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Abstract
Objectives: The	microenvironmental	niche	plays	the	key	role	for	maintaining	the	cell	
functions.	The	stem	cells	from	apical	papilla	(SCAPs)	are	important	for	tooth	develop-
ment	and	regeneration.	However,	there	is	limited	knowledge	about	the	key	factors	in	
niche	for	maintaining	the	function	of	SCAPs.	In	this	study,	we	analyse	the	gene	expres-
sion	profiles	between	apical	papilla	tissues,	SCAPs	and	SCAPs	cell	sheet	to	identify	the	
key	genes	in	SCAPs	niche.
Materials and methods: Microarray	assays	and	bioinformatic	analysis	were	performed	
to	screen	the	differential	genes	between	apical	papilla	tissues	and	SCAPs,	and	SCAPs	
and	SCAPs	cell	sheet.	Recombinant	human	BMP6	protein	was	used	in	SCAPs.	Then	
CCK-	8	assay,	CFSE	assay,	alkaline	phosphatase	activity,	alizarin	red	staining,	quantita-
tive	 calcium	analysis	 and	 real-	time	 reverse	 transcriptase-	polymerase	 chain	 reaction	
were	performed	to	investigate	the	cell	proliferation	and	differentiation	potentials	of	
SCAPs.
Results: Microarray	analysis	found	that	846	genes	were	up-	regulated	and	1203	genes	
were	down-	regulated	in	SCAPs	compared	with	apical	papilla	tissues.	While	240	genes	
were	 up-	regulated	 and	 50	 genes	 were	 down-	regulated	 in	 SCAPs	 compared	 to	 in	
SCAPs	cell	sheet.	Moreover,	only	31	gene	expressions	in	apical	papilla	tissues	were	
recovered	in	cell	sheet	compared	with	SCAPs.	Bioinformatic	analysis	 identified	that	
TGF-	β,	WNT	 and	MAPK	 signalling	 pathways	may	 play	 an	 important	 role	 in	 SCAPs	
niche.	Based	on	 the	 analysis,	we	 identified	one	 key	 growth	 factor	 in	 niche,	BMP6,	
which	could	enhance	the	cell	proliferation,	 the	osteo/dentinogenic,	neurogenic	and	
angiogenic	differentiation	potentials	of	SCAPs.
Conclusions: Our	results	provided	insight	into	the	mechanisms	of	the	microenviron-
mental	niche	which	regulate	the	function	of	SCAPs,	and	identified	the	key	candidate	
genes	 in	 niche	 to	 promote	 mesenchymal	 stem	 cells-	mediated	 dental	 tissue	
regeneration.

1  | INTRODUCTION

In	dental	 clinic,	 trauma	and	 infection	will	 cause	development	of	 im-
mature	permanent	 teeth	 root	 to	 stop.	Now	apexification	and	blood	

capillary	 regeneration	 were	 applied	 to	 promote	 root	 formation.	
However,	these	two	kinds	of	treatment	have	the	limitations	and	poor	
prognosis.1,2	Today,	utilizing	mesenchymal	stem	cells	(MSCs)	and	tis-
sue	engineering	techniques	to	reconstruct	the	 immature	dental	root	
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may	 be	 the	 optimistic	 therapeutic	 implications.	 Stem	 cells	 derived	
from	dental	tissues,	such	as	dental	pulp,	periodontal	ligament,	apical	
papilla	and	dental	follicle,	are	considered	as	a	new	adult	stem	cells	that	
could	 be	 used	 for	 tissue	 engineering	 and	 regenerative	medicine.3–8 
They	 are	multipotent,	 destined	 for	 osteo/dentinogenic	 lineages	 and	
other	lineages	such	as	melanocytes,	endothelial	cells	and	functionally	
active	neurons,	and	capable	of	self-	renewal.9	The	apical	papilla	is	es-
sential	for	tooth	development,	and	stem	cells	from	the	apical	papilla	
(SCAPs)	represent	a	population	of	early	mesenchymal	stem/progenitor	
cells	residing	in	the	root	apex	of	immature	permanent	teeth.10	These	
postnatal	stem	cells	can	generate	the	calcium	nodules	 in	the	osteo/
odontogenic	medium	in	vitro.	Besides,	they	can	bring	about	the	forma-
tion	of	bone-	like	tissues	and	dentin-	like	tissues	in	vivo.11	In	addition,	
recent	clinical	reports	indicate	that	SCAPs	are	important	to	the	apex-
ogenesis	of	developing	roots	and	continuous	root	maturation	in	teen-
agers	suffering	from	the	endodontic	diseases	and	periapical	lesions.12 
Many	studies	in	terms	of	tooth	regeneration	are	based	on	SCAPs	and	
have	witnessed	exciting	progress.13	Therefore,	stem	cells	from	the	api-
cal	papilla	are	a	reliable	resource	for	dental	tissue	regeneration.

Microenvironmental	 niche	 supports	 and	 maintains	 the	 self-	
renewal,	differentiation	and	regeneration	potentials	of	MSCs,	and	now	
ongoing	 research	 is	 starting	 to	 illuminate	 important	 aspects	 of	 the	
microenvironmental	niche	of	MSCs.	The	microenvironmental	niche	is	
also	an	important	factor	in	determining	the	behaviour	of	cells	and	the	
morphogenesis	of	teeth.	In	tooth	tissue,	stem	cells,	the	growth	factors	
and	extracellular	matrix	(ECM)	in	niche,	and	their	multiple	interactions	
determine	the	tooth	development,	eruption	and	the	biological	basis.	
However,	limited	by	the	current	methods,	the	niche	cannot	be	main-
tained	when	MSCs	are	isolated	and	cultured	in	vitro.	Disruption	of	the	
niche	may	impede	the	MSC-	mediated	tooth	regeneration.14–16	In	last	
decades,	tissue	 regeneration	 techniques	mainly	depend	on	 scaffold-	
based	approaches.	In	dental	root	engineering,	MSCs	usually	combine	
with	 the	 scaffold	 materials	 to	 regenerate	 the	 dental	 root.	 Scaffold-	
based	 methods	 caused	 the	 insufficient	 cell	 migration,	 host	 inflam-
matory	reactions,	 limited	microscale	vascularization,	cell	proliferation	
ability	 compared	 to	 degradation	 of	 scaffold	 and	 the	 incapability	 for	
regenerating	functional	tissues.	Recently,	use	of	continuous	cell	sheet	
technology	brings	more	attention	of	scholars.	As	endogenous	bioactive	
scaffolds,	cell	sheet	preserve	the	normal	cellular	junctions,	endogenous	
ECM,	mimicking	cellular	microenvironments	and	store	the	mechanical,	
chemical	 and	 biological	 properties,	which	may	 be	 beneficial	 for	 tis-
sue	 regeneration.17–22	 Except	 the	 structure,	 the	microenvironmental	
niche	 also	 has	 complex	 genes	 regulation,	 especially	 the	 growth	 fac-
tors,	which	largely	affect	the	function	of	MSCs.	Whether	the	cell	sheet	
could	restore	the	genes	regulation	in	niche	remains	unclear.

In	 this	 study,	we	 analyse	 the	 gene	 expression	 profiles	 between	
apical	papilla	tissues,	SCAPs	and	SCAPs	cell	sheet	to	identify	the	key	
genes	 in	SCAPs	niche	by	microarray	and	bioinformatic	analysis,	 and	
investigate	whether	SCAPs	cell	sheet	recover	the	genes	regulation	in	
niche.	Furthermore,	we	investigate	the	function	of	candidate	growth	
factor	in	niche	by	in	vitro	cell	proliferation	and	differentiation	assays.	
Our	 results	 identified	 the	 key	 candidate	 genes	 in	 niche	 to	 promote	
MSC-	mediated	dental	tissue	regeneration.

2  | MATERIALS AND METHODS

2.1 | Tissue collection, isolation and culture of 
mesenchymal stem cells and cell sheets

All	 research	 involving	 human	 stem	 cells	 is	 in	 compliance	 with	 the	
ISSCR	 “Guidelines	 for	 the	Conduct	of	Human	Embryonic	Stem	Cell	
Research”.	Human	 impacted	 third	molar	with	 immature	 roots	were	
collected	 from	 10	 healthy	 female	 patients	 (18-	22	years	 old)	 under	
	approved	 guidelines	 set	 by	 the	 Beijing	 Stomatological	 Hospital,	
Capital	Medical	University,	with	informed	patient	consent	(Table	S1).	
Wisdom	 teeth	 were	 first	 disinfected	 with	 75%	 ethanol	 and	 then	
washed	with	phosphate-	buffered	saline	(PBS).	SCAPs	were	isolated,	
cultured	and	 identified	as	previously	described.2	Briefly,	 the	tissues	
were	gently	separated	from	the	apical	papilla	of	 the	root,	and	then	
digested	 in	 a	 solution	of	3	mg/mL	collagenase	 type	 I	 (Worthington	
Biochemical	Corp.,	Lakewood,	NJ,	USA)	and	4	mg/mL	dispase	(Roche	
Diagnostics	Corp.,	Indianapolis,	IN,	USA)	for	1	hour	at	37°C.	Single-	
cell	suspensions	were	obtained	by	passing	the	cells	through	a	70	μm 
strainer	(Falcon,	BD	Labware,	Franklin	Lakes,	NJ,	USA).	SCAPs	were	
grown	 in	 a	 humidified,	 5%	 CO2	 incubator	 at	 37°C	 in	 Dulbecco’s	
modified	 Eagle’s	 medium	 (DMEM)	 (Invitrogen,	 Carlsbad,	 CA,	 USA)	
supplemented	 with	 15%	 foetal	 bovine	 serum	 (FBS;	 Invitrogen),	
2	mmol/L	glutamine,	100	U/mL	penicillin	and	100	μg/mL	streptomy-
cin	(Invitrogen).	The	culture	medium	was	changed	every	3	days.	Cells	
from	 passages	 2-	4	were	 used	 in	 further	 experiments.	 SCAPs	were	
grown	 in	a	normal	growth	media	with	20	μg/mL	Vc	 (Invitrogen)	 for	
2	weeks,	then	cell	sheet	was	formed	and	used	in	further	experiments.	
For	recombinant	human	BMP6	(rhBMP6)	(R&D	system,	Minneapolis,	
MN,	USA)	treatment,	MSCs	were	starved	for	24	hours	to	synchronize	
the	 cells	 in	DMEM	 alpha	modified	 Eagle’s	medium	without	 serum,	
then	 changed	 to	 routine	 culture	medium	or	 different	 inducing	me-
dium	with	appropriate	concentration	of	rhBMP6.

2.2 | RNA preparation and microarray analysis

Tissues	from	apical	papilla	(n=5),	SCAPs	(n=5)	and	SCAPs	cell	sheet	(n=5)	
were	briefly	rinsed	with	PBS	and	lysed	in	TRIzol	reagent	(Invitrogen)	for	
RNA	extraction.	Total	RNA	was	extracted	from	the	tissues	and	cells	
using	TRIzol	and	the	RNeasy	mini	kit	(Qiagen,	Hilden,	Germany),	and	
RNA	quality	and	quantity	were	confirmed	by	multiImager	and	spectro-
photometer	 (Meriton,	Beijing,	China).	Gene	expression	profiles	were	
analysed	 with	 the	 human	 1.0ST	 GeneChip	 (Affymetrix	 Santa	 Clara,	
CA,	USA),	 strictly	 following	 the	manufacturer’s	 protocol.	Microarray	
	experiments	were	performed	at	the	Genminix	Informatic	Ltd	(Shanghai,	
China)	with	the	microarray	service	certified	by	Affymetrix.

2.3 | Bioinformatic analysis

The	differentially	expressed	genes	were	selected	using	TwoClassDif.	
Gene	ontology	(GO)	analysis	was	applied	to	determine	the	main	func-
tion	of	the	differentially	expressed	genes	according	to	GO,	which	 is	
the	key	 functional	 classification	of	 the	NCBI.23	Pathway	analysis	of	
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differentially	 expressed	 genes	 was	 performed	 based	 on	 KEGG	 and	
BioCarta	database.24,25	Signal-	net	maps	were	also	constructed	to	pre-
sent	the	interaction	of	molecules	based	on	KEGG.26

2.4 | CCK8 assays

Stem	 cells	 from	 apical	 papilla	 were	 seeded	 at	 a	 density	 of	
1.0 × 103	cells/well	 into	96-	well	plates.	Cells	were	grown	in	96-	well	
plates	for	1	and	2	days	after	seeding.	A	cell	counting	kit	solution	(Cell	
Counting	kit-	8;	Dojindo,	Kumamoto,	Japan)	was	then	added	to	each	
well	of	the	plate,	and	absorbance	was	measured	at	450	nm,	according	
to	the	manufacturer’s	protocol	(Dojindo).

2.5 | CFSE assays

Stem	cells	from	apical	papilla	were	stained	according	to	the	CellTrace™	
CFSE	 Cell	 Proliferation	 Kit	 Protocol	 (Invitrogen)	 for	 labelling	 cells	
in	 suspension	 and	 then	 seeded	at	 a	density	of	5.0	×	104	 cells/plate	
in	 six-	well	 plates.	 SCAPs	 were	 harvested	 with	 0.25%	 trypsin	 after	
6	days’	 culturing	 and	 analysed	 using	 a	 flow	 cytometer	 (Calibur;	 BD	
Biosciences,	 Franklin	 Lakes,	 NJ,	 USA)	 with	 488	nm	 excitation	 and	
emission	 filters	 appropriate	 for	 fluorescein.	 The	 proliferation	 index	
was	calculated	by	Modfit	LT.

2.6 | ALP activity assay and alizarin red staining

Stem	 cells	 from	 apical	 papilla	 were	 grown	 in	 mineralization-	
inducing	medium	using	the	StemPro	osteogenesis	differentiation	kit	
(Invitrogen).	 Cells	 were	 cultured	 for	 3	days,	 and	 the	 alkaline	 phos-
phatase	(ALP)	activity	assay	was	performed	with	an	ALP	kit	accord-
ing	 to	 the	 manufacturer’s	 protocol	 (Sigma-	Aldrich,	 St.	 Louis,	 MO,	
USA)	 and	 normalized	 based	on	 protein	 concentrations.	 The	 protein	
concentration	was	 quantitatively	 determined	 using	Bio-	Rad	 protein	
assay	solution	(Bio-	Rad	Laboratories	Hercules,	CA,	USA).	For	detect-
ing	mineralization,	 cells	 were	 induced	 for	 2	weeks,	 fixed	with	 70%	
ethanol	and	stained	with	2%	alizarin	red	(Sigma-	Aldrich).	To	quantita-
tively	determine	calcium	mineral	content,	alizarin	red	was	destained	
with	10%	cetylpyridinium	 chloride	 in	10	mmol/L	 sodium	phosphate	
for	60	minutes	 at	 room	 temperature.	The	concentration	was	deter-
mined	by	absorbance	measurement	at	562	nm	on	a	multiplate	reader	
using	a	standard	calcium	curve	in	the	same	solution.	The	final	calcium	
level	in	each	group	was	normalized	with	the	total	protein	concentra-
tions	prepared	from	a	duplicate	plate.

2.7 | Neurogenic differentiation induction

Stem	cells	 from	apical	papilla	were	seeded	at	a	density	of	2.0	×	105 
cells/well	 into	 low	 adhesion	plates.	 SCAPs	were	 grown	 in	modified	
neurogenic	 differentiation	 medium	 (Neurobasal-	A;	 Invitrogen)	 with	
2	mmol/L	 glutamine,	 100	U/mL	 penicillin,	 100	μg/mL	 streptomycin	
(Invitrogen),	20	ng/mL	EGF,	40	ng/mL	bFGF	and	20	μg/mL	B27	(R&D	
system).	 After	 induction,	 neuron-	like	 cells	 were	 observed	 by	 using	
microscope.	 The	 real-	time	 reverse	 transcriptase-	polymerase	 chain	

reaction	(RT-	PCR)	was	used	to	detect	the	neurogenic	differentiation	
markers.

2.8 | Angiogenic differentiation induction

Stem	cells	 from	apical	papilla	were	seeded	at	a	density	of	1.0	×	105 
cells/well	 into	six-	well	plates.	SCAPs	were	grown	 in	vascular	differ-
entiation	 medium	 (M199;	 Invitrogen)	 with	 10%	 FBS	 (Invitrogen),	
2	mmol/L	 glutamine,	 100	U/mL	 penicillin,	 100	μg/mL	 streptomycin	
(Invitrogen),	10	ng/mL	VEGF	and	5	ng/mL	bFGF	(R&D	system).	After	
induction,	real-	time	RT-	PCR	was	used	to	detect	the	angiogenic	differ-
entiation	markers.

2.9 | Reverse transcriptase- polymerase chain 
reaction and real- time RT- PCR

Total	RNA	was	isolated	from	SCAPs	with	Trizol	reagents	(Invitrogen).	
We	 synthesized	 cDNA	 from	2	μg	 aliquots	 of	 RNA,	 random	hexam-
ers	or	oligo(dT),	and	reverse	transcriptase,	according	to	the	manufac-
turer’s	protocol	(Invitrogen).	Real-	time	PCR	reactions	were	performed	
with	the	QuantiTect	SYBR	Green	PCR	kit	 (Qiagen)	and	an	 IcycleriQ	
Multi-	color	Real-	time	PCR	Detection	System.	The	primers	for	specific	
genes	were	shown	in	Table	S2.

2.10 | Statistics

All	 statistical	 calculations	 were	 performed	 using	 spss	 10	 statistical	
software.	Student’s	t	test	was	performed	to	determine	statistical	sig-
nificance.	A	P-	value	≤.05	was	considered	statistically	significant.

3  | RESULTS

3.1 | Comparison of gene expression profiles 
between apical papilla tissues and SCAPs, and SCAPs 
and SCAPs cell sheet

First,	we	screened	the	gene	expression	patterns	between	apical	papilla	
tissues	and	SCAPs	using	the	human	GeneChip.	From	the	microarray	
data,	2049	genes	were	differently	expressed	in	SCAPs	compared	with	
apical	papilla	tissues,	with	846	genes	up-	regulated	and	1203	genes	
down-	regulated	in	SCAPs	compared	to	in	apical	papilla	tissues	(Table	
S3).	Furthermore,	we	screened	the	gene	expression	patterns	between	
SCAPs	 and	SCAPs	 cell	 sheet.	 From	 the	microarray	data,	 290	genes	
were	differently	expressed	in	SCAPs	cell	sheet	compared	with	SCAPs,	
with	240	genes	up-	regulated	and	50	genes	down-	regulated	in	SCAPs	
compared	to	in	SCAPs	cell	sheet	(Table	S4).	To	confirm	the	reliability	
of	the	microarray	data,	 three	up-	regulated	genes	 (S100A4,	FOXM1,	
FGF5)	 and	 three	 down-	regulated	 genes	 (CXCL14,	 IGF2,	 BMP6)	 in	
SCAPs	were	 chosen,	 and	 the	 expressions	 of	 these	 genes	were	 de-
tected	by	real-	time	RT-	PCR.	The	results	showed	that	the	expressions	
of	these	six	genes	were	consistent	with	the	microarray	results	in	apical	
papilla	tissues,	SCAPs	and	SCAPs	cell	sheet,	confirming	the	reliability	
of	the	microarray	data	(Table	1).	Furthermore,	based	on	data	statistics,	



4 of 9  |     DIAO et Al.

we	found	that	only	31	genes	expressions	in	apical	papilla	tissues	were	
recovered	in	cell	sheet	compared	with	SCAPs	(Table	S5).

3.2 | Bioinformatic analysis of microarray data

Finally,	bioinformatic	analysis	was	executed	to	discover	the	key	fac-
tors	 that	controlled	 the	SCAP	functions.	First,	GO	analysis	was	ap-
plied	 to	 analyse	 the	 main	 function	 of	 the	 differentially	 expressed	
genes	 according	 to	 the	 gene	 ontology,	which	 is	 the	 key	 functional	
classification	of	NCBI.	The	result	showed	that	the	top-	five	GOs	were	
responsible	 for	 cell	 adhesion,	 cell	 division,	 regulation	 of	 cell	 prolif-
eration,	 extracellular	 structure	 organization	 and	 cell	 cycle	 process	
(Fig.	S1).	Similarly,	pathway	and	path-	net	analyses	were	used	to	de-
termine	the	significant	pathway	of	the	differentially	expressed	genes	
according	 to	 the	KEGG,	 and	Biocarta	 and	 Reatome	 databases.	We	
identified	that	 the	TGF-	β	 signalling	pathway	may	play	an	 important	
role	in	SCAPs,	and	that	WNT	and	MAPK	signalling	pathways	are	also	
likely	 involved	 (Fig.	S2).	 To	 further	 investigate	 the	 global	 network,	
we	 computationally	 identified	 the	most	 important	 nodes	by	 signal-	
net	 analysis.	 ITGA9,	 PIK3R1,	 PIK3CG,	 FOS	 and	 ENTPD1	were	 de-
termined	to	be	the	important	genes	by	high	betweenness	centrality	
calculation	(Fig.	S3).

3.3 | BMP6 enhanced the osteo/dentinogenic 
differentiation potential of SCAPs

Stem	 cells	 from	 apical	 papilla	 were	 cultured	 in	 mineralization-	
inducing	medium	with	0,	5,	20	or	50	ng/mL	rhBMP6.	After	3	days,	
ALP	activity	results	showed	that	20	or	50	ng/mL	rhBMP6	could	in-
crease	ALP	activity	of	SCAPs,	while	5	ng/mL	rhBMP6	had	no	effect	
(Figure	1A).	 Then	 20	ng/mL	 of	 rhBMP6	 was	 used	 for	 the	 further	
experiments.	After	 culturing	 SCAPs	 in	mineralization-	inducing	me-
dium	for	2	weeks,	alizarin	red	staining	and	calcium	quantitative	assay	
results	 revealed	 that	mineralization	was	 also	 significantly	 stronger	
in	 SCAPs	 with	 20	ng/mL	 of	 rhBMP6	 treatments	 than	 untreated	
SCAPs	 (Figure	1B,C).	We	 examined	 the	 osteo/dentinogenic	 mark-
ers	including	DSPP,	DMP1,	BSP,	OPN	and	OCN.	The	real-	time	RT-	
PCR	results	showed	that	DSPP	and	DMP1	were	highly	expressed	in	

rhBMP6-	treated	SCAPs	compared	with	untreated	group	at	3,	7,	10	
and	14	days	 after	mineralization	 induction	 (Figure	1D,E).	And	BSP,	
which	encodes	ECM	proteins	of	bone	and	dentin,	was	more	strongly	
induced	in	rhBMP6-	treated	SCAPs	compared	with	untreated	group	
at	 10	days	 after	 mineralization	 induction	 (Figure	1F).	 Two	 other	
markers,	OPN	and	OCN,	were	increased	in	rhBMP6-	treated	SCAPs	
compared	with	untreated	group	at	14	days	after	mineralization	 in-
duction	 (Figure	1G,H).	We	 further	 examined	 the	 key	 transcription	
factors	 involved	 in	 osteo/dentinogenic	 differentiation	 including	
RUNX2	and	OSX.	Real-	time	RT-	PCR	results	showed	that	OSX	was	
significantly	 increased	 in	 rhBMP6-	treated	 SCAPs	 compared	 with	
untreated	 SCAPs	 at	 3	 and	 7	days	 after	 mineralization	 induction	
(Figure	1I),	and	RUNX2	was	significantly	increased	in	BMP6-	treated	
SCAPs	compared	with	untreated	SCAPs	at	3	days	after	mineraliza-
tion	induction	(Figure	1J).

3.4 | BMP6 prompted the expressions of 
neurogenic and angiogenic differentiation markers 
in SCAPs

Stem	 cells	 from	 apical	 papilla	 were	 culturing	 with	 neurogenic-	
inducing	medium	with	20	ng/mL	of	rhBMP6	or	without	rhBMP6	for	
10	days,	we	examined	the	neurogenic	differentiation	markers	includ-
ing	TH-1,	NeuroD,	NCAM	and	βIII	tubulin.	The	real-	time	RT-	PCR	re-
sults	showed	that	TH-1,	as	the	key	marker	of	neuroblast,	was	highly	
expressed	in	BMP6-	treated	SCAPs	compared	with	untreated	SCAPs	
at	 10	days	 after	 neurogenic	 induction	 (Figure	2A).	 And	 the	 neural	
markers,	NeuroD	and	NCAM	were	more	strongly	induced	in	BMP6-	
treated	SCAPs	compared	with	untreated	group	at	10	days	after	neu-
rogenic	induction	(Figure	2B,C).	However,	the	expression	level	of	βIII 
tubulin	 was	 not	 significantly	 different	 after	 BMP6	 treatment	 (data	
not	 shown).	 Then	 SCAPs	 were	 culturing	 with	 angiogenic-	inducing	
medium	with	20	ng/mL	of	rhBMP6	or	without	rhBMP6	for	10	days,	
we	examined	the	angiogenic	differentiation	markers	including	ANG1,	
PDGF,	VEGF	 and	HGF.	 The	 real-	time	RT-	PCR	 results	 showed	 that	
the	mRNA	level	of	ANG1	was	significantly	increased	in	BMP6-	treated	
SCAPs	compared	with	untreated	group	at	10	days	after	angiogenic	
induction	(Figure	2D).	However,	the	expressions	of	PDGF,	VEGF	and	

TABLE  1 Gene	expression	detected	by	real-	time	RT-	PCR	in	apical	papilla	tissues,	SCAPs	and	SCAPs	cell	sheets

Genes Tissues SCAPs Cell sheets Microarray results

BMP6a 1.00	±	0.39 0.002	±	0.006** 0.016	±	0.024** Down-	regulated	in	SCAPs

CXCL14 1.00 ± 0.27 0.00003	±	0.004** 0.000016	±	0.003** Down-	regulated	in	SCAPs

IGF2 1.00 ± 0.073 0.139	±	0.034** 0.245	±	0.087** Down-	regulated	in	SCAPs

FGF5a 1.00	±	0.95 651.40	±	99.56** 119.02	±	40.04** Up-	regulated	in	SCAPs

HOXM1a 1.00	±	0.54 92.45	±	57.47** 27.33	±	12.86** Up-	regulated	in	SCAPs

S100A4 1.00 ± 0.32 4.76	±	4.68** 4.912	±	3.23** Up-	regulated	in	SCAPs

RT-	PCR,	reverse	transcriptase-	polymerase	chain	reaction;	SCAPs,	stem	cells	from	apical	papilla.
GAPDH	was	used	as	internal	control.	The	results	represent	mean	±	standard	deviation	from	five	independent	experiments	(mean	value	of	gene	expression/
GAPDH	in	apical	papilla	tissues	was	set	as	1).	Student’s	t	test	was	performed	to	determine	statistical	significance.
**P<.01.
aExpressions	that	were	significantly	different	in	SCAPs	and	SCAP	cell	sheets.
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HGF	were	not	significantly	different	after	BMP6	treatment	(data	not	
shown).

3.5 | BMP6 increased the cell proliferation 
ability of SCAPs

CCK-	8	 assay	was	used	 to	 evaluate	 cell	 proliferation	of	 SCAPs	with	
20	ng/mL	of	rhBMP6	or	without	rhBMP6	for	2	days,	and	we	found	
that	 the	OD	value	of	BMP6-	treated	SCAPs	was	 significantly	higher	
than	the	untreated	group	at	1	and	2	days	(Figure	3A).	To	further	con-
firm	the	results	of	cell	proliferation,	we	detected	the	cell	proliferation	
indexes	by	CFSE	cell	proliferation	assays.	The	result	also	showed	that	
the	cell	 indexes	of	SCAPs	with	BMP6	treatments	were	much	higher	
than	SCAPs	without	treatments	(Figure	3B,C).

4  | DISCUSSION

Stem	 cells	 from	 apical	 papilla	 are	 important	 for	 tooth	 development	
and	 regeneration.	 A	 key	 variable	 for	 successful	 tissue	 regeneration	
is	the	microenvironmental	niche	in	which	cells	and	tissues	grow.27 In 
present	study,	in	order	to	illuminate	important	aspects	of	the	micro-
environmental	niche	of	SCAPs,	we	 identify	 the	key	genes	 in	SCAPs	
niche	by	microarray	 and	bioinformatic	 analysis	 based	on	 the	 analy-
sis	of	the	gene	expression	profiles	between	apical	papilla	tissues	and	
SCAPs,	and	SCAPs	and	SCAPs	cell	sheet.	And	then	we	 investigated	
whether	SCAPs	cell	sheet	could	recover	the	genes	regulation	in	niche.	
By	Gene	Chip	analysis	and	further	data	statistics,	only	31	gene	expres-
sions	were	recovered	in	cell	sheet	compared	with	SCAPs	niche.	These	

F IGURE  1 BMP6	enhanced	the	osteo/dentinogenic	differentiation	potential	in	stem	cells	from	apical	papilla	(SCAPs).	(A)	Alkaline	
phosphatase	(ALP)	activity	assays	showed	that	20	or	50	ng/mL	BMP6	could	increase	ALP	activity	of	SCAPs.	(B,	C)	Alizarin	Red	staining	(B)	and	
calcium	quantitative	analysis	(C)	showed	that	20	ng/mL	BMP6	significantly	enhanced	the	mineralization	of	SCAPs.	(D-	J)	Real-	time	RT-	PCR	
results	showed	that	DSPP	(D),	DMP1	(E),	BSP	(F),	OPN	(G),	OCN	(H),	OSX	(I),	and	RUNX2	(J)	were	highly	expressed	in	20	ng/mL	of	BMP6-	
treated	SCAPs	compared	with	untreated	SCAPs	after	mineralization	induction.	GAPDH	was	used	as	an	internal	control.	Student’s	t	test	was	
performed	to	determine	statistical	significance.	All	error	bars	represent	SD	(n=5).	*P<.05,	**P<.01
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results	 indicated	 that	 cell	 sheet	 could	 preserve	 the	 normal	 cellular	
junctions,	endogenous	ECM,	and	mimic	the	mechanical,	chemical	and	
biological	properties	 in	niche,	while	 the	cell	 sheet	could	not	 restore	
the	comprehensive	gene	regulation	in	SCAPs	niche.	Some	modulator	
should	be	supplied	into	the	cell	sheet	to	mimic	the	MSCs	niche.	So	the	
key	genes	must	be	identified	in	microenvironmental	niche	to	support	
the	MSCs	functions.

By	bioinformatic	analysis,	we	 identified	several	 important	signal-
ling	pathways	and	genes	which	might	regulate	the	SCAPs	functions,	
and	found	that	 the	TGF-	β,	WNT	and	MAPK	signalling	pathway	may	
play	an	important	role	in	SCAPs.	TGF-	β	signalling	pathway	could	pro-
mote	 osteoblastic	 differentiation	 and	maturation	 in	 early	 stage	 and	
obstruct	 osteoblastic	 differentiation	 in	 late	 stage	 and	 mineraliza-
tion.28	Wnt	signalling	pathway	is	involved	in	cell	differentiation,	bone	
homeostasis	 and	 bone	 formation.29,30	 The	 inductive	 and	 inhibitory	
effect	of	Wnt	 signalling	pathway	on	osteogenic	differentiation	were	
both	reported	depending	on	microenvironment,	cell	types	and	other	
supplements.31	The	MAPK	signalling	pathway	transmits	signals	from	
the	cell	membrane	into	nucleus,	exerting	an	important	role	in	regula-
tion	of	cell	differentiation.32,33	Furthermore,	ITGA9,	PIK3R1,	PIK3CG,	
Fos	and	ENTPD1	were	determined	to	be	the	important	genes	by	high	
betweenness	centrality	calculation.	ITGA9	is	one	of	the	integrin	sub-
units	which	mediate	cell-	cell	 and	cell-	matrix	adhesion,34	 could	 facil-
itate	cell	migration	and	regulate	diverse	biological	 functions	such	as	
angiogenesis,	lymphangiogenesis,	cancer	cell	proliferation	and	migra-
tion.35	PIK3R1	encodes	the	p85,	p55	and	p50	regulatory	subunits	of	
class	 IA	 phosphatidylinositol	 3	 kinases	 (PI3Ks),	which	 are	 known	 to	
play	a	key	role	in	insulin	signalling.36The	PIK3CG	gene	is	located	in	a	
commonly	deleted	segment	of	chromosome	7.	This	gene	plays	an	im-
portant	role	in	maintenance	of	the	structural	and	functional	integrity	

of	epithelia.37	Fos	is	a	trans-	acting	factor	that	is	capable	of	stimulat-
ing	gene	expression	not	by	direct	binding	to	DNA	but	by	interaction	
with	the	sequence-	specific	transcription	factor	AP-	1.38	ENTPD1,	also	
known	 as	CD39,	 is	 the	 dominant	vascular	 ectonucleotidase.	By	 hy-
drolysing	ATP	and	ADP	to	AMP,	ENTPD1	regulates	ligand	availability	
to	a	large	family	of	purinergic	receptors,	and	is	an	important	factor	in	
several	acute	and	subacute	models	of	vascular	injury	by	modulation	of	
extracellular	nucleotide	metabolism.39

Growth	factors	induce	intracellular	signalling	pathways,	which	re-
sult	 in	the	activation	of	genes	that	change	cellular	activity	and	phe-
notype.40,41	Recent	 in	vitro	 and	 in	vivo	 studies	have	 confirmed	 that	
growth	factors	can	improve	the	capacity	of	tissues	to	regenerate,	and	
improve	cellular	chemoattraction,	differentiation	and	proliferation.	In	
present	study,	we	identified	that	several	down-	regulated	growth	fac-
tors	in	SCAPs	may	be	associated	with	cell	proliferation	and	differenti-
ation	functions,	such	as	BMPs	(BMP2,	BMP5,	BMP6	and	BMP7),	IGF2	
and	PDGF	were	more	than	5-	fold	down-	regulated	in	SCAPs	compared	
to	apical	papilla	tissues.	BMPs	are	a	well-	studied	growth	 factors	 in-
volved	in	the	processes	of	bone	healing.42	BMPs	could	induce	the	for-
mation	of	both	bone	and	cartilage	by	stimulating	the	cellular	events	of	
mesenchymal	progenitor	cells.	Studies	involving	mutations	of	BMP	li-
gands,	receptors	and	signalling	molecules	have	shown	important	roles	
of	 BMPs	 in	 embryonic	 and	 postnatal	 development.	 Severe	 skeletal	
deformation,	development	of	osteoporosis,	reduction	in	bone	mineral	
density	and	bone	volume	are	all	aberrations	associated	with	disrupted	
and	dysregulated	BMP	signalling.43,44	IGF2	is	one	of	the	key	regulators	
of	differentiation	and	exerts	a	beneficial	effect	on	the	osteogenic	dif-
ferentiation	of	MSCs.45,46	PDGF	showed	the	strong	mitogenic	effect	
on	MSCs,	and	could	regulate	the	proliferation,	differentiation	and	mi-
gration	of	MSCs.47,48

F IGURE  2 BMP6	prompted	the	
expressions	of	neurogenic	and	angiogenic	
differentiation	markers	in	stem	cells	from	
apical	papilla	(SCAPs).	(A-	C)	Real-	time	
RT-	PCR	results	showed	that	neurogenic	
differentiation	markers,	TH-1	(A),	NeuroD	
(B)	and	NCAM	(C)	were	highly	expressed	
in	20	ng/mL	of	BMP6-	treated	SCAPs	
compared	with	untreated	SCAPs	after	
neurogenic	induction.	(D)	Real-	time	
RT-	PCR	results	showed	that	angiogenic	
differentiation	marker,	ANG1,	was	highly	
expressed	in	20	ng/mL	of	BMP6-	treated	
SCAPs	compared	with	untreated	SCAPs	
after	angiogenic	induction.	GAPDH	was	
used	as	an	internal	control.	Student’s	t	test	
was	performed	to	determine	statistical	
significance.	All	error	bars	represent	SD	
(n=5).	*P<.05
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In	 order	 to	 identify	 the	 function	 of	 candidate	 growth	 factor	 in	
niche,	we	choose	one	BMPs	protein,	BMP6,	which	was	12	times	highly	
expressed	 in	apical	papilla	tissues	 than	that	 in	SCAPs,	 to	 investigate	
the	function	on	the	directed	differentiation	and	cell	proliferation	po-
tentials	of	SCAPs.	BMP6	was	more	potent	and	consistent	than	BMP2	
and	BMP7	 in	 inducing	osteoblast	 differentiation	 in	primary	MSCs.49 
In	addition,	another	study	proved	that	BMP6	may	be	unique	among	
the	 BMP	 family	 in	 mediating	 terminal	 osteoblast	 differentiation	 in	
human-	derived	cells.50	Growth	factor’s	effect	on	cell	proliferation	and	
differentiation	will	be	various,	depending	on	the	cell	species,	the	cul-
ture	conditions	and	the	concentration	of	the	growth	factor.51	First,	we	
investigate	the	effective	dose	of	BMP6	and	found	that	20	ng/mL	might	
be	the	optimal	concentrations	of	rhBMP6	by	ALP	activity	assay.	Alizarin	
red	staining	and	quantitative	calcium	analysis	confirmed	that	20	ng/mL	
of	rhBMP6	could	effectively	enhance	the	mineralization	of	SCAPs	in	
vitro.	Real-	time	RT-	PCR	results	showed	that	20	ng/mL	rhBMP6	could	
enhance	the	expressions	of	osteo/dentinogenic	differentiation	mark-
ers,	including	DSPP,	DMP1,	BSP,	OCN	and	OPN,	and	the	key	transcript	
factors	 OSX	 and	 RUNX2.	 Therefore,	we	 concluded	 that	 BMP6	 can	

enhance	 the	 osteo/dentinogenic	 differentiation	 potential	 of	 SCAPs,	
which	were	consistent	with	previous	reports.52	We	also	investigate	the	
effect	of	BMP6	on	the	neurogenic	and	angiogenic	differentiation	po-
tentials	of	SCAPs.	Real-	time	RT-	PCR	results	showed	that	neurogenic	
differentiation	markers,	 including	TH-	1,	NeuroD,	NCAM,	 and	 angio-
genic	 differentiation	 marker,	 ANG1,	 were	 more	 strongly	 induced	 in	
20	ng/mL	rhBMP6-	treated	SCAPs	compared	with	untreated	group.	In	
addition,	we	investigated	the	proliferation	potentials	of	SCAPs.	CCK-	8	
and	CFSE	assays	showed	that	20	ng/mL	rhBMP6	could	 increase	 the	
proliferation	 ability	 of	 SCAPs.	 Taken	 together,	 these	 results	 suggest	
that	BMP6	could	promote	 the	proliferation	and	osteo/dentinogenic,	
neurogenic	and	angiogenic	differentiation	potentials	of	SCAPs.

In	 summary,	 our	 study	 provides	 insight	 into	 the	mechanisms	 of	
stem	cells	niche	to	regulate	the	stem	cells	function,	provide	the	key	
target	 genes	 and	 certain	 theoretical	 basis	 to	maintain	 the	 stem	 cell	
characteristics	and	promote	stem	cell-	mediated	dental	tissue	regener-
ation.	Our	results	also	demonstrated	that	one	candidate	growth	fac-
tor,	 BMP6	 significantly	 enhanced	 the	 cell	 proliferation	 and	 directed	
differentiation	abilities	of	SCAPs,	indicating	that	BMP6	might	be	the	

F IGURE  3 BMP6	increased	the	cell	
proliferation	of	stem	cells	from	apical	
papilla	(SCAPs).	(A)	CCK-	8	assay	results	
showed	that	20	ng/mL	BMP6	could	
increase	the	cell	proliferation	of	SCAPs.	
(B,C)	CFSE	cell	proliferation	assays	showed	
that	20	ng/mL	BMP6	prompted	the	cell	
proliferation	indexes	of	SCAPs.	Student’s	t 
test	was	performed	to	determine	statistical	
significance.	All	error	bars	represent	SD	
(n=5).	*P<.05
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potential	mediator	 in	microenvironmental	 niche	 to	promote	SCAPs-	
mediated	dental	tissue	regeneration.
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