	cells	were	analyzed	for	expression	of	differentiation-specific	markers	by	RT-PCR,	
flow	 cytometry	 and	 immunocytochemical	methods.	 Sorted	 subpopulations	maintained	
under	 propagation	 culture	 conditions	 were	 used	 as	 undifferentiated	 controls	 for	 the	
differentiation	assays.	

Gene Expression Analysis
	 Isolation	of	total	RNA	was	performed	with	the	RNeasy	mini-kit	(Qiagen,	Hilden,	
Germany)	 accompanied	 with	 on-column	 DNAse	 treatment	 by	 RNAse-Free	 DNAse	
(Qiagen,).	For	reverse	transcription,	1µg	of	total	RNA	was	used	as	input	with	the	Superscript	
II	Reverse	transcriptase	kit	(Invitrogen).	Conventional	PCRs	were	performed	using	gene-
specific	primer	pairs	(Supplementary	data	Table	SI	and	SII).	 In	control	reactions	reverse	
transcriptase	was	omitted.	 The	 specificity	 of	 RT-PCR	was	 confirmed	by	 sequencing	 the	
PCR	products.	Quantitative	RT-PCR	was	performed	on	a	Roche	LC	480	instrument	using	
Universal	Probe	Library	assays	 (Universal	ProbeLibrary	Assay	Design	Center	www.roche-
applied-science.com)	(Table	SII).	Data	were	normalized	for	the	expression	of	hypoxanthine 
phosphoribosyltransferase	1	(HPRT1)	as	a	reference.	

Immunocyto-  and histochemistry
	 Paraffin	sections	(5µm)	of	4%	formalin	fixed	testicular	tissue	and	4%	formalin	fixed	
cultured	cells	of	interstitial	fraction	before	and	after	differentiation	were	stained	according	
to	conventional	protocol	including	permeabilization	step	and	omitting	the	antigen	retrieval	
procedure.	Samples	were	incubated	with	anti-	3βHSD	mouse	monoclonal	antibody	(37-2,	
SC-10046	Santa	Cruz	Biotechnology)	in	dilution	1:500	at	4°C	overnight.	Immunocomplexes	
were	visualized	with	Poly-HRP	anti	mouse/rabbit/rat	reagent	 in	combination	with	DAB-
bright	substrate	kit	(ImmunoLogic).	Mouse	IgG	was	applied	as	a	negative	control	for	the	
immunostaining.

Statistical analysis
	 Statistical	analysis	and	group	comparisons	were	performed	using	the	Relative	
Expression	Software	Tool	(REST)	(Pfaffl	MW,	et	al.,2002).	Data	is	expressed	as	mean	
+SEM.	A	p-value	of	<	0.05	was	considered	statistically	significant.	

Results

Isolation of two populations of LC progenitors from adult testis
	 To	 identify	 human	 LC	 progenitors, cell	 suspensions	 were	 obtained	 from	 testis	
biopsies	after	the	1st	enzymatic	digestion	step,	since	at	this	step	the	cells	suspensions	are	
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enriched	for	interstitial	cells	(ICFs)	(Fig.	1a).	While	the	interstitial	cell	fraction	(ICF)	contains	
an	augmented	amount	of	somatic	cells,	HLAABC+	somatic	cells	still	represented	only	up	
to	3-	5%	of	the	total	ICF	(Fig.	1b,c).		Due	to	intensive	enzymatic	disruption	of	the	testicular	
tissue	it	is	impossible	to	fully	avoid	contamination	with	germ	cells.	
	 For	 identification	 of	 human	 LC	 progenitors	we	 choose,	 based	 on	 our	 previous	
findings,	 CD146	 (Melanoma	 cell	 adhesion	 molecule	 (MCAM))	 as	 a	 surface	 marker	 to	
identify	 the	 mesenchymal	 progenitors	 (Chikhovskaya	 JV,	 et	 al.,2012).	 In	 addition,	 we	
used	 the	 candidate	 surface	 marker	 PDGFRa	 based	 on	 a	 previously	 published	 study	
reporting	enrichment	 for	PDGFRa+	cells	as	an	approach	 for	 selection	of	LC	progenitors	
in	a	rodent	model	(Ge	RS,	et	al.,2006).	In	order	to	distinguish	the	target	mesenchymal	LC	
progenitors	from	other	cells,	co-labeling	was	performed	with	anti-HLAABC	and	anti-CD34	
to	discriminate	these	cells	from	germ	cells	and	endothelial	cells,	respectively.	Consequent	
gating	 revealed	on	average	235	CD146+/HLAABC+/CD34-	 	 cells	per	5×105	 ICFs	 (Fig.	1b,	
Suppl.	Fig.	1a).	In	order	to	identify	LC	progenitors	in	analogy	with	the	rodent	LC	progenitor	
population,	we	attempted	to	detect	cells	with	a	PDGFRa+/HLAABC+	phenotype	in	the	ICF	
suspensions;	no	prominent	subpopulation	(Fig.	1c,)	was	identified,	and	only	20	PDGFRa+/
HLAABC+/CD34-	cells	were	detected	per	5×105	ICFs	(Fig.	1c,	Suppl.	Fig.	1a).	Interestingly,	
we	were	not	able	to	detect	cells	co-expressing	PDGFRa	and	CD146	in	the	ICF	suspensions	
in	any	patient,	suggesting	that	two	distinct	MSC/LC	progenitor	cell	populations	may	exist	
in	the	human	testis.	
	 Taking	into	consideration	that	a	standard	isolation	procedure	with	1cm3	of	testicular	
tissue	provides	on	average	5×105	ICF	cells,	only	a	very	small	amount	of	cells	possessing	the	
CD146+/HLAABC+/CD34-	 or	 PDGFRa+/HLAABC+/CD34-	 phenotype	 could	 be	 recovered.	
Therefore,	we	propagated	the	initial	ICF	cells	to	determine	the	propagation	potential	in	
vitro	of	both	cell	populations,	CD146+/HLAABC+/CD34-	and	PDGFRa+/HLAABC+/CD34-,	in	
three	types	of	culture	medium	I	(LC	progenitor	medium),	II	(Stem	Pro	medium)	or	III	(MSC	
medium)	as	previously	described.	
	 All	 tested	 conditions	 provided	 proliferation	 of	 the	 ICF	 cells.	 Flow	 cytometrical	
analysis	revealed	that	propagation	under	culture	condition	I	provided	not	only	proliferation	
of	ICFs	but	also	an	increase	in	the	percentage	of	CD146+/HLAABC+/CD34-	cells	within	the	
IFC	population	and	to	a	lower	extent	PDGFRa+/HLAABC+/CD34-	cells	(Fig.1d,e,	Suppl.	Fig.	
1b).	Propagation	under	condition	II	(Stem	pro	medium)	and	III	(MSC	medium)	showed	less	
sufficient	increase	of	these	target	subpopulations.	Also	in	the	propagated	ICF	population	
from	condition	I	at	passage	3,	no	cells	co-expressing	CD146	and	PDGFRa	could	be	detected	
(Fig.	1f,	Suppl	fig.	1b).
	 These	propagated	ICF	cells	were	subjected	to	cell	sorting	to	recover	the	specific	
subpopulations	of	CD146+/HLAABC+/CD34-	and	PDGFRa+/HLAABC+/CD34-	cells	(Fig.	1	g,h,	
Suppl.	Fig.	1c).	ICF	cell	cultures	at	passage	3	were	composed	of	only	somatic	(HLAABC+)	cells	
and	testicular	tissues	samples	from	different	patients	possessed	substantial	differences	in	
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the	percentage	of	CD146+	and	PDGFRa+	cells.	Interestingly,	there	was	no	direct	relation	
between	 the	percentage	of	obtained	CD146+/HLAABC+/CD34-	 	 or	PDGFRa+/HLAABC+/
CD34-	cells	and	the	age	of	the	man	(Fig	1.i),	supporting	the	hypothesis	that	the	MSC	stem	
cell	content	varies	greatly	in	different	individuals.	

Characterization of CD146+ and PDGFRa+ progenitors 
	 The	 sorted	 CD146+/HLAABC+/CD34-	 and	 PDGFRa+/HLAABC+/CD34-	 subpopu-	
lations	derived	from	cultured	ICF	cells	from	three	individuals	were	subcultured	for	5	days	
(passage	0)	to	determine	the	expression	of	LC	progenitor-specific	markers	by	quantitative	
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RT-PCR.	 PCR	 analysis	 of	 CD146-sorted	 cells	 revealed	 increased	 expression	 of	 CD146	
transcripts	compared		to	the	ICF	cell	population,	as	well	as	co-expression	of	high	levels	of	
the	intermediate	filament	NESTIN	and	CALB2 (CALBINDIN 2, CLARETININ)	(Fig.2	a),	both	
known	markers	for	Leydig	cell	progenitors.	Concerning	expression	of	markers	indicating	
androgen	production,	this	cell	population	expressed	neither	3β–HSD2	nor	STEROIDOGENIC 
ACUTE REGULATORY PROTEIN	 (StAR),	 but	 low	 levels	 of	 other	 steroidogenic	 enzyme	
CHOLESTEROL SIDE-CHAIN CLEAVAGE ENZYME	(CYTP450scc/CYP11A)	(Fig.2	a).	
	 The	 subpopulation	 of	 PDGFRa+	 cells	 also	 did	 not	 express	 3β–HSD2 and	 only	
low	 levels	of NESTIN	 and	CALB 2 were	 found.	However,	 expression	of	CYTP450scc	 and	
StAR, both	markers	indicating	steroidogenic	activity,	was	detected	at	much	higher	levels	
in	PDGFRa+	cells	compared	to	CD146+	cells,	although	this	difference	was	not	significant	
due	 to	 low	 sample	 numbers	 (Fig.	 2a).	 Although	we	 never	 observed	 cells	 with	 surface	
coexpression	of	CD146	and	PDGFRa,	low	expression	levels	of	CD146	transcripts	could	be	
detected	in	the	PDGFRa+	subpopulation.	
	 Further	 analysis	 indicated	 that	 the	 sorted	 CD146+	 subpopulation	 possessed	 a	
surface	antigen	expression	profile	consistent	with	the	minimal	criteria	of	MSC	identification	
(CD29+/CD73+/CD90+/CD105+/CD31-/CD34-/CD45-)(Fig.2b)(Dominici	 M,	 et	 al.,2006;	
Gonzalez	 R,	 et	 al.,2009;Chikhovskaya	 JV,	 et	 al.,2012).	 Unfortunately,	 cell	 numbers	 of	
PDGFRa+	cells	at	this	point	were	insufficient	to	perform	flow	cytometrical	analysis.

Figure 2. Chracterization of adult human 
LC progenitor subpopulations. 
(A)Quantitative	RT-PCR	assay	for	expression	
of	 LC	 and	 MSC-specific	 markers	 by	 cells	
present	 within	 isolated	 subpopulations	
of	 CD146+/CD34-	 and	 PDGFRa+/CD34-.	
(B)	 Immunophenotype	of	 sorted	CD146+/
CD34-	cells.	
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Propagation potential of CD146+ and PDGFRa+  progenitors in vitro 
	 In	 order	 to	 investigate	 the	 self	 renewal	 capacity	 of	 CD146+	 and	 PDGFRa+	 LC	
progenitors	,	the	ICFs	propagated	under	culture	condition	I	were	subjected	to	cell	sorting	
to	recover	the	specific	subpopulations	of	CD146+	and	PDGFRa+	cells		for	subculture	under	
identical	 culture	 conditions	 (Fig.	 3a,b).	During	propagation,	major	 differences	between	
these	two	subpopulations	appeared.	Whereas	CD146+	sorted	cells	were	able	to	proliferate	
at	least	up	to	passage	3,	enriched	PDGFRa+	cells	did	not	expand	in vitro	and	could	only	be	
propagated	up	to	passage	1	(Fig.	3	c).
	 When	the	proliferating	CD146+	cell	population	was	analyzed	at	different	passages	
for	the	expression	of	cell	surface	markers,	a	clear	decrease	in	the	percentage	of	CD146+	
progenitors	was	observed.	The	propagated	CD146+	population	did	not	obtain	 cells	 co-
expressing	PDGFRa	(Fig.	3d,	f,	suppl	Fig.	2).	However,	a	small	subpopulation	of	PDGFRa+/
CD146-	 cells	 appeared	 in	 the	propagated	CD146+	cell	population	at	passage	3	 (Fig.3f).	
Furthermore,	 a	 small	 population	 of	 cells	 expressing	 the	 pluripotency-associated	 stem	

Figure 3. Propagation of adult LC progenitor 
subpopulations. 
Subculture	 of	 CD146+/CD34-	 (A)	 and	
PDGFRa+/CD34-	 (B)	 cell	 subsets	 obtained	
after	 cell	 sorting.	 (C)	 Propagation	 results	
after	 subculture	of	 the	 sorted	CD146+/CD34-	
and	 PDGFRa+/CD34-	 subpopulations	 for	 all	
patients.	(D,E,F,G)	Changes	in	surface	markers	
expression	 during	 in	 vitro	 propagation	 of	
sorted	CD146+/CD34-	cells.	CD146	and	SSEA4	
expression	 at	 passage	 1	 (D,F)	 and	 passage	 3	
(E,G).
Scale	bar	represents	100µm	(A).	
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cell	marker	SSEA4	was	detected	in	the	CD146+	population	at	passage	1,	which	probably	
remained	undetectable	during	 initial	FACS	analysis	due	 to	 the	 low	numbers	of	CD146+	
cells	(Fig.3e,	Suppl.	Fig.	2).	Further	propagation	to	passage	3	caused	subsequent	reduction	
in	 the	 percentage	 of	 CD146+	 cells	 (Fig.	 3f,	 Suppl	 Fig.2)	 and	 the	 percentage	 of	 SSEA4-
expressing	cells	decreased	(Fig.3g).	Unfortunately,	the	number	of	cultured	PDGFRA+	cells	
was	too	low	to	perform	FACS	analyses.

Differentiation potential of CD146+ and PDGFRa+ progenitors in vitro
	 The	 FACS	 sorted	 subpopulations	 of	 CD146+	 and	 PDGFRa+	 testicular	 cells	were	
subjected	to	a	differentiation	assay	according	to	the	protocol	described	for	differentiation	
of	 rat	 LC	 progenitors	 (Ge	 RS,	 et	 al.,2006)	with	 small	modifications	 using	 two	 different	
temperatures	 (34⁰C	 and	 37⁰C).	  Due	 to	 the	 limited	 number	 of	 FACS	 sorted	 CD146+/
HLAABC+/CD34-	 and	 PDGFRa+/HLAABC+/CD34-	 cells	 at	 passage	 0,	 we	 performed	 the	
differentiation	assay	with	CD146+	cells	at	passage	0	 from	one	patient	 (URO00059)	 (i.e.	
directly	 recovered	 from	the	FACS	procedure)	and	 for	 the	 two	other	patients,	URO0034	
and	 URO0077,	 with	 subcultured	 CD146+	 sorted	 cells	 at	 passage	 1	 and	 2	 respectively	
(corresponding	to	2	and	3	weeks	propagation	in vitro).	A	differentiation	assay	with	PDGFRa+	
sorted	cells	was	performed	with	cells	at	passage	1	for	all	three	patients.	Throughout	the	
period	of	differentiation,	proliferation	of	plated	CD146+	cells	was	observed	at	both	34⁰C	
and	37⁰C,	resulting	in	formation	of	subconfluent	monolayers	(Fig.4	a).	In	case	of	PDGFRa+	
cells	no	proliferation	under	differentiation	culture	conditions	was	observed	(Fig.4	b).
	 When	 CD146+	 cells	 at	 passage	 0	 or	 1	 were	 subjected	 to	 differentiation	 for	 5	
and	 7	 days	 (under	 37⁰C	 and	 34⁰C	 respectively)	 expression	 of	 3β–HSD2	 was	 detected	
accompanied	 by	 expression	 of	 other	 markers	 related	 to	 cell	 steroidogenic	 function	
such	 as	CYTP450scc,	 and	 specific	 LC	markers LUTEINIZING HORMONE RECEPTOR (LHR)	
and INSULIN-LIKE FACTOR 3 (INSL3),	 also	 known	as	RELAXIN-LIKE FACTOR	 (RLF)	 a	 gene	
previously	 described	 as	 highly	 specific	marker	 of	mature	 LC	 (Ivell	 R,	 et	 al.,1997)	 (Fig.4	
c,e).	Flow	cytometrical	analysis	of	the	same	samples	revealed	disappearance	of	CD146+	
surface	expression	accompanied	with	the	appearance	of	PDGFRa+	subpopulation	varying	
between	2-5%	of	the	total	cell	pool.	The 3β–HSD2	expression	was	detected	only	in	samples	
containing	PDGFRa+	cells	(Fig.4	c,f,g).	 Immunocytochemical	assay	showed	the	presence	
of	single	3β-HSD expressing	cells	(Fig.4h,i).	Interestingly,	irrespective	of	the	temperature	
and	duration	of	 the	differentiation	assay	 (5	or	7	days)	3β–HSD2	expression	 levels	were	
significantly	increased	(Fig.4c).	
	 Generally	after	10-12	days,	the	differentiation	assays	had	to	be	terminated	due	to	
massive	cell	proliferation.	However,	overall	levels	of	3β-HSD2	expression	reduced	around	
this	time	point	at	37⁰C	as	well	as	at	34⁰C,	probably	due	 to	progressive	proliferation	of	
contaminating	 somatic	 cells	 overgrowing	 the	 differentiating	 progenitors.	 In	 parallel,	 a	
reduction	of	PDGFRa-expressing	 cells	 to	0,1-0,5%	was	observed	 compared	 to	 the	 total	
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cell	 pool	 in	 this	 prolonged	 differentiation	 culture	 conditions.	 We	 observed	 that	 the	
initiation	of	differentiation	was	highly	depended	on	the	cell	density	prior	to	application	
of	differentiation	media;	in	wells	with	low	confluence	(<30%)	differentiation	did	not	take	
place,	 while	 at	 confluence	 between	 50-60%	 differentiation	was	 observed.	 In	 addition,	
starting	with	a	higher	passage	number	(p=2)	of	the	propagated	CD146+	subpopulation	also	
reduced	the	differentiation	capability.	Of	note,	in	one	of	the	three	patients	(URO0077)	we	
were	unable	to	generate	differentiating	cells,	most	likely	because	this	sample	had	a	very	
low	recovery	of	CD146+/HLA	ABC+/CD34-	(Fig.	3c)	and	therefore	a	low	density	at	the	start	
of	the	differentiation	assay	with	cells	at	p=2.
	 When	 using	 PDGFRa+	 cells	 in	 the	 differentiation	 assay,	 quantitative	 RT-PCR	
analysis	revealed	detectable	increase	in	3β-HSD2	expression	in	cultures	at	all	tested	time	
points	compared	to	the	initial	population	at	day	0	of	the	differentiation	assay.	However,	
during	 prolonged	 culture	 under	 control	 (non-differentiation	 inducing)	 conditions,	 the	
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Figure 4. Differentiation of adult LC 
progenitor subpopulations. 
CD146+/CD34-	 (A)	 and	 PDGFRa+/CD34-
(B)	 cells	 subjected	 into	 LC	 differentiation	
medium	 (Day	 7	 of	 differentiation	 assay).	
Quantitative	 RT-PCR	 for	 expression	 of	
differentiation-related	 markers	 in	 the	
CD146+/CD34-	 (C)	 and	 PDGFRa+/CD34-	
(D)	 sorted	 subpopulations	 after	 7	 days	
of	 differentiation	 towards	 LC.	 (E)	 RT-PCR	
assay	 for	 expression	 of	 genes	 involved	
in	 steroidogenesis.	 Changes	 in	 CD146	
and	 PDGFRa	 surface	 expression	 during	
differentiation	 of	 CD146+/CD34-	 cells	
(F)	 and	 CD146+/CD34-	 cells	 in	 control	
medium	 (G).	 3β–HSD2	 expression	 after	
differentiation	 of	 CD146+/CD34-	 cells	
(H)	 and	 CD146+/CD34-	 cells	 in	 	 control		
medium	as	negative	control	(I).	
3β–HSD2	expression	after	differentiation	of	
PDGFRa+/CD34-	cells	(K)	and	in	PDGFRa+/
CD34-	 cells	 under	 propagation	 conditions	
as	negative	control	(J).	
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same	 levels	 of	 3β-HSD2	 expression	 could	 be	 detected,	 as	 well	 as	 expression	 of	 STAR, 
CYTP450scc and	even	LHR at	some	samples,	indicating	no	differences	in	transcript	levels	
of	PDGFRa+	cells	during	application	of	differentiation	and	control	conditions.		(Fig.4	d,e).	
Immunocytochemical	 assay	 confirmed	 the	presence	of	3β-HSD2 expressing cells	under	
differentiation	culture	condition	as	well	as	in	control	condition	(Fig.4	j,k).

Discussion 
	 In	addition	to	the	identification	of	PDGFRa+	Leydig	cell	progenitors,	we	described	
for	the	first	time	the	identification	and	isolation	of	a	second	type	of	adult	LC	progenitor	
subpopulation	(CD146+/PDGFRa-	cells)	from	human	testicular	tissue.	These	CD146+	adult	
LC	progenitors	are	capable	of	selfrenewal	and	differentiation	towards	steroidogenic	cells	
in vitro.	Together	these	data	suggest	that	CD146+	cells	isolated	from	adult	human	testis	
interstitium	contain	LC	stem	cells.
	 Our	 results	 support	 the	 previously	 suggested	 hypothesis	 that	 mesenchymal,	
pericyte-like	cells	harbour	an	uncommitted	progenitor	of	the	LC	lineage	in	adult	human	
testis	 (Davidoff	MS,	 et	 al.,2009).	Our	 	 isolated	CD146+	 LC	progenitors	 possess	 CD146+	
expression	 levels	 comparable	 to	 expression	 levels	 of	bona fide	 bone	marrow-	 derived	
MSCs	and	coexpress	surface	markers	specific	for	MSCs	(CD105,	CD73,	CD90).
	 Furthermore,	sorted	CD146+/HLAABC+/CD34-	cells	possess	expression	of	NESTIN	
intermediate	filament	protein,	previously	reported	as	a	marker	of	human	LC	progenitors,	
and	CALB2	specific	for	the	LC	lineage	(Davidoff	MS,	et	al.,1993;Lobo	MV,	et	al.,2004).	The	
fact	that	the	population	of	CD146+	cells	derived	from	testicular	tissue	additionally	showed	
expression	 of	 these	markers	 further	 enables	 enrichment	 of	 testicular	 cell	 suspensions	
for	LC	stem	cells	using	FACS.	The	resemblance	of	adult	LC	progenitors	to	testicular	MSCs	
is	 also	 supported	by	 the	 clinical	observation	of	 adipose	differentiation	and/or	areas	of	
ossification	within	LC	tumors	caused	by	transformation	of	neoplastic	LCs	(Ulbright	TM,	et	
al.,2002).	This	phenomenon	indicates	that	neoplastic	LCs	within	testicular	tumors	possess	
the	ability	to	transdifferentiate	towards	mesodermal	lineages.	In	fact,	this	ability	is	one	of	
the	defining	universal	characteristic	of	MSCs	derived	from	various	organs.	In	addition,	the	
adipose	cells	found	in	these	neoplastic	LCs	are	usually	positive	for	some	LC	markers	such	
as	INHIBIN-A,	CALB2	and/or	MELAN-A	(Davidoff	MS,	et	al.,1993;Ulbright	TM,	et	al.,2002).		
These	differentiation	abilities	and	the	expression	of	specific	markers	both	suggest	a	close	
relation	between	MSCs	and	LC	progenitors	within	testis	tissue.	
	 In	 contrast	 to	 animal	 studies,	 our	 data	 suggest	 that	 PDGFRa+/HLAABC+/CD34-	
testicular	somatic	cells	from	human	do	not	represent	an	early	uncommitted	progenitor,	
but	rather	a	committed	cell	population	already	progressed	towards	mature	steroidogenic	
LC	or	perhaps	a	mixed	population	with	most	likely	differentiated	LCs.	This	hypothesis	 is	
supported	 by	 the	 detection	 of	 early	 LC	 specific	markers	 (CYTP450scc,	 StAR)	 in	 freshly	
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sorted	PDGFRa	cells	and	spontaneous	upregulation	of	3β–HSD2	expression	in	these	cells	
during	 the	differentiation	or	during	prolonged	culture.	The	 fact	 that	 culture	conditions	
that	 normally	 trigger	 differentiation	 did	 not	 further	 affect	 the	 appearance	 of	 already	
differentiated	 cells	 suggests	 that	 this	 sorted	population	 is	 already	 committed	 and	well	
progressed	 in	 differentiation	 towards	 steroidogenic	 LCs.	 Moreover,	 PDGFRa-sorted	
cells	had	 lower	proliferation	activity	compared	to	 the	uncommitted	CD146+	progenitor	
subpopulation.	 This	 observation	 is	 in	 agreement	 with	 a	 previous	 report	 describing	
upregulation	 of	 PDGFRa	 surface	 expression	 by	 human	 embryonic	 stem	 cells	 	 during	
differentiation	towards	steroidogenic	cells		in vitro	(Sonoyama	T,	et	al.,2012).	Indeed,	the	
small	increase	in	the	PDGFRa	population	during	ICF	propagation	might	not	be	the	result	of	
proliferation,	but	of	spontaneous	differentiation.	This	is	also	in	agreement	with	our	finding	
that	during	proliferation	of	subcultured	CD146+	cells	some	CD146-/PDGFRa+	cells	already	
spontaneously	appear	at	passage	3.	Further	studies	are	required	to	improve	the	culture	
conditions	required	to	propagate	CD146+	cells	without	initiating	differentiation.		
	 Based	on	our	 results	we	hypothesize	 that	CD146+/HLAABC+/CD34-	 cells	 in	 the	
human	testis	represent	a	population	of	uncommitted	Leydig	stem	cells,	while	PDGFRa+/
HLAABC+/CD34-	 cells	 resemble	 the	 early	 committed	 progenitor	 cells	 that	 derive	 from	
these	uncommitted	CD146+/HLAABC+/CD34-	cells.	 Indeed,	the	uncommitted	stem	cells	
are	able	to	self	renew	and	upon	differentiation	toward	mature	LC	these	cells	 lose	their	
CD146	expression	and	display	PDGFRa	expression	(as	well	as	LHR)	on	their	cell	surface	and	
up	regulate	the	expression	of	steroidogenic	enzymes	CYTP450scc.	
	 These	 subsequent	 transitions	 in	 cell	 surface	 marker	 expression	 profiles	 and	
changes	 in	 steroidogenic	 enzymes	expression	 in	 vitro,	 allow	us	 to	 suggest	 a	model	 for	
adult	human	LC	regeneration.	We	propose	that	adult	human	LC	stem	cells	are	represented	
by	CD146+/HLA	ABC+/CD34-	MSCs	that	possess	high	NESTIN	levels.	This	pool	of	cells	 is	
then	 the	cell	 source	 for	mature	LC	 turnover	 in	physiological	conditions	as	well	as	 their	
regeneration	in	case	of	acute	LC	injury.	Their	transition	towards	mature	LCs	acts	via	several	
intermediate	stages/committed	LC	progenitors	that	show	downregulation	of	CD146	and	
subsequent	increasing	levels	of	PDGFRA,	LH	and	3β-HSD2	(Fig.	5)	
	 In	one	out	of	three	individuals	we	were	unable	to	derive	3βHSD	expressing	cells	
in	vitro,	most	 likely	because	this	sample	provided	 insufficient	numbers	of	CD146+	cells	
and	subsequently	cultures	started	with	very	 low	density,	precluding	efficient	expansion	
differentiation	 in vitro.	 This	 is	most	 likely	 due	 to	 variability	 in	 the	 retrievable	 amount	
of	LC	progenitors	between	men.	Follow	up	studies	are	required	to	verify	the	quantities	
and	distribution	these	LC	stem	cells	in vivo	in	larger	groups	of	men.	The	here	described	
CD146+	LC	progenitor	population	shows	stem	cell	ability	by	displaying	both	self	renewal	
and	differentiation	 towards	 steroidogenic	 cells	 in vitro. Future	 studies	 should	establish	
the	ability	of	this	CD146+	cell	population	to	engraft	recipient	testis	and	restore	androgen	
production	 in vivo for	instance	using	the	luteinizing	hormone	receptor	knockout	mouse	
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model	(LuRKO)	(Lo	KC,	et	al.,2004;Zhang	FP,	et	al.,2004).
	 The	ability	to	occupy	the	empty	Leydig	stem	cell	niches	after	xenotransplantation	
into	the	interstitium	of	the	LuRKO	mouse	testis	would	provide	essential	confirmation	on	
stem	cell	properties	of	the	CD146+	Leydig	stem	cell	subpopulation.	However,	the	possibility	
to	achieve	steroidogenesis	in	vivo	in	case	of	a	human	to	mouse	xenotransplantation	model	
might	 be	 challenging	 because	 of	 the	 phylogenic	 distance	 between	 these	 species	 and	
further	evaluation	of	stem	cell	properties	may	require	allogenic	transplantation	studies	
using	a	monkey	model.
	 Our	 findings	 potentially	 have	 high	 clinical	 relevance	 for	 men	 undergoing	
gonadotoxic	treatment.	Hypogonadism	is	a	frequently	observed	side	effect	of	gonadotoxic	
treatment.	 Theoretically,	 isolation	 of	 CD146+	 Leydig	 stem	 cells	 before	 gonadotoxic	
treatment	would	be	an	appropriate	way	to	preserve	the	LC	pool	of	patients	undergoing	
gonadotoxic	 treatment	 (Chatterjee	 R,	 et	 al.,2001;	 Kyriacou	 C,	 et	 al.,2003).	 Isolation,	 in 
vitro	propagation	and	transplantation	of	enriched	autologous	Leydig	stem	cells	(with	or	
without	a	differentiation	step	in	vitro)	could	then	be	used	to	restore	testis	steroidogenic	
function,	preventing	the	necessity	of	 life-long	androgen	replacement	therapy.	Similarly,	

 Nestin+ 

Uncommitted 
progenitor 

3 β-HSD2 

Committed  
progenitor 

Immature LC Mature LC 
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Figure 5. Model of LC regeneration in adult human testicular tissue.
Adult	 human	 LC	 stem	 cell	 are	 represented	by	 CD146+/HLA	ABC+/CD34-	MSCs	 and	 possess	 high	NESTIN	 levels.	 These	
cells	are	the	pool	of	adult	stem	cells	and	the	source	of	mature	LC	turnover	 in	physiological	conditions	as	well	as	their	
regeneration	 in	 case	 of	 acute	 LC	 injury.	 Their	 transition	 towards	mature	 LC	 is	 going	 via	 several	 intermediate	 stages/
committed	LC	progenitors	that	show	downregulation	of	CD146	and	increasing	levels	of	PDGFRa,	LH	and	3β-HSD.
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autologous	transfer	of	in	vitro	propagated	spermatogonial	stem	cells	(SSCs)	could	restore	
spermatogenesis.	 Together	 such	 dual	 stem	 cell	 therapy	 would	 potentially	 overcome	
infertility	 in	 addition	 to	 the	 consequences	 of	 endocrine	 hypogonadism	 such	 as	 insulin	
resistance	and	sexual	dysfunction.	
	 In	 the	 present	 study	we	 identified	 for	 the	 first	 time	uncommitted	 Leydig	 stem	
cell	from	adult	human	testis.	Using	the	MSC	marker	CD146,	we	were	able	to	distinguish	
the	uncommitted	CD146+	LC	stem	cell	from	the	committed	PDGFRa+	LC	progenitor.	The	
uncommitted	 CD146+	 LC	 stem	 cell	 might	 be	 very	 important	 in	 regenerative	medicine	
and	 further	 basic	 studies	 on	 the	 turnover	 of	 LCs	 and	 regulation	of	 their	 function.	Our 
findings	 suggest	 that	 isolation	 of	 CD146+/CD34	 somatic	 cells	 from	 primary	 testicular	
cell	 suspensions	obtained	after	enzymatic	digestion	of	 testicular	tissue	 fragments	 is	an	
appropriate	way	to	derive	patient-specific	LC	stem	cells.
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Supplementary data

Figure S1. Isotype negative controls for flow cytometrical assays
(A)Primary	testicular	cell	suspension	and		(B)	Primary	testicular	cell	culture	at	passage	3	
(C)	Isotype	negative	controls	for	FACS	of	specific		cell	populations	from	primary	testicular	
cell	culture.

Figure S2. Isotype negative controls for flow cytometrical assays 
CD146+/CD34-	enriched	subpopulation	at	passage	1(A)	and	passage	3	(B).
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Supplementary Table I. Primer/probes sequences used for quantitative RT-PCR

Gene ID	transcript Primer	sequence	
Fw

Primer	sequence
	Rv

Probe/
t

Cycles Ampli-	
con	(bp)

CD146 NM_006500.2 gtctgcgccttcttgctc ccacctccaccagctcag Probe	#56;		
59°C 50 97

Nestin NM_006617.1 gctcaggtcctggaaggtc aagctgagggaagtcttgga Probe	#30;		
59°C 50 143

Calbindin	2 NM_001740 atcctgccaaccgaagaga gtgtcgtacttccgccaag Probe	#27;		
59°C 50 92

3β–HSD2
HSD3B2 
(type	II)

NM_000198.2 gagggcttctgggtcagag tggtcctgttctggagcttag Probe	#31;		
59°C 50 129

CytP450 NM_000781.2 gatgacctgttccgctttg cctcggggttcactacttcc Probe	#89;		
59°C 50 91

STAR NM_000349.2 tggaagaaggagagtcagcag agctcttcatagagcctctcca Probe	#19;		
59°C 50 125

LHR NM_000233.3 tcttccccgattaaaatacttgag aagttatcacaaatttccagaatgaa Probe	#82;		
59°C 50 114

RLF	(INSL3) NM_005543.2 cccagagatgcgtgagaagt ccagccactgtagcaactca Probe	#49;		
59°C 50 134

HPRT1 NM_000194.2 gaccagtcaacaggggacat gtgtcaattatatcttccacaatcaag Probe	#	22;		
59°C 50 95
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Supplementary Table II.  Primer sequences used for RT-PCR 

Gene ID	transcript Primer	sequence
	Fw

Primer	sequence	
Rv

t	/
pcr 
type

Cycles Amplicon	
(bp)

3β–HSD2
HSD3B2	(type	II) NM_000198.2 cttcctccagggatgaggcagt tggtcctgttctggagcttagaaa 58°C 35 316

CytP450 NM_000781.2 tgcagcaggaggaaggacgtg ccgagcttctccctgtaaatcgg 57	°C,	
hot	
start

35 432

STAR NM_000349.2 cgggactcagaggcgaagct gcctgttgcctcagcccctt 64	°C,	
hot	
start

35 207
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	 Clinical	approaches	aiming	at	 restoring	male	 fertility	 require	 the	understanding	
of	 biological	 mechanisms	 underlying	 reproduction	 including	 the	maintenance	 of	 stem	
cell	function.	The	homeostasis	of	adult	testicular	parenchyma	is	sustained	by	two	distinct	
populations:	 germ	and	 somatic	 stem	cells.	Whereas	germ	and	 somatic	progenitors	are	
occupying	 different	 niches	 within	 testicular	 tissue,	 their	 coordinated	 self-renewal	 and	
differentiation	provide	the	most	important	input	in	the	function	of	testis	as	an	organ	i.e.	
the	formation	of	mature	gametes	and	the	production	of	sufficient	androgen	 levels	and	
finally,	male	fertility	and	procreation.
 In vivo	a	complex	of	various	regulatory	signals	and	cell	interactions	is	required	to	
coordinate	the	proper	function	of	tissue-specific	stem	cells	and	their	progeny.	Continuous	
spermatogenesis	would	not	be	possible	without	a	correct	balance	between	proliferation	
and	differentiation	of	spermatogonial	stem	cells	(SSCs).	SSCs	are	supported	by	a	specific	
microenvironment	 composed	 by	 the	 direct	 interactions	 with	 Sertoli	 cells,	 currently	
considered	the	central	element	of	the	SSC	niche,	as	well	as	paracrine	 interactions	with	
somatic	 cells	 occupying	 the	 interstitial	 space	 i.e.	 Leydig	 cells	 (LCs),	 peritubular	 stromal	
cells	and	endocrine	factors	via	the	microvasculature.	Finally,	constant	maintenance	of	the	
testicular	interstitial	integrity	and	function	of	testis	as	an	endocrine	organ	are	provided	by	
the	balance	between	self-renewal	and	differentiation	of	cells	from	an	interstitial	somatic	
stem	cell	pool.	
	 The	application	of	stem	cell	therapy	methods	could	theoretically	become	a	novel	
approach	 for	 the	 restoration	of	 reproductive	 function	 in	diverse	categories	of	patients.	
Since	 spermatogenesis	 is	 highly	 sensitive	 to	 chemotherapy	 and	 radiation	 treatment,	
infertility	is	a	common	consequence	of	cancer	therapy	(Ebata	KT,	et	al.,2008).	For	example,	
high	dose	chemotherapy	used	as	conditioning	for	bone	marrow	transplantation	has	been	
shown	 to	 result	 in	 a	high	 incidence	of	 azoospermia	 and	oligozoospermia	 as	well	 as	 to	
severe	 LC	 damage	 (up	 	 to	 the	 occurrence	 of	 premature	 hypogonadism)	 (Howell	 SJ,	 et	
al.,1999;Chatterjee	R,	et	al.,2001).	While	for	some	patients,	spontaneous	post	treatment	
restoration	 of	 gonadal	 function	 has	 been	 reported,	 the	 majority	 remains	 sterile.	 It	 is	
largely	 unpredictable	 a	 priori	 to	 determine	 in	 which	 patients	 recovery	 will	 take	 place	
and	 further	 studies	 evaluating	 effects	 of	 different	 treatment	 regimes	 and	 measures	
facilitating	 fertility	 restoration	and	overcoming	post	 treatment	gonadal	dysfunction	are	
eagerly	 awaited.	 For	 example,	 several	 recent	 studies	 on	 the	 longitudinal	 recovery	 of	
fertility	after	treatment	for	haematological	malignancies	have	brought	new	insights	into	
the	understanding	of	 this	problem.	The	LC	damage	 in	case	of	graft-versus-host	disease	
(GVHD)	following	hematopoietic	stem	cell	transplantation	was	shown	as	one	of	the	factors	
causing	gonadal	 insufficiency	 in	the	posttransplantation	period	(Rovo	A,	et	al.,2013).	 In	
this	case	the	progressive	loss	of	LCs	is	caused	by	infiltration	of	testicular	interstitium	by	
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donor	alloreactive	T	cells	and	measures	against	GVHD	may	have	additional	positive	effect	
on	reversibility	of	testicular	function	(Wagner	AM,	et	al.,2005).
	 A	recent	study	on	the	gonadal	function	of	male	lymphoma	survivors	demonstrated	
hypogonadism	in	30%	of	patients	undergoing	standard	treatment	and	in	50%	of	patients	
undergoing	 high	 dose	 chemotherapy	 with	 autologous	 stem	 cell	 support	 (Kiserud	 CE,	
et	 al.,2009).	 Of	 course	 for	 adult	 patients	 sperm	 banking	 is	 a	 good	 option	 for	 fertility	
preservation,	 but	 some	 malignancies	 have	 negative	 influence	 on	 spermatogenesis	
themselves.	For	example,	long	periods	of	fever	or	tumor-released	cytokines	or	negative	
effect	on	hypothalamus	and	pituitary	 function	by	central	nervous	system	tumours	may	
reduce	 sperm	 production	 (Tal	 R,	 et	 al.,2000;Dohle	 GR,2010).	 For	 example,	 one	 study	
showed	 that	 most	 patients	 with	 malignant	 lymphomas	 and	 testicular	 germ	 tumours	
generally	demonstrate	diminished	sperm	quality; in	9,7%	of	cases	no	sperm	sample	could	
be	banked	due	to	absence	of	spermatozoa	(van	Casteren	NJ,	et	al.,2009).	
	 Another	 patient	 group	where	 semen	 cryopreservation	 for	 fertility	 preservation		
becomes	 impossible	 is	 childhood	 cancer	 survivors.	While	 the	 testicular	tissue	of	 these	
patients	 has	 resident	 SSCs,	 spermatogenesis	 has	 not	 commenced	 yet	 and	 recovery	
of	 mature	 spermatozoa	 is	 inapplicable.	 In	 this	 case,	 SSC	 cryopreservation	 for	 future	
transplantation	is	the	only	method	for	fertility	preservation	aiming	to	restore	the	testicular	
function	and	prevent	severe	consequences	for	quality	of	life	(Ebata	KT,	et	al.,2008;Struijk	
RB,	et	al.,2013).
	 In	 addition,	 in	 case	 of	 adult	 patients,	 in	 whom	 cryopreservation	 of	 ejaculated	
semen	is	possible	and	widely	used,	obtaining	pregnancies	with	cryopreserved	sperm	nearly	
always	requires	the	use	of	artificial	reproductive	techniques	such	as	in	vitro	fertilization	
(IVF)	 and	 intracytoplasmatic	 sperm	 injection	 (ICSI).	 These	 techniques	 thus	 require	
medical	intervention	of	the	unaffected	female	partner	with	relatively	low	pregnancy	rates	
(between	24%	for	IFV	and	33%	for	ICSI),	high	burden	as	well	as	high	costs	(van	Casteren	
NJ,	et	al.,2009).	 In	addition,	 recent	data	 suggest	 that	offspring	obtained	with	 ICSI	 is	 at	
increased	risk	for	birth	defects	(Davies	MJ,	et	al.,2012).	
	 Development	of	fertility	restoration	methods	based	on	germ	and	somatic	testis	
stem	 cell	 transplantation	 would	 potentially	 allow	 recovery	 of	 spermatogenesis	 and	
subsequently	natural	conception	in	the	future.	Based	on	these	clinical	data	on	impairment	
of	testicular	functions	and	the	biological	knowledge	of	the	association	between	different	
cell	types	within	the	testis	tissue	we	conclude	that	restoration	of	testicular	function	with	
stem	cell	therapy	can	be	applied	for	both	germ	and	somatic	cell	lineages.	
	 Recent	 studies	 showed	 interesting	 possibilities	 for	 development	 of	 SSCs	
transplantation	techniques	(Sadri-Ardekani	H,	et	al.,2009;Lim	JJ,	et	al.,2010;Sadri-Ardekani	
H,	et	al.,2011;Hermann	BP,	et	al.,2012).	This	could	potentially	be	performed	in	two	different	
ways:	testicular	tissue	grafting	(Van	Saen	D,	et	al.,2009;Baert	Y,	et	al.,2012;Jahnukainen	K,	
et	 al.,2012)	 and	 germ	 cell	 transplantation	 (Nagano	M,	 et	 al.,2002;Sadri-Ardekani	H,	 et	
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al.,2009;Hermann	BP,	et	 al.,2012).	 In	 case	of	 germ	cell	 transplantation,	 resembling	 the	
transplantation	 assay	 applied	 for	 SSCs	 identification	 in	 rodent,	 the	 clinical	 application	
of	 SSCs	 requires	 their	 isolation	 and	propagation	 in vitro. Being	 cultured	 in vitro,	 these	
cells	lose	specific	microenvironment	and	their	subsequent	adaptation	to	the	new	in vitro 
conditions	 may	 potentially	 affect	 their	 stem	 cell	 properties	 and	 perhaps	 even	 induce	
differentiation	 or	 trans-	 differentiation	 into	 another	 cell	 type.	 These	 possible	 changes	
in	 stem	 cell	 properties	will	 disturb	 the	 proposed	 clinical	 application.	 In	 this	 thesis,	we	
evaluated	the	potential	of	the	in	vitro	transition	of	testicular	stem	cells	during	propagation	
and	established	a	protocol	for	enrichment,	in vitro	expansion	and	differentiation	of	human	
somatic	testicular	progenitors.

Multipotent human testis-derived stem cells in vitro
	 The	 derivation	 of	 pluripotent	 stem	 cells	 in	 primary	 mouse	 germ	 cell	 cultures	
has	been	demonstrated	by	several	groups	(Kanatsu-Shinohara	M,	et	al.,2004;Guan	K,	et	
al.,2007;Ko	K,	et	al.,2010).	Mouse	SSCs	are,	in	vivo,	unipotent	stem	cells	responsible	for	
maintenance	 of	 spermatogenesis.	 	When	 propagated	 in	 vitro,	 during	 serial	 passaging,	
these	cells	undergo	spontaneous	transition	into	the	pluripotent	cell	state	during	a	process	
called	 culture-induced	 reprogramming.	 	 The	 obtained	 pluripotent	mouse	 cells	 possess	
basic	features	of	embryonic	stem	cells	(three	germ	line	differentiation	in	vitro,	teratoma	
formation,	and	contribution	to	life	born	chimeras).
Initially	this	phenomenon	was	shown	for	mouse	neonatal	testis	cell	and	later	the	derivation	
of	 pluripotent	 stem	 cells	 from	 adult	 mouse	 testis	 became	 a	 reproducible	 technique	
(Kanatsu-Shinohara	M,	et	al.,2004;Guan	K,	et	al.,2007;Ko	K,	et	al.,2010).	
	 The	successful	propagation	of	mouse	SSCs	raised	the	interest	for	similar	possibilities	
for	 in	 vitro	 amplification	 and	 culture-induced	 reprogramming	manipulations	 of	 human	
germ	stem	cells	(Sadri-Ardekani	H,	et	al.,2009;Lim	JJ,	et	al.,2010).		Recently,	our	group	has	
demonstrated	successful	propagation	of	both	adult	and	prepubertal	human	SSCs	opening	
up	new	perspectives	of	fertility	preservation	for	young	cancer	patients	(Sadri-Ardekani	H,	
et	al.,2011;Sadri-Ardekani	H,	et	al.,2013;Struijk	RB,	et	al.,2013).	
	 The	attempts	to	derive	pluripotent	cells	from	human	testis	have	proven	to	be	more	
difficult.	This	so	called	“culture-induced”	reprogramming,	previously	observed	in	rodent	
testicular	cell	culture	systems,	will	raise	pluripotent	cells	that	might	be	a	source	for	a	broader	
range	 of	 clinical	 cell	 therapies	 (Seandel	M,	 et	 al.,2007;Jaenisch	 R,	 et	 al.,2008;Kanatsu-
Shinohara	M,	et	al.,2008).	On	the	other	hand,	the	phenomenon	of	possible	spontaneous	
transition	 of	 spermatogonia	 to	 the	 pluripotent	 cell	 state	 during	 propagation	 forms	 a	
significant	 concern	 in	 case	of	 propagation	of	 human	 SSC	 for	 a	 future	 clinical	 stem	 cell	
transplantation	application	as	it	might	cause	teratomas	post	transplantation.
	 Previously	 several	 research	 groups	 claimed	 the	 derivation	 of	 pluripotent	 stem	



Chapter VI

132

cells	from	human	testis	tissue	based	on	the	spontaneous	transition	of	propagated	germ	
cells.	These	authors	used	different	methods	aiming	at	enriching	the	initial	testicular	cell	
suspensions	 for	SSCs:	CD49F+cell	 sorting	combined	with	matrix	 selection	 (Conrad	S,	et	
al.,2008),	enrichment	for	GFRα1	positive	cells	(Kossack	N,	et	al.,2009)	or	starting	with	non-
enriched	cell	suspensions	 (Golestaneh	N,	et	al.,2009).	Using	also	quite	different	plating	
protocols	 and	propagation	media,	 all	 these	 research	groups	 reported	 the	 spontaneous	
arising	 of	 htES-like	 cell	 colonies	 resembling	 human	 ESC	 colonies.	 Subculture	 of	 these	
colonies	resulted	in	generation	of	ES-like	human	cell	lines	possessing	all	common	features	
of	human	pluripotent	stem	cells:	expression	of	pluripotency	associated	markers	(POU5f1	
(OCT4),	 Nanog,	 Sox2,	 SSEA4,	 TRA-1-60,	 TRA-1-81	 e.t.c.),	 a	 normal	 karyotype,	 and	 the	
capacity	for	in vitro	differentiation	toward	derivatives	of	the	three	germ	lineages.
	 Our	 study	 aimed	 at	 evaluating	 possible	 approaches	 resulting	 in	 the	 derivation	
of	 pluripotent	 stem	 cells	 from	 primary	 human	 testicular	 cultures	 in	 analogy	 with	 the	
well	 established	 mouse	 culture	 system	 (Kanatsu-Shinohara	 M,	 et	 al.,2004;Guan	 K,	 et	
al.,2006;Kanatsu-Shinohara	M,	et	al.,2008).	In	this	study	we	also	identified	the	spontaneous	
arising of htES-like	colonies	in	human	primary	testicular	cell	cultures	(Sadri-Ardekani	H,	et	
al.,2009).	While	a	range	of	markers	typical	for	pluripotent	stem	cells	could	be	detected	
in	 these	 subcultured	 htES-like	 cells,	 formation	 of	 teratomas	 upon	 transplantation	 into	
immunodeficient	animals	was	not	demonstrated,	even	though	they	were	performed	 in	
parallel	with	successful	 teratoma	 inducing	hESC	 transplantation	experiments.	Based	on	
these	results,	we	designated	these	htES-like	cells	as	multipotent	stem	cells	(Chapter	II).	
	 The	general	features	of	testis-derived	pluripotent	and	multipotent	cells	reported	
by	other	research	groups	and	cells	derived	in	our	center	are	summarized	in	Table1.	
These	results	started	a	debate	on	the	possibility	to	generate	teratomas	upon	injection	of	
human	 testis-derived	ES-like	 cells	 into	 immunodeficient	mice,	making	 interpretation	of	
their	pluripotent	stem	cell	state	rather	controversial	(Ko	K,	et	al.,2010;Ko	K,	et	al.,2011).  
The	reproducibility	of	the	generation	of	human	pluripotent	testis-derived	ES-like	cells	as	
well	as	their	pluripotent	cell	state	remained	questionable	(Conrad	S,	et	al.,2008;Ko	K,	et	
al.,2010;Tapia	N,	et	al.,2011;Warthemann	R,	et	al.,2012).
	 In	order	to	elucidate	the	exact	stem	cell	state	and	the	effect	of	the	propagation	
conditions	 on	 their	 stem	 cell	 properties,	 selective	 expansion	 of	 htES-like	 colonies	
under	 various	 culture	 conditions	 designated	 for	 propagation	 human	 ESCs	 and	 rodent	
epiblast	 stem	 cells	 was	 performed	 (Chapter	 III).	 Cautious	 evaluation	 of	 htES-like	 cell	
immunophenotype	 by	 flow	 cytometrical	 analyses,	 using	 pluripotent	 NCCIT	 cell	 line	
(human	embryonic	carcinoma	cells)	as	an	internal	control,	revealed	the	presence	of	cells	
expressing	pluripotency	associated	marker	 SSEA4.	However,	 this	was	not	 accompanied	
with	expression	of	other	surface	markers	typical	for	pluripotent	stem	cells	(TRA-1-60,	TRA-
1-81).	Further	cell	surface	characterization	suggested	that	the	detected	immunophenotype	
did	not	resemble	the	phenotype	of	human	ESCs,	but	corresponded	to	a	surface	marker	
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expression	profile	of	human	mesenchymal	stem	cells	(MSCs),	lately	so	called	multipotent	
stromal	cells	 (Dominici	M,	et	al.,2006).	 In	order	to	further	assess	the	stem	cell	state	of	
the	htES-like	cells,	the	gene	expression	profile	of	the	derived	progenitors	and	the	careful	
evaluation	of	pluripotency-associated	genes	expressed	within	 testis	tissue	and	 isolated	
cells	 in	 culture	 was	 performed.	 Quantitative	 assessment	 of	 the	 main	 pluripotency-
associated	transcription	factors	POU5F1,	NANOG	and	SOX2,	including	selective	evaluation	
of POU5F1	 isoform	1	avoiding	 isoform	2	and	POU5F1	 pseudogene	 transcripts	 revealed	
a	 thousand	 fold	 lower	expression	 level	 compared	with	expression	by	bona fide	human	
ESCs	(Chapter	III).	These	results	are	in	line	with	previous	observations	showing	that	low	
levels	of	POU5F1	isoform	1	transcripts	could	be	detected	in	non-pluripotent	somatic	stem	
cells;	this	low	level	of	expression	has	no	impact	on	their	stem	cell	state	and	differentiation	
capabilities	(Kaltz	N,	et	al.,2008).	
	 These	results	show	very	clearly	that	the	search	for	pluripotent	cells	derived	from	
human	 postnatal	 tissues	 requires	 additional	 caution	 and	 correct	 interpretation	 during	
detection	 of	 pluripotency-associated	POU5F1(OCT4)	 isoform	1	 as	well	 as	 co-expressed	
POU5F1	pseudogene	transcripts	that	are	not	related	to	the	pluripotent	cell	state,	but	are	
recently	reported	as	a	protein	encoding	sequences	(Kastler	S,	et	al.,2010).	
In	 our	 hands,	 expanded	 htES-like	 cells	 were	 not	 able	 to	 spontaneously	 differentiate	
towards	derivatives	of	three	germ	layers	in vitro	upon	embryoid	body	induction	and	did	
not	give	rise	to	teratomas	in vivo (Chapter	III).	Although	htES-like	cells	did	not	differentiate	
spontaneously	in	embryoid	bodies	similar	as	ESCs,	their	differentiation	towards	mesodermal	
lineages	 (adipo-,	osteo-,	chondrogenic)	could	be	prominently	 induced	by	application	of	
conventional	differentiation	protocols.	The	interpretation	of	differentiation	towards	other	
lineages	than	mesoderm	based	on	the	detection	of	single	ecto-	and	endodermal	markers	
must	be	performed	with	caution,	because	some	of	these	markers	could	be	detected	in	this	
cell	population	even	before	the	initiation	of	the	differentiation	assay	and	are	therefore	not	
related	to	specific	roles	of	these	markers	in	bona fide	ecto-	and	endodermal	differentiation	
(Bertani	N,	et	al.,2005;Wislet-Gendebien	S,	et	al.,2005).
	 Taking	 into	 consideration	 the	 specific	 surface	 marker	 expression	 profile,	 the	
differentiation	 potential	 restricted	 to	 mesodermal	 lineages	 and	 the	 inability	 to	 form	
teratomas,	 we	 hypothesized	 that	 the	 obtained	 htES-like	 progenitors	 represented	 a	
population	of	MSC-like	cells.	This	hypothesis	was	confirmed	by	comparing	the	global	gene	
expression	profiles	of	htES-like	cells	with	the	profiles	of	reference	cell	lines	of	pluripotent	
human	ESCs	(HuES-1,	GFP-HES-3),	multipotent	bone	marrow-derived	MSCs	representing	
the	so	called	“golden	standard”	MSCs	and	adult	human	fibroblasts.	Microarray	analysis	
revealed	 that	 the	 expression	 pattern	 of	 htES-like	 cells	 was	 distinct	 from	 hESCs	 and	
fibroblasts	but	more	similar	to	MSCs	(Chapter	III).	Consequently,	due	to	the	lack	of	features	
in	common	with	human	ESCs,	this	cell	population	was	designated	as	multipotent	human	
testis-derived	stem	cells	(mhtSC).
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	 The	 notions	 regarding	 the	 non	 pluripotent	 cell	 state	 of	 cells	 originating	 from	
mhtSC	colonies	that	are	spontaneously	formed	in	human	primary	testicular	cell	cultures	
have	been	suggested	previously	(Ko	K,	et	al.,2010;Tapia	N,	et	al.,2011).	Careful	analysis	of	
published	microarray	data	 revealed	 inconsistency	 in	microarray	profiles	of	cells	 initially	
claimed	to	possess	the	complete	pluripotent	state	(Conrad	S,	et	al.,2008;Ko	K,	et	al.,2010).	
However,	comparison	of	the	described	gene	expression	profiles	of	these	cells	with	human	
ESCs	did	not	 show	expression	of	pluripotency-specific	genes,	or	genes	suggesting	 their	
germ	 cell	 origin,	 while	 expression	 of	 markers	 typical	 for	 cells	 of	 somatic	 lineage	 and	
explicitly	fibroblast-specific	markers	was	quite	prominent.	
	 Our	data	 further	 refined	 this	 statement	by	 the	 comparison	of	 gene	expression	
profiles	of	mhtSCs	with	the	specific	comparison	groups	(ESC,	MSC	and	fibroblasts)	in	the	
same	microarray	experiment	(Chapter	III).	In	agreement	with	published	data,	the	expression	
profiles	of	mhtSC	did	not	correspond	to	the	profiles	of	pluripotent	stem	cells.	In	addition,	
the	observed	high	levels	of	ACTA2	expression	in	combination	with	lack	of	MAGEA4	and	
DDX4	(VASA)	suggested	that	they	are	not	of	germ	cell	origin	(Ko	K,	et	al.,2010).	Our	analysis	
of	the	specific	gene	expression	pattern	in	mhtSCs	revealed	a	closer	relation	to	bona	fide	
MSC	than	to	fibroblasts.	This	fact	most	likely	can	be	explained	by	the	kinetics	of	the	cell	
culture	and	the	ways	of	colony	generation	applied	in	our	study.	While	most	of	the	studies	
describe	colony	formation	shortly	after	testicular	cell	isolation	(4	-14	days)	when	the	risks	
of	nonspecific	cell	aggregation	appear	rather	high,	mhtSCs	in	our	study	were	generated	
from	single	colonies	appearing	in	the	monolayer	of	primary	testicular	cell	cultures	at	30-
50	days	after	the	initiation	of	culture.	In	this	situation,	the	appearance	of	cell	colonies	was	
caused	by	proliferation	of	specific	progenitors,	rather	than	aggregation	of	primary	isolated	
cells.	The	cell	population	obtained	after	selective	expansion	of	single	colonies	possesses	
high	expression	levels	of	MSC-defining	markers	(TM4SF1,	NFIB,	JAG1,	NOTCH3),	enabling	
us	to	distinguish	these	cells	from	a	general	somatic/fibroblast	population	(Chapter	III).
	 This	striking	similarity	of	mhtSCs	to	bona fide	MSC	raised	the	question	whether	
they	originate	from	reprogrammed	germ	cells	or	from	a	subpopulation	of	uncommitted	
mesenchymal	progenitors	 isolated	from	testicular	tissue	and	are	present	already	 in	the	
primary	testicular	cultures.	Direct	 isolation	of	MSC	from	human	testis	has	 indeed	been	
reported	(Gonzalez	R,	et	al.,2009).	On	the	other	hand,	the	chance	that	these	multipotent	
cells	 arise	 as	 a	 result	 of	 ‘incomplete’	 reprogramming	 of	 SSC	 in vitro	 still	 could	 not	 be	
excluded.	In	order	to	determine	the	exact	origin	of	mhtSCs,	we	generated	mhtSC	colonies	
in	primary	testicular	cell	cultures	from	tree	different	starting	populations	of	testicular	cells:	
germ	cells	only,	germ	cells	 together	with	somatic	testicular	cells	and	only	somatic	cells	
from	complete	SCO	testis	tissue.	Typical	mhtSC	colonies	could	be	generated	only	from	the	
starting	cell	populations	containing	only	somatic	cells	or	germ	cells	with	somatic	cells,	and	
did	not	arise	from	the	highly	purified	human	germ	cell	fraction	containing	a	population	of	
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uncommitted	spermatogonia	(Chapter	IV).	However,	recognizing	the	presence	or	absence	
of	spermatogonia	in	a	testicular	cell	population	requires	cautious	characterization.	Recent	
studies	have	reported	potential	pitfalls	in	germ	cell	identification	due	to	the	use	of	markers	
that	are	co-expressed	by	germ	as	well	as	somatic	testicular	cells	(Ko	K,	et	al.,2010;Tapia	
N,	et	al.,2011).	In	order	to	avoid	this	misinterpretation,	we	used,	besides	identification	of	
CD49f	expression	by	cells	in	the	starting	testicular	cell	populations,	simultaneous	detection	
of	VASA	(DDX4)	in	combination	with	PLZF	or	MAGEA4	to	detect	the	presence	of	germ	cells	
(Eildermann	K,	et	al.,2012).
	 However,	 distinguishing	 the	 uncommitted	 germ	 cell	 progenitors,	 which	
theoretically	 might	 be	 predisposed	 to	 acquire	 the	 pluripotent	 cell	 state,	 within	 the	
heterogeneous	 population	 of	 spermatogonia	 in	 testicular	 cell	 fractions	 also	 appeared	
rather	 challenging.	 	 Recently	 two	 biological	markers,	 fibroblast	 growth	 factor	 receptor	
3	 (FGFR3,	 CD333)	 and	 undifferentiated	 embryonic	 cell	 transcription	 factor	 1 (UTF1), 
have	 been	 suggested	 as	 new	markers	 for	 uncommitted	 germ	 cells	 (von	 Kopylow	 K,	 et	
al.,2010;von	 Kopylow	 K,	 et	 al.,2012).	 In	 case	 of	 human	 adult	 testis,	 the	 expression	 of	
UTF1	has	shown	to	be	restricted	to	a	subpopulation	of	Adark	and	Apale spermatogonia	(von	
Kopylow	K,	et	al.,2010;von	Kopylow	K,	et	al.,2012).	 In	agreement	with	 this	 report,	our	
highly	purified	spermatogonial	fraction	demonstrated	clear	UTF-1	expression.	However,	
these	spermatogonia	did	not	provide	pluripotent	stem	cell	generation.	At	the	same	time,	
the	mhtSCs	obtained	in	primary	testicular	cell	cultures	containing	only	somatic	cells	did	
not	express	this	transcription	factor	(Chapter	IV).	 	An	algorithm	that	can	be	applied	for	

Figure 1. An algorithm for determining human germ and somatic testicular cell based 
on expression of specific biomarkers.
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determining	 human	 germ	 and	 somatic	 testicular	 cell	 based	 on	 expression	 of	 specific	
biomarkers	is	represented	in	Figure	1.
	 The	efficiency	of	colony-formation	in	vitro	did	not	differ	between	mhtSCs	obtained	
from	tissue	specimens	of	patients	with	full	spermatogenesis	and	patients	with	idiopathic	
Sertoli	cell-only	syndrome.	This	fact	further	supported	the	hypothesis	of	a	somatic	origin	
of	mhtSCs	and	confirmed	 that	 colonies	do	not	originate	 from	propagated	 ‘incomplete’	
reprogrammed	germ	cells,	but	from	proliferating	somatic	progenitors	with	multilineage	
differentiation	 potential	 (Chapter	 IV).	MhtSC	 derived	 from	 a	 variety	 of	 tissue	 samples	
possess	uniform	MSC-defining	characteristics	including	a	specific	MSC	immunophenotype,	
expression	of	MSC-specific	transcripts	(TM4SF1,	NFIB)	and	ability	to	differentiate	towards	
mesodermal	 lineages	 in vitro	 after	 the	application	of	 conventional	 induction	protocols.	
The	presence	of	somatic	mesenchymal	progenitors	within	the	mhtSC	subpopulation	was	
further	confirmed	by	the	detection	of	the	markers	CD146	(MCAM/Melanoma	Cell	Adhesion	
Molecule)	and	CD200,	both	known	to	be	specific	for	uncommitted	MSCs	with	mulipotent	
characteristics,	distinguishing	between	 tri-	 and	unipotent	MSC–like	 cells	 (Russell	KC,	et	
al.,2010).	Based	on	this	data,	we	conclude	that	mhtSC	colonies,	that	spontaneously	form	
in	human	primary	testicular	cell	cultures,	represent	a	population	of	testis	tissue	specific	
MSCs	and	 therefore	 they	do	not	possess	 the	pluripotent	 stem	cell	 state.	 These	 results	
finally	allowed	us	to	designate	mhtSCs	obtained	in	our	laboratory	as	testis-derived	MSCs	
(Chapter	IV).	 
	 Further	 investigation	 is	 required	 in	 order	 to	 evaluate	 the	 ability	 of	 human	
germ	cells	to	overcome	the	lineage	restriction	and	obtain	pluripotent	cell	state,	 if	at	all	
possible	for	human	SSCs. The	current	state	of	this	problem	seems	to	focus	on	finding	the	
appropriate	culture	conditions	and	methods	to	establish	homogeneous	human	unipotent	
germ	stem	cell	 lines	from	isolated	spermatogonia	similar	as	 in	the	case	of	rodent	germ	
cells.	It	has	become	clear	that	besides	having	some	comparable	characteristics	with	rodent	
germ	line	stem	cells,	human	SSCs	seem	to	hold	their	unique	features	in	culture	including	
specific	gene	expression	and	the	mechanisms	controlling	self	renewal	and	differentiation.	
Therefore,	a	direct	transition	of	methods	and	culture	conditions	efficient	for	the	induction	
of	 the	 pluripotent	 cell	 state	 of	 rodent	 germ	 cells	 are	 not	 applicable	 for	 human	 germ	
cells.	 Further	 evaluation	 of	 differences	 between	 cell	 properties	 of	 rodent	 and	 human	
spermatogonia	might	uncover	new	mechanisms	responsible	for	the	maintenance	of	their	
stem cell state in vivo	and	 in vitro.	These	mechanisms	will	 lead	to	suggestions	 for	new	
culture	approaches	and	modification	with	specific	growth	factors,	small	molecules,	and/
or	specific	gene	delivery	to	induce	the	reprogramming	of	human	SSCs	to	the	pluripotent	
cell	state.	
	 The	 assumption	 that	 human	 SSCs,	 in	 line	 with	 rodent	 germ	 stem	 cells,	 could	
be	 ‘’predisposed’’	 to	 become	pluripotent	 after	minor	 interventions	 in vitro remains to 
be	 tested.	 This	would	mean	 that	 compared	 to	 somatic	 cells	 (fibroblasts,	 lymphocytes,	
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keratinocytes),	commonly	used	 for	 iPS	generation,	 they	may	require	application	of	 less	
reprogramming	factors		for	inducing	their		transition	back	to	the	ES-like	state	or	may	have	
higher	frequency	of	reprogramming.	Finally,	beside	all	controversy	at	this	moment,	the	
possibility	of	derivation	of	pluripotent	patient-specific	stem	cells	from	propagated	human	
SSC	remains	an	interesting	point	for	further	investigation	for	regenerative	medicine	and	
still	could	uncover	additional	biological	features	of	human	germ	cells. 

Testicular somatic cell population harbors Leydig cell progenitors
	 Impaired	testicular	 interstitium	commonly	appears	as	a	serious	complication	of		
high	dose	chemotherapy	leading	to	an	irreversible	loss	of	testicular	function	(Howell	SJ,	
et	al.,1999).	A	recent	study	among	a	large	cohort	of	male	patients	undergoing	allogenic	
hematopoietic	stem	cell	transplantation	(259	patients)	showed	the	effect	of	conditioning	
regimes	as	well	as	GVHD	following	the	transplantation	on	spermatogenesis	and	impairment	
of	 testicular	 somatic	 cells	 (Rovo	 A,	 et	 al.,2013).	 In	 this	 case	 donor	 alloreactive	 T	 cells	
infiltrating	 parenchimas	 of	multiple	 organs,	 including	 testis,	 cause	 severe	multiple	 cell	
damage	typical	for	GVHD.		Accumulation	of	alloreactive	T	cells	within	the	testis	interstitium	
results	in	a	direct	target	cell	injury	and	Leydig	cell	(LC)	depletion	(direct	T-cell	mediated	
cytotoxicity)	as	well	as	an	indirect	effect	on	LCs	via	antigen-nonspecific	mechanisms	due	
to	 production	 of	 inflammatory	 cytokines	 (IFN-γ	 and	 TNF-α)	 (Wagner	 AM,	 et	 al.,2005).	
Interestingly,	experimental	studies	on	GVHD	demonstrated	the	absence	of	a	direct	T-cell	
infiltration	of	seminiferous	tubules	in	a	GVHD	animal	model,	suggesting	a	possible	indirect	
effect	of	GVHD	on	 spermatogenesis	 almost	exclusively	 via	 loss	of	 LC	 function	 (Wagner	
AM,	et	al.,2005).	The	results	of	these	experimental	studies	indeed	find	conformation	in	
clinical	settings;	a	recent	cohort	study	showed	that	for	patients	not	conditioned	as	well	as	
conditioned	with	total	body	irradiation,	ongoing	chronic	GVHD	is	the	prominent	adverse	
factor	for	sperm	recovery	(Rovo	A,	et	al.,2013).	
	 These	data	indicate	the	clinical	importance	of	a	possibility	to	preserve	LC	function.	
In	this	case	the	search	for	human	Leydig	stem	cells	and	the	development	of	the	techniques	
for	their	isolation,	cryopreservation	and	propagation	would	be	an	ideal	way	to	preserve	
and	restore	testicular	endocrine	function.
	 It	is	generally	accepted	that	testicular	MSCs	harbour	the	progenitors	of	adult	LC.	
Several	studies	that	attempted	to	identify	the	adult	LC	stem	cells	in	vivo	within	the	human	
tissue	indeed	revealed	expression	of	typical	MSC/pericyte-	and	oligodendrocyte-specific	
markers	 by	 testis	 interstitial	 cells	 associated	 with	 microvasculature	 (Davidoff	 MS,	 et	
al.,2004;Davidoff	MS,	et	al.,2009).	However,	the	identification	of	this	testicular	interstitial	
cell	population	has	only	been	determined	by	application	of	immunocytochemical	staining	
techniques	on	testis	tissue	sections,	and	effective	methods	for	 isolation	or	enrichment,	
long-term	in vitro	propagation	to	prove	their	differentiation	ability	towards	LC	remained	
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to	be	determined.	
	 Stem	cells	possessing	the	fundamental	 features	of	bone	marrow-derived	(bona 
fide)	MSCs	have	been	isolated	from	various	postnatal	organs	and	have	been	characterized	
by	 their	 ability	 to	 self-renew	 and	 differentiate	 towards	 various	 cell	 lineages,	 mostly	
mesodermal	 derivatives	 (Friedenstein	 AJ,	 et	 al.,1974;Prockop	 DJ,1997;Pittenger	MF,	 et	
al.,1999).	 	The	wide	distribution	of	MSC-like	cells	within	different	organs	suggested	the	
tissue	specific	niche	of	these	cells	being	closely	related	to	blood	vessels.	This	hypothesis	
was	 proven	 to	 be	 correct	 by	 a	 study	 describing	 CD146+/CD34-/CD45-/CD56-	 pericytes	
and	confirming	the	MSC-like	cell	from	various	organs	(Crisan	M,	et	al.,2008).	These	new	
facts	presented	a	prospective	look	on	MSCs/pericytes	as	a	kind	of	“universal”	stem	cell	
that	is	located	within	the	interstitial	compartment	within	multiple	organs	and	is	playing	a	
role	in	tissue	homeostasis.		It	has	recently	been	shown	that	MSCs	could	be	isolated	from	
placenta,	muscle,	lung,	skin,	adipose	tissue,	synovial	membrane	and	testis	(Crisan	M,	et	
al.,2008;Dominici	M,	et	al.,2009;Gonzalez	R,	et	al.,2009).	
	 The	 resemblance	 of	 LC	 progenitors	 to	 MSCs	 could	 be	 traced	 in	 a	 number	 of	
examples	 from	 clinical	 practice.	 The	 occurrence	 of	 Leydig	 cell	 tumors	 with	 adipose	
differentiation	and/or	calcification	with	ossification	in	patients	of	28-70	years	of	age	have	
been	reported	(Ulbright	TM,	et	al.,2002).	The	adipose	cells	 found	in	these	tumors	with	
adipose	metaplasia	are	usually	positive	for	LC	markers	(INHIBIN-A,	CALB2	and	MELAN-A)	
and	 are	 considered	 originating	 from	 neoplastic	 LCs.	 This	 reported	 cell	 plasticity	 and	
spontaneous	differentiation	towards	two	mesodermal	differentiation	lineages	well	known	
for bona fide	MSCs	further	suggests	a	close	relation	between	LCs	and	MCSs	within	testis	
tissue.		
	 Based	on	the	MSC-specific	immunophenotype	characteristics	of	the	mhtSC	cells,	
we	 developed	 an	 isolation	 approach	 for	 progenitors	 of	 steroidogenic	 human	 LCs	 and	
discovered	an	uncommitted	progenitor	subpopulation	in	conjunction	with	a	population	
of	 early	 committed	 progenitors.	 We	 conclude	 that	 the	 population	 of	 CD146+/CD34-	
testicular	 somatic	 cells	 co-expressing	 NESTIN	 and	 CALB2,	 but	 not	 luteinizing	 hormone	
receptor	(LHR),	represent	LC	stem	cells.	We	were	able	to	perform	cell	isolation	followed	
by	 propagation	 and	 differentiation	 towards	 cells	 expressing	 LHR	 and	 the	 specific	
steroidogenic	enzyme	3-β-hydroxysteroid	dehydrogenase	2	 (3β–HSD2) in vitro (Chapter	
V). 	This	population	of	LC	progenitors	 is	different	 from	the	previously	described	rodent	
PDGFRA+	 LC	progenitors	 that	 also	 show	 the	 capability	 to	differentiate	 towards	mature	
LC	 in	vitro (Ge	RS,	et	al.,2006;Stanley	E,	et	al.,2012).	 Indeed,	an	 isolated	population	of	
human	PDGFRa+	(CD140A+)/CD34-	testicular	somatic	cells	represents	a	population	of	low-
proliferating,	 3β–HSD2	negative	but	 steroidogenic	 acute	 regulatory	protein	 (StAR)	 and	
LHR	expressing	committed	progenitor	cells	that	most	likely	already	partially	progressed	in	
the	differentiation	towards	adult	LC	(Chapter	V).	
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	 Remarkably,	induced	differentiation	of	the	sorted	CD146+/CD34-	cell	in vitro, with	
the	 same	 protocol	 already	 described	 for	 the	 PDGFRA+	 progenitors,	 was	 accompanied	
by	 consequent	down	 regulation	of	 CD146	 surface	expression	 and	de novo appearance 
of	 PDGFRa-expression	 with	 corresponding	 upregulation	 in	 expression	 of	 steroidogenic	
enzymes.	These	observations	enables	us	to	propose	a	model	for	human	LC	differentiation	
accompanied	by	successive	changes	in	cell	phenotypes	during	transition	from	LC	stem	cell	
to	committed	progenitors	and	finally	mature	LC	(Chapter	V)	(Figure	2).	
	 Most	 likely,	 physiological	 differentiation	 of	 the	 LC	 progenitor	 subpopulation	
in vivo	 is	 progressing	 via	 several	 stages	 and	 associated	 with	 changes	 in	 their	 cell	
immunophenotypes	 and	 upregulation	 of	 LC	 specific	markers.	 The	maturation	 of	 adult	
LC	progenitors	is	accompanied	by	gradual	decrease	in	CD146	expression,	appearance	of	
surface	PFGFRa	and	upregulation	of	markers	related	to	cell	steroidogenic	activity	(StAR,	
CHOLESTEROL SIDE-CHAIN CLEAVAGE	 enzyme	 (CYTP450scc/CYP11A), 3β-HSD2)  
as	well as	 specific	 LC	markers:	 LHR	 and	 INSULIN-LIKE FACTOR 3	 	 (INSL3),	 also	 known	
as  RELAXIN-LIKE  FACTOR	 (RLF).	 Although	we	observed	high	 cell	 proliferation	during	
subculture	 of	 an	 initially	 purified	 CD146+/CD34-	 somatic	 stem	 cell	 population,	 at	 the	
same	time	we	found	a	rapid	decrease	of	cells	with	the	CD146+/CD34-	progenitor-specific	
immunophenotype	already	at	passage	3.	Methods	facilitating	in vitro maintenance of these 
LC	stem	cell	properties	through	multiple	passaging	are	eagerly	awaited.	We	cultured	these	
CD146+/CD34-	cells	for	the	first	time	and	used	culture	conditions	previously	described	for	
maintenance	of	PDGFRa+	cell	and	that	might	not	be	the	most	optimal	for	this	particular	
cell	population	(Ge	RS,	et	al.,2006).	Therefore,	further	studies	are	required	for	optimization	

Figure 2. Model of LC regeneration in adult human testicular tissue.
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of the in vitro	 propagation	 conditions	 for	 enriched	 CD146+/CD34-	 somatic	 stem	 cell	
population.	Optimization	of	propagation	conditions	will	facilitate	in	vitro	amplification	of	
progenitors	after	cell	sorting	and	help	to	provide	sufficient	cell	quantities	for	possible	cell	
transplantation	techniques.
	 Although	the	obtained	population	of	human	LC	progenitors	described	in	our	study	
differentiated	 in vitro	with	 relatively	 low	efficiency	 (only	2-5%	of	 the	 total	CD146+	cell	
population)	and	 further	optimization	 is	 required,	 these	LC	stem	cells	have	 the	potency	
to	propagate	and	differentiate	 in vitro	and	therefore	could	potentially	contribute	in	the	
restoration	of	testis	steroidogenic	function	by	stem	cell	therapy. 

Implications for future research and clinical practice
	 Stem	 cell	 therapy	 based	 on	 isolation	 of	 testicular	 stem	 cells	 could	 become	
an	 alternative	 for	 complex	 treatments	 of	 patients	with	 gonadal	 dysfunction	 (germ	 cell	
damage	 and	 Leydig	 cell	 insufficiency)	 such	 as	 patients	 after	 hematopoietic	 stem	 cell	
transplantation	and	chemotherapy.	
	 The	 clinical	 application	 of	 stem	 cell	 therapies	 involving	 cryopreservation	 may	
require	in vitro propagation	of	germ	stem	cells.	Results	from	animal	studies	have	raised	
concern	that	this	brings	several	additional	risks,	including	the	spontaneous	transition	of	
SSCs	towards	the	pluripotent	state	during	propagation.	Our	observation	suggests	that	in	
contrast	to	rodent	SSC	culture	systems,	the	spontaneous	formation	of	pluripotent	cell	lines	
does	not	take	place	in	our	described	human	testicular	cell	culture	system.	The	observed	
spontaneously-formed	colonies	in	our	culture	system	represent	testis-specific	MSCs	the	
testis	specific	somatic	stem	cells	and	therefore	do	not	raise	the	potential	risk	for	teratoma	
formation	in	case	of	clinical	application.	However,	the	epigenetic	stability	of	human	SSCs	
during	in	vitro	propagation	and	subsequent	possible	risks	to	the	SSC	generated	offspring	
when	preparing	these	SSCs	for	fertility	restoration	remains	an	important	point	for	further	
research.	Additional	studies	exploring	the	effect	of	the	in vitro	microenvironment	on	germ	
stem	cell	properties	and	repopulation	capabilities	after	their	transplantation	in	vivo	are	
required	before	initiation	of	pilot	clinical	application	trials.	
	 Somatic	 stem	 cells	 present	 within	 the	 human	 testicular	 interstitium	 represent	
another	 interesting	 area	 for	 investigation.	 A	 subpopulation	 of	 MSC-like	 cells	 isolated	
from	human	testicular	tissue	on	the	bases	of	a	specific	MSC	immunophenotype	contains	
uncommitted	progenitors	of	adult	human	LCs,	ie	LC	stem	cells.	These	LC	stem	cells	are	able	
to	self-renew	and	differentiate	towards	steroidogenic	cells	in vitro. Follow	up	studies	are	
required	to	evaluate	their	ability	to	colonize	recipient	testis	and	to	determine	the	number	
of	 progenitor	 cells	 within	 the	 interstitium	 of	 different	 individuals	 in	 order	 to	 estimate	
the	 optimal	 size	 of	 testicular	 biopsies	 allowing	 the	 successful	 cell	 isolation.	 Additional	
studies	are	required	in	order	to	optimize	the	methods	of	in	vitro	propagation	of	isolated	



General discussion and implications for future research

143

LC	stem	cells	and	efficient	maintenance	of	 their	undifferentiated	cell	 state	prior	 to	cell	
transplantation.	The	end	point	of	this	work	is	the	establishment	of	a	clinical	application	of	
LC	stem	cell	autotransplantation	for	restoration	of	testis	endocrine	function	as	alternative	
for	androgen-replacement	therapy. 
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Summary
 
 In this thesis, we evaluate the stem cell state of cells present in primary human 
testicular cell cultures as well as their origin and relation to germ or somatic lineages 
within testicular tissue.  We conclude that human testis-derived embryonic stem cell-
like (htES-like) colonies arising in primary testicular cell cultures do not have pluripotent 
characteristics and do not arise due to spontaneous in vitro transition of propagated 
spermatogonia, but are multipotent mesenchymal somatic progenitors originated from 
the testis during isolation. 
 Furthermore, we focused on somatic progenitors present in the primary testicular 
cell cultures and described for first time a method to isolate the uncommitted human LC 
stem cell based on their surface markers expression profile. Although the methods of 
expansion and differentiation of these isolated uncommitted LC stem cells need further 
improvement, the described method could provide the basis for stem cell therapy implying 
autotransplantation of autologus LC progenitors to overcome hypogonadism occurring 
after high dose chemotherapy and other conditions requiring androgen replacement. 

 Chapter I of this thesis provides an overview of the main stem cell types present 
in testicular tissue and introduces the main questions and aim of the study.

 In Chapter II, the basic features of propagated htES-like cells in accordance with 
general guidelines of human ESCs culture are described.   The differentiation abilities of 
these cells are compared with the differentiation potential of human blastocyst-derived 
ESCs and iPS cells. The obtained results suggested that htES-like cells expanded from 
colonies spontaneously arising in primary testicular stem cells do not possess the main 
features typical for pluripotent stem cells i.e. human blastocyst-derived ESC and iPS. The 
inability to form teratomas allowed to define the htES-like cells as a multipotent rather 
than a pluripotent stem cell population.

 Chapter III represents further investigation of htES-like cell properties in order to 
elucidate their exact stem cell state. Irrespective from conditions chosen for propagation, 
htES-like cells showed consistent global gene expression profiles, surface markers 
expression and efficient differentiation towards mesodermal lineages. We conclude that 
htES-like cells are a multipotent cell population with characteristics closely resembling 
mesenchymal stem cells, so called multipotent stromal cells (MSCs).



152

 Chapter IV focuses on the origin of multipotent progenitors derived from human 
testicular tissue and designates them as multipotent human testis derived stem cells 
(mhtSCs) rather than ES-like progenitors. The origin of mhtSCs in relation to germ or 
somatic lineages present in adult human testicular tissue was investigated on testis tissues 
of individuals with normal complete spermatogenesis and with Sertoli cell only syndrome. 
MhtSCs originate from the subpopulation of somatic uncommitted MSC-like progenitors 
present in primary testicular cultures and not from germline stem cells. Therefore, these 
mhtSCs are not formed by incomplete reprogramming of SSCs in vitro.

 In Chapter V we explore the properties of somatic stem cell derived from human 
testicular tissue and investigated the isolation, propagation and differentiation of adult 
LC progenitors.  We conclude that the population of testicular MSCs harbors the subset 
of adult LC stem cell which could be isolated on base of their surface markers expression 
profile, propagated and differentiated in vitro. 

 The Chapter VI represents the general discussion and proposes possible research 
lines for further studies required for potential clinical application.
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Samenvatting

	 In	 het	 onderzoek	 beschreven	 in	 dit	 proefschrift	 hebben	 wij	 de	 stamcelstatus	
onderzocht	van	cellen	welke	aanwezig	zijn	in	primaire	kweken	van	testis	cellen.	Hiernaast	
hebben	we	ook	onderzocht	wat	de	oorsprong	is	van	deze	cellen	en	welke	relatie	zij	hebben	
met	zowel	de	kiem-	als	wel	de	somatische	lijnen	van	de	testis.	Wij	zijn	tot	de	conclusie	
gekomen	dat	deze	zogenaamde	testis-derived	embryonic	stem	cell-like	(htES-like)	kolonies	
geen	pluripotente	eigenschappen	hebben	en	dat	deze	niet	ontstaan	door	een	spontane	
transitie	van	gekweekte	spermatogonia.	 	We	hebben	kunnen	aantonen	dat	deze	cellen	
somatische	mesenchymale	voorlopercellen	zijn	welk	afkomstig	zijn	uit	het	originele	testis	
isolaat.	
	 Naast	de	karakterisatie	van	deze	htES-like	kolonies	heeft	ons	onderzoek	zich	met	
name	geconcentreerd	op	somatische	voorlopercellen	welk	aanwezig	zijn	 in	de	primaire	
testiculaire	celkweken.	Wij	beschrijven		als	eerste	een	methode	voor	de	isolatie	van	nog	
niet	 gecommitteerde	 humane	 LC	 stamcellen	 op	 basis	 van	 de	 expressie	 van	 specifieke	
markers	aanwezig	op	hun	celmembraan.	Hoewel	zowel	de	expansie	en	differentiatie	van	
deze	 geïsoleerde	 	 LC	 stamcellen	 nog	 verder	 dient	 te	 worden	 geoptimaliseerd,	 kan	 de	
beschreven	methode	een	basis	vormen	voor	de	ontwikkeling	van	een	cellulaire	therapie.	
Hierbij	 kan	autotransplantatie	van	LC	voorlopercellen	worden	gebruikt	 ter	behandeling	
van	 hypogonadisme	 ten	 gevolge	 van	 een	 hoge	 dosis	 chemotherapie.	 Tevens	 zou	 deze	
methode	 kunnen	worden	 gebruikt	 bij	 andere	 condities	waarbij	 androgenen	 dienen	 te	
worden	toegediend.

 Hoofdstuk I	van	dit	proefschrift	geeft	een	overzicht	van	de	belangrijkste	celtypen	
aanwezig	 in	 testisweefsel	 en	 introduceert	 de	 belangrijkste	 vragen	 en	het	 doel	 van	 het	
onderzoek.

 In hoofdstuk II	 beschrijven	 we	 de	 basale	 karakteristieken	 van	 htES-like	 cellen	
welk	 zijn	 gekweekt	 volgens	 consensus	methoden	 beschreven	 voor	 humane	 ESCs.	 	 Het	
differentiatie	 potentiaal	 van	 deze	 cellen	 werd	 vergeleken	met	 dat	 van	 ESCs	 afkomstig	
uit	 humane	 blastocysten	 en	met	 humane	 iPS	 cellen.	 De	 resultaten	 verkregen	 uit	 deze	
studies	 suggereren	dat	htES-like	cellen,	welke	afkomstig	zijn	van	kolonies	die	 spontaan	
zijn	gevormd	in	primaire	testiculaire	stamcelkweken,	niet	beschikken	over	de	belangrijkste	
eigenschappen	 typisch	 voor	 humane	 pluripotente	 stamcellen	 (i.e.:	 ESC	 en	 iPS).	 Het	
onvermogen	van	deze	htES-like	om	teratomas	te	vormen	definieert	deze	cellen	eerder	als	
een	multipotente-	dan	als	een	pluripotente	stamcel	populatie.
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 In hoofdstuk III	hebben	wij	de	exacte	stamcel	status	van	de	htES-like	cellen	nader	
bepaald	 .	Uit	dit	onderzoek	bleek	dat,	onafhankelijk	 van	de	condities	gebruikt	voor	de	
kweek,		htES-like	cellen	een	zeer	efficiënte	differentiatie	richting	mesodermale	celtypen	
vertonen.	 Dit,	 in	 combinatie	met	 een	 consistent	 genexpressie-	 en	 oppervlakte	marker	
profiel,	 	 heeft	ons	 doen	 concluderen	 dat	 htES-like	 cellen	multipotente	 cellen	 zijn	welk	
sterk	gelijken	op	mesenchymale	stamcellen,	de	zogenaamde	multipotente	stromale	cellen	
(MSCs).

 In hoofdstuk IV	focussen	we	ons	met	name	op	de	oorsprong	van	de	multipotente	
voorloper	cellen	uit	de	testis	en	geven	we	aan	dat	deze	cellen	beter	zijn	te	benoemen	als	
“multipotent	human	 testis	derived	stem	cells	 (mhtSCs)	dan	als	 “ES-like”	cellen.	Aan	de	
hand	van	testis	weefsel	van	volwassen	individuen	met	een	normale	spermatogenese	als	
van	 individuen	met	een	Sertoli	cell	only	syndroom,	 is	de	relatie	van	mhtSCs	met	zowel	
cellen	uit	de	kiem-	als	de	somatische	lijn	onderzocht.	Hieruit	is	gebleken	dat	de	mhtSCs	
hun	oorsprong	 vinden	 in	 een	 subpopulatie	 van	 somatische	niet	 gecommitteerde	MSC-
achtige	voorlopercellen	en	niet	in	de	stamcellen	van	de	kiemlijn.	Daar	deze	cellen	reeds	
aanwezig	zijn	in		primaire	kweken	van	testiculair	weefsel	worden	zij	dus	niet	gevormd	door	
een	incomplete	herprogrammering	van	SSCs	in vitro.	

 In hoofdstuk V	 bekijken	 we	 de	 eigenschappen	 van	 somatische	 stamcellen	
afkomstig	uit	kweken	van	testiculair	weefsel.	Verder	onderzoeken	we	de	isolatie,	expansie	
en	differentiatie	van	volwassen	LC	voorlopers.		Hieruit	concluderen	wij	dat	de	populatie	
van	 testiculaire	MSCs	een	 subset	van	adulte	 LC	 stamcellen	bevat	welk	kunnen	worden	
geïsoleerd	op	basis	van	de	expressie	van	specifieke	membraan	eiwitten.	Deze	geïsoleerde		
LC	stamcellen	kunnen	vervolgens	in vitro	verder	worden	gekweekt	en	gedifferentieerd.	

 Hoofdstuk VI	 omvat	 de	 algemene	 discussie	 en	 voorstellen	 voor	 toekomstig	
onderzoek,	noodzakelijk	voor	klinische	toepassing	van	LC	stamcellen.



ACKNOWLEDGEMENTS





159

ACKNOWLEDGEMENTS

The work on this thesis was started in 2008 and during that period I was 
honored to meet, talk, work and collaborate with a large group of fantastic people. 
I realize that in another circumstances this would probably never have happened. 
The memory of these times, thoughts, emotions and people enthusiastically 
helping me will always stay in my memory. 

First of all, I would like to devote my sincere gratitude to my promotor 
Prof.dr. Sjoerd Repping. Sjoerd, I appreciate you taking me as a PhD student in 
your group and giving me a chance to work, learn and grow professionally. Special 
thanks for reading my long sentences, willing to understand and support me. As 
each PhD student knows, perhaps the two most important things to get from 
supervisor are:  scientific feedback and the feeling that you will not be dumped 
under any circumstances. I was always getting both components all these years, 
thank you very much! 

Another person without whom this thesis would never become reality is 
my co-promotor Dr. Ans van Pelt. Dear Ans, I am struggling to be able to express 
my gratitude on paper, day to day during these years you constantly supported me 
in all aspects. I was always feeling welcome to knock on your door and ask, I have 
learned many things from you and I am forever grateful for it!!!!

Retrospectively looking to my first steps in the laboratory I would like 
to thank our technicians. Dear Saskia from you I have learned so many things: 
databases, FISH, primer design e.t.c. It was always good advice in a good time! 
You were the person solving the problem with OCT4 pseudogenes determination, 
crucial for this thesis and, of course, our unforgettable mouse dissections during 
Christmas 2009…. Thanks a lot!!!!!

Dear Cindy, first of all, I would like to say that if each laboratory would have 
such a technician as you, the problem of data reproducibility and problem of trust 
to scientific data will disappear worldwide! So, basically some cloning research line 
has to be started…. During these years I faced multiple situations when extensive 
work and help were needed and your knowledge, experience and high quality of 
work were always there for me. From you I have learned all PCR techniques during 
first moths and they were serving me for next 5 years, the first cell culture for 
colony formation we also have started together! This list is almost never ending…. 
Thank you very much!!!!!



160

Coming to the group in March 2008 I immediately met a large cohort of 
scientist coming from different countries as well as native Dutch, I am very grateful 
to all of them for all help in the laboratory and also for helping me to avoid the 
“foreigner syndrome”  both at work  and everyday life! Dear Canan, Hooman, Bita, 
Gianfranco, Liesbeth, Michiel, Suzanne I am forever grateful! From Canan I have 
learned htES-like cell culture that became the start of my PhD project and Chapter 
II of this thesis – Thank you very much!!!! I am so “ancient”, that some people 
became for me the “new addition” and I have to say that it was very good, indeed 
also “limited edition” scientists: Tinke, Sabrina, Michael, Robin, Callista, Emma 
and Geert. Beside everyday help and advice, it was a pleasure to come in the lab 
in the morning and exchange news and results. Now I know why some teachers 
say that it is pleasure to be surrounded by young, active and open-minded people 
and I fully agree.

Dear Fulco, I still remember your advice to keep calm and believe in my 
data just before my presentation  at ESHRE 2010, when I was almost petrified from 
nervousness, as a doctor, you ”diagnosed” well and your words were the correct 
treatment for that moment! Thanks a lot!

Dear Dirk, they say you can’t be completely lucky in everything…. Indeed, 
I was not able to follow all your lectures worldwide, to have your suggestions, 
comments, advices each meeting, but the ones I have were precious….. Thanks a 
lot and greetings from Leningrad!

One more doctor, Andreas, without the work you are doing no stem cell 
research would be possible, I am very happy that we become coauthors of the 
paper (Chapter III of this testis). Thank you very much!

Daily work was suprisingly “gezellig” (sorry, ik kan hiervoor geen  vertaling 
vinden)!  This atmosphere was mainly due to a group  of “gezellige” people working 
near each other! Dear Embryologists: Sebastian, Eleni, Kai Mee and Majid I very 
much enjoyed working with you. 
 Dear Beatrix, Laura and Moijca you helped me in so many aspects during 
all these years, thanks a lot! 

Talking about atmosphere, I cannot  imagine work without the members 
of Molecular Obstetrics Research Group: Carrie, Gijs, Remco, Truus, Souad, Hajar. 
Thanks a lot for all kind help and advice!!! (en Remco, Nina zit nog elke dag in jullie 
badje!). During our residence at G2 (2008-2010) the Endocrinology& Metabolism 
group was always nearby and these people became a valuable part of my memories: 



161

Anita, Joan, Clementine, Jose, Marianne and Mieke thanks a lot! Getting in touch 
with this group I got to know one person who became very important to me. Dear 
Olga, starting as a girl from the neighbor group, speaking the same language, but 
ending up as a very dear friend! 

During your PhD training you always get introduced to different disciplines 
of sciences, sometimes ones that a very novel for you.  I am very grateful to our 
collaborators from the Microarray Department & Integrative Bioinformatics Unit 
from the University of Amsterdam, who were able to navigate me through this 
new “world”, and helping me to put this effort on paper. Dear Timo, Floyd and 
Martijs, thanks a lot!

Performing this study I was largely supported by the members of Core 
facilities of Amsterdam Academic Medical Center and very thankful for possibility 
to follow courses at AMC graduate school. It is hard to overestimate the help I was 
getting from the members of Core facility Cellular Imaging (Cell Biology & Histology 
Department AMC) – Dr. Ron Hoebe, Dr. Jan Stap and Dr. Jan van Marle. I would 
like to express my deep gratitude to the operators of the Flow Cytometry facility 
Berend Hooibrink and Toni van Capel for their kind help and advice.

During my final years as a PhD-student, I was honored to supervise some 
master students. Dear Mare, Marja and Kamin, It was a pleasure knowing you. I 
wish you all of the best in your carriers and would like to say: stay enthusiastic and 
open-minded!

Of course my scientific career in the Netherlands started a bit earlier than 
March 2008, therefore I would like to acknowledge people belonging to this part 
of my life. I would like to thank Prof. dr.B. Afanasiev and Prof.dr. G. Wagemaker, 
for it was their scientific collaboration which brought me to The Netherlands and 
provided a fantastic opportunity to study. During my Traineeship at the Department 
of Hematology at Erasmus MC I get acquainted with brilliant scientists, this 
environment finally has determined my PhD trajectory.  Dear Tanja (Stepanova), 
Shazia, Elnaz, Roya, Merel, Marshall, Trudi, Tanja (Jevdjovic), Mark, Marieke, Erik, 
Michael, Sahar I am grateful to you all. Coming to a foreign university is always a 
large effort and needs extensive adaptation, you made it all possible! 

Tanja, starting as a colleague you became my friend and guardian angel, 
this thesis is also your book!

Coming to the Netherlands, I had a little scientific experience obtained 
during my Medical school days. For this I am extremely grateful to the doctors 



162

I have worked with at the St.Peterburg State Medical University: Irina Beliaeva, 
Michail Protasov, Elena Babenko, Alla Golovacheva and Prof. dr. Oleg Galibin. 

Everything in my life would not have been possible without my family…
Dear Valentina (grandmother), Boris(uncle) and Larisa(Mama), you have dedicated 
all to my education, I am happy that I can say that all efforts resulted in PhD thesis. 
You were the ones who always believed in me and it made me keep going.  I am 
very grateful for all you have done and mean for me.

Elwin and Nina, mijn kameraden, thanks that you are in my life!  

    Julia



163

PhD portfolio

Name of PhD student: Julia Vladimirovna Chikhovskaya
PhD Period : 01.03.2008 – 31.12.2012
Name PhD supervisor:      Prof. dr. Sjoerd Repping 
                                              Dr. Ans van Pelt

Year Workload 
(hours/
ECTS)

1.PhD training
General academic skills
Course on Laboratory Animal Science (Art9)
 (Erasmus Medical Center)

2007 120/4

Molecular medicine  course, In vivo imaging
(Erasmus Medical Center)

2007 40/1.4

Specific courses
DNA technology (AMC) 2009 80/2.8
Mass Spectrometry, Proteomics and Protein Research (AMC) 2009 40/1.4
ESHRE pre-congress course Embryology and Genetics 2010 8/0.2
Seminars, workshops and master classes
Journal club 2008-2012 140/5
Weekly department seminars 2008-2012 140/5
Ruysch Lectures 2008-2012 28/1
Master class by Rudolf Jaenisch 2011 4/0.2
Vrolik seminar 2010 2/0.1
Oral Presentations (Invited)
Cell culture environment affects the multipotent state of human 
testis derived ES-like cells in vitro
3d Dutch Stem Cell Meeting / Dutch Society for Stem cell Re-
search , Utrecht, The Netherlands 23.04.2010

2010 14/0.5

Small molecules affecting multipotent state of testis-derived ES-
like cells in vitro 
26th Annual meeting of ESHRE, Rome, Italy 27-30.06.10

2010 14/0.5



164

The potency of human testis-derived ES-like cells
Rudolf Jaenisch master class programm, AMC, Amsterdam, The 
Netherlands 19.05.11

2011 14/0.5

Poster Presentations
Human testis-derived ES-like cells: pluripotent or lineage restrict-
ed progenitors? XXIst North American Testis Workshop, Montreal, 
Canada 2-5.04.2011

2011 14/0.5

(Inter)national conferences
1st Dutch Stem Cell Meeting (DSSCR),  Groningen University  
Medical Center, Groningen, The Netherlands 25.04.08

2008 8/0.25

Symposium of the Stem cells, Development and Disease (SCDD) 
Stem Cells, Development and Regulation 2008, Amsterdam, the 
Netherlands 4-6.11.2008

2008 16/0.5

Meeting of the International Society for Stem Cell Research (ISS-
CR) 2009, Barcelona 08-11.07.2009

2009 32/1

Symposium of the Stem cells, Development and Disease (SCDD) 
Stem Cells, Development and Regulation 2009, Amsterdam, the 
Netherlands 27-28.11.2009

2009 16/0.5

3d Dutch Stem Cell Meeting / Dutch Society for Stem cell Re-
search , Utrecht, The Netherlands 23.04.2010

2010 8/0.25

16th European testis workshop 8-12.05.2010 2010 40/1.25
26th Annual meeting of ESHRE, Rome, Italy 27-30.06.2010 2010 32/1
4th Dutch Stem Cell Meeting, Leiden University Medical Center, 
Leiden, The Netherlands 15.04.11 

2011 8/0.25

2.Teaching
Supervising
Marja Smid (MSc student), The Influence of Temperature on 
Spermatogonial Stem Cells In Vitro, 14.03.2011-1.12.2011

2011 56/2

Mare de Haas (MSc student), Modifying the standard growth 
medium for human spermatogonial stem cells to a clinical 
approved one, 7.02.2011-1.08.2011

2011 56/2

Kamin Hau (BSc student), An Immunohistochemical study of Leydig 
cells, 1-30.06.2012

2012 14/0.5

Total 936/36.75



165

About the author

Julia Vladimirovna Chikhovskaya (Rombouts)

The author of this thesis was born on September 22th 1982 in Leningrad 
(Soviet Union). She studied medicine at the St. Petersburg State Medical University 
(Russian Federation) and graduated as Doctor of Medicine in 2005. After her Internal 
Medicine internship (2006) she continued her specialization in hematology/bone 
marrow transplantation at the Hematology department of the St. Petersburg 
State Medical University. In a collaboration between the St. Petersburg State 
Medical University and the Eramsus Medical Center she followed a traineeship at 
the department of Hematology of the Erasmus Medical Center (Rotterdam, the 
Netherlands) in 2007. In March 2008 she started the PhD project at the Center 
for Reproductive Medicine, Academic Medical Center, University of Amsterdam 
(Amsterdam, the Netherlands), the results of which are presented in this book.



166


