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Abstract
Objectives: Topographic cues can modulate morphology and differentiation of mes‐
enchymal stem cells. This study aimed to determine how topographic cues of a novel 
bilayered	poly	(lactic‐co‐glycolic	acid)	(PLGA)	scaffold	affect	osteogenic/odontogenic	
differentiation	of	dental	pulp	stem	cells	(DPSCs).
Methods: The	surface	morphology	of	the	scaffolds	was	visualized	by	scanning	electron	
microscope,	and	the	surface	roughness	was	measured	by	profilometry.	DPSCs	were	cul‐
tured	on	each	side	of	the	scaffolds.	Cell	morphology,	expression	of	Yes‐associated	protein	
(YAP)	and	osteogenic/odontogenic	differentiation	were	analysed	by	immunohistochem‐
istry,	 real‐time	polymerase	chain	 reaction,	 and	Alizarin	Red	S	 staining.	 In	addition,	 cy‐
tochalasin	D	(CytoD),	an	F‐actin	disruptor,	was	used	to	examine	the	effects	of	F‐actin	on	
intracellular	YAP	localisation.	Verteporfin,	a	YAP	transcriptional	inhibitor,	was	used	to	ex‐
plore	the	effects	of	YAP	signalling	on	osteogenic/odontogenic	differentiation	of	DPSCs.
Results: The closed side of our scaffold showed smaller pores and less roughness 
than	 the	open	 side.	On	 the	 closed	 side,	DPSCs	exhibited	enhanced	F‐actin	 stress	
fibre	 alignment,	 larger	 spreading	 area,	 more	 elongated	 appearance,	 predominant	
nuclear	YAP	 localization	 and	 spontaneous	 osteogenic	 differentiation.	 Inhibition	 of	
F‐actin	alignments	was	correlated	with	nuclear	YAP	exclusion	of	DPSCs.	Verteporfin	
restricted	YAP	localisation	to	the	cytoplasm,	down‐regulated	expression	of	early	os‐
teogenic/odontogenic	markers	and	inhibited	mineralization	of	DPSCs	cultures.
Conclusions: The	surface	topographic	cues	changed	F‐actin	alignment	and	morphol‐
ogy	of	DPSCs,	which	in	turn	regulated	YAP	signalling	to	control	osteogenic/odonto‐
genic differentiation.

1  | INTRODUC TION

The	topography,	microgeometry	and	mechanical	properties,	such	as	
stiffness,	 roughness	 and	 extracellular	 forces,	 play	 significant	 roles	
in how scaffolds may regulate stem cells behaviour.1‐4 Biophysical 

properties	of	the	scaffolds	affect	cell	adhesion,	migration,	prolifer‐
ation and differentiation.5 Cells perceive their microenvironment 
through	mechanical	cues,	which	can	cause	changes	in	cell	morphol‐
ogy including changes in cytoskeleton arrangement.6	Amongst	the	
three	 types	 of	 cytoskeletons	 (actin	 microfilaments,	 intermediate	
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filaments	and	microtubules),7 actin presents as either a free mono‐
mer	(G‐actin)	or	a	linear	polymer	(F‐actin).	The	F‐actin	cytoskeleton	
network	plays	a	key	role	in	regulating	important	physical	processes,	
such	as	cell	morphology,	adhesion	and	proliferation.8‐10	Specifically,	
differentiation	of	human	mesenchymal	stem	cells	(MSCs)	into	chon‐
drocytes and osteoblasts is associated with structural changes of 
F‐actin	 networks.11,12	 F‐actin	 can	 activate	 several	 signalling	mole‐
cules,	which	 include	 the	Rap1,	Rho	 family	GTPases,	 phosphoinos‐
itide	3‐kinase	(PI3K)	and	YAP	signalling.9,13	The	YAP/Tafazzin	(TAZ)	
pathway reportedly works as a nuclear relay of mechanical signals.9 
Phosphorylated	 YAP	 is	 automatically	 excluded	 from	 the	 nucleus,	
while	 non‐phosphorylated	 YAP	 translocates	 into	 the	 nucleus	 and	
actively regulates MSCs differentiation.11,14,15

Regenerative	endodontics	has	been	recognized	as	an	alternative	
treatment modality for the permanent tooth with necrotic pulp and 
immature root. It is a biologically based procedure designed to phys‐
iologically replace the necrotic pulp and hence promote continued 
formation of root and apical closure. The ultimate goal is to regen‐
erate	a	functional	pulp‐dentin	complex.16 Regenerative endodontics 
applies all the principles of regenerative medicine and tissue engi‐
neering,	that	is,	it	utilizes	specific	cells,	three‐dimensional	scaffolds	
and growth factors alone or in combination to regenerate new tis‐
sues.17,18 The new protocol for regenerative endodontics has been 
introduced to clinics in 2004.19	In	most	cases,	the	regenerative	end‐
odontic	treatment	failed	to	regenerate	pulp‐dentin	tissue	inside	ca‐
nals.	In	few	cases,	the	‘pulp‐like’	tissue	was	found	inside	the	treated	
root	 canal,	 consisting	 of	 a	mixture	 of	 dentin,	 bone,	 blood	 vessels,	
and	some	collagen	components,	but	it	lacked	the	spatial	organization	
that	 is	most	characteristic	for	the	pulp‐dentin	complex.20,21 To im‐
prove	the	outcomes,	several	biomaterials	have	been	tested	for	their	
potential use as scaffolds in regenerative endodontics. One that has 
caught	a	lot	of	attention	is	platelet‐rich	plasma	(PRP).	Studies	have	
shown that using PRP adjunct to blood clot promotes root lengthen‐
ing and thickening.22	Other	materials,	such	as	dentin	matrix	and	pep‐
tide	hydrogel	(Puramatrix™),	have	also	been	tested	in	animal	models	
and shown to have a certain level of regenerative potential.23 In ad‐
dition,	growth	factors,	such	as	TGFβ1,	SDF‐1	and	BMP,	have	been	
incorporated into scaffolds to promote stem cell differentiation and 
tissue regeneration.24	Although	all	these	new	scaffold	materials	sup‐
port	three‐dimensional	cell	cultures,	their	homogenous	nature	limits	
their	capability	to	provide	spatial	control	over	cell	activities,	thus	fail	
to	provide	the	different	zone	for	pulp	(centre	area)	and	dentin	(pe‐
ripheral	area)	regeneration.25

Recognizing	 these	 limitations,	 our	 laboratory	 has	 generated	 a	
novel,	bilayered	biomimetic	tissue	scaffold	that	is	designed	to	pro‐
vide spatial control of dentin and pulp tissue regeneration.26 The 
porous	scaffold	has	two	different	layers,	namely	an	open	side	and	a	
closed	side.	On	the	open	side,	human	dental	pulp	stem	cells	(DPSCs)	
penetrated	 into	 the	 scaffold	 through	 the	 channels,	 while	 on	 the	
closed side the cells rather proliferated on the surface and under‐
went	spontaneous	osteogenic	differentiation.	 Importantly,	 the	ob‐
served	scaffold‐guided	osteogenic	differentiation	on	the	closed	side	
occurred	in	basal	medium,	in	the	absence	of	exogenous	osteogenic	

inducers.26	 We	 suppose	 this	 is	 likely	 due	 to	 the	 optimized	 topo‐
graphic	characteristic	of	our	scaffold,	which	regulates	the	differen‐
tiation of DPSCs.27

The purpose of this study was to test our hypothesis that the 
open and closed sides of our scaffold provide different topographic 
cues,	 which	 change	 the	 cytoskeleton	 arrangement	 and	 target	 the	
YAP	signalling	pathway,	 leading	to	the	spontaneous	differentiation	
of DPSCs into osteoblasts/odontoblasts on the closed side.

2  | MATERIAL S AND METHODS

2.1 | Scaffold fabrication and topographic testing

Membrane‐like	PLGA	(75:25;	Evonik	Industries)	scaffolds	were	fab‐
ricated	 by	 diffusion‐induced	 phase	 separation	 (DIPS)	 technique	 as	
described previously.26	Briefly,	12%	or	20%	PLGA	was	dissolved	in	di‐
methyl	sulfoxide	(DMSO,	Sigma)	overnight.	Then,	the	PLGA	was	cast	
on	a	glass	plate	and	submerged	into	deionized	water,	independently.	
After	chaning	the	water	five	times,	the	PLGA	membranes	were	care‐
fully	detached	from	the	glass	surface.	The	glass	side	of	the	12%	PLGA	
layer	was	referred	as	the	‘open	side’,	while	the	water	side	of	the	20%	
PLGA	layer	was	referred	as	the	‘closed	side’.	The	two	layers	were	fi‐
nally	laminated	under	vacuum	(0.2	Torr)	at	4°C	for	24	hours.

The	morphology	of	the	freshly	assembled,	dry	scaffolds	was	ex‐
amined	by	scanning	electron	microscopy	(SEM,	FEI	Quanta	450FEG).	
The surface roughness of the scaffolds was measured using a con‐
tact	profilometer	(Surfcorder	SE	1700,	Kosaka	Labs)	with	a	2	μm ra‐
dius	tip,	a	spread	of	2.5	mm	and	a	speed	of	0.5	mm/s.

2.2 | Dental pulp stem cells culture on the scaffolds

Human	DPSCs	were	purchased	from	AllCells	LLC.	These	cells	were	
guaranteed	by	company	through	10	population	doublings,	and	they	
were	positive	for	CD105,	CD166,	CD29,	CD90	and	CD73	and	nega‐
tive	 for	CD34,	CD45	and	CD133.	DPSCs	were	cultured	 in	a	basal	
medium composed with α‐MEM	 (Gibco),	 supplemented	 with	 10%	
foetal	bovine	serum	(FBS,	HyClone),	penicillin	(100	U/mL,	HyClone)	
and streptomycin (100 μg/mL,	HyClone)	and	incubated	in	a	humidi‐
fied	incubator	of	5%	CO2	at	37°C.	The	PLGA	membranes	were	cut	
into	squares	(2.5	×	2.5	cm2	or	3.5	×	3.5	cm2)	and	placed	into	12‐well	
or	6‐well	plates	 (Corning),	with	either	 the	open	side	or	 the	closed	
side	facing	upward.	DPSCs	(passages	4~6)	were	seeded	at	a	density	
of	5	×	103 cells/cm2	in	the	following	experiments.	The	medium	was	
changed every 3 days.

2.3 | F‐actin fibre analysis

At	 days	 1,	 7	 and	 14,	 the	 PLGA	membranes	with	 attached	DPSCs	
on	either	the	open	side	or	the	closed	side	were	fixed	in	3.7%	para‐
formaldehyde	 (Thermo	 Fisher)	 at	 room	 temperature	 for	 15	 min‐
utes.	 Then,	 the	 cells	 were	 permeabilized	 with	 0.3%	 Triton	 X‐100	
(ThermoFisher)	for	1	hour.	Afterwards,	the	microfilaments	were	la‐
belled	with	Alexa	Fluor	546	Phalloidin	(ThermoFisher).	Images	were	
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captured	 in	a	Fluoview	FV1000	 (Olympus)	 laser	scanning	confocal	
microscope	 (LSCM).	Orientation	of	 the	F‐actin	 fibres	with	 respect	
to	the	long	axis	of	the	cells	was	determined,	as	described	in	the	lit‐
erature.28	Briefly,	from	the	five	microscopic	fields	(upper,	lower,	left,	
right	 and	 centre),	 six	 cells	were	 randomly	 chosen	 from	each	 field;	
therefore,	a	total	of	30	individual	cells	were	chosen	from	each	group.	
For	the	fibre	analysis,	a	reference	line	was	drawn	through	the	long	
axis	of	the	cell.	Five	fibres	from	each	cell	were	selected	to	obtain	the	
average	fibre	angels.	ImageJ	software	(NIH,	version	1.51)	was	used	
to	measure	the	angle	between	the	long	axis	of	the	cell	and	each	fibre	
(value	between	0	and	90°).	Fibres	with	the	angles	less	than	10°	were	
considered aligned.

2.4 | Cell morphology and YAP signalling analysis

The	intercellular	localization	of	YAP	in	DPSCs	was	analysed	by	im‐
munohistochemistry	 assay.	 For	 F‐actin	 inhibition	 studies,	 the	 cells	
were cultured on the closed side of the scaffolds in basal medium 
supplemented with 1 μg/mL	of	CytoD	(Sigma,	C8273)	for	24	hours.	
For	YAP	inhibition	experiments,	the	cells	were	cultured	on	the	closed	
side of the scaffolds in basal medium supplemented with 0.5 μg/mL	
of	verteporfin	(inhibitor	of	YAP,	Sigma,	129	497	785)	for	7	days.	The	
medium	was	changed	every	3	days.	The	fixed	and	permeabilized	cells	
were	incubated	with	a	primary	antibody	(rabbit	polyclonal	anti‐YAP,	
CST,	4912)	overnight	at	4°C,	then	washed	and	incubated	for	1	hour	at	
room	temperature	with	a	secondary	antibody	(Alexa	Flour	488,	CST,	
8878).	Cells	were	washed	and	stained	with	phalloidin	for	F‐actin	and	
4′,	6‐diamidino‐2‐phenylindole	(DAPI,	CST,	8961)	for	DNA/nucleus.

ImageJ	 software	 was	 used	 to	 analyze	 single‐cell	 morphology	
and	YAP	expression	in	the	CytoD	experiment.	At	day	1,	the	area	of	
spreading,	 cell	 shape	 index	 (CSI)	 and	aspect	 ratio	 (AR)	were	 auto‐
matically measured from 30 single cells for each condition. The CSI 
is calculated using the formula (4π	×	area)/(perimeter)2.	A	CSI	value	
of	1.0	 indicates	a	circle,	while	0.0	 indicates	an	elongated	polygon.	
The	AR	is	the	ratio	of	the	major	axis	to	the	minor	axis.	By	superim‐
posing	F‐actin	and	DAPI	images	with	YAP	images,	the	ratio	of	YAP	
expression	 in	the	nucleus	vs.	cytoplasm	was	calculated	as	 (nuclear	
YAP/nuclear	area)/(cytosolic	YAP/cytoplasm	area).

2.5 | Alizarin Red S Staining and RT‐PCR assay

DPSCs were cultured on the open side in basal medium and the closed 
side in basal medium with verteporfin (0.5 μg/mL),	respectively.	For	the	
Alizarin	Red	S	(ARS,	Sigma	Aldrich)	staining,	the	scaffolds	were	fixed	at	
day	14	and	stained	with	0.1%	Alizarin	Red	S	 (ARS,	Sigma	Aldrich)	at	
37°C	for	1	hour	to	evaluate	the	mineralization	of	DPSCs.	For	the	RT‐
PCR	step,	RNA	of	each	sample	was	extracted	using	the	RNeasy	Mini	kit	
(Qiagen)	at	day	7.	Then,	0.5	μg	RNA	of	each	group	was	used	for	cDNA	
synthesis by RT2	Easy	First	Strand	Kit	(Qiagen).	RT‐PCR	was	carried	out	
using	the	SSOAdvanced	Universal	SYBR	Green	Supermix	 (BIORAD).	
The	 following	 human‐specific	 validated	 primers	 (Biorad)	were	 used:	
collagen	 1	 (COL1A1,	 qHsaCED0043248),	 YAP	 (qHsaCED0037679),	
alkaline	 phosphatase	 (ALP,	 qHsaCID0010031)	 and	 runt‐related	

transcription	 factor	 2	 (RUNX2,	 qHsaCID0006726).	 All	 procedures	
were	performed	according	 to	 the	manufacturer's	protocols.	The	ex‐
pression	 levels	 of	 the	 target	 genes	 were	 normalized	 to	 glyceralde‐
hyde‐3‐phosphate	 dehydrogenase	 (GAPDH,	 qHsaCED0038674)	 and	
calculated	using	the	∆∆CT	method.29

2.6 | Statistical analysis

Each	experiment	except	for	the	single‐cell	analyses	was	repeated	in‐
dependently at least three times. Student's t test was used to compare 
two samples within the same group. The results were analysed using 
SPSS	23.0	(IBM)	software.	All	values	were	expressed	as	mean	±	stand‐
ard	error,	and	statistical	significance	was	set	at	a	P < 0.05.

3  | RESULTS

3.1 | Topographic cues regulate actin organization 
of DPSCs

The	average	roughness	of	the	open	side	was	1.67	±	0.25	μm,	and	that	
of	the	closed	side	was	0.27	±	0.04	μm	(Figure	1A).	SEM	revealed	that	
the pores on the surface of the open side were significantly larger 
(~45 μm)	than	on	the	closed	side	(1	~	5	μm)	(Figure	1B,C).	These	val‐
ues are in good agreement with our previously published data.26

The	 F‐actin	 alignment	 of	DPSCs	was	 compared	 from	day	 1	 to	
14.	Most	of	the	cells	exhibited	random	orientation	on	the	open	side	
(Figure	 1D1~D3),	 while	 they	 showed	 elongated,	 spindle‐like	 mor‐
phologies	 on	 the	 closed	 side	 (Figures	 1E1~E3).	 F‐actin	 alignment	
analysis demonstrated more cells with aligned fibres on the closed 
side	 than	on	 the	open	 side	 (Figures	1F1~F3,G1~G3).	On	 the	open	
sides DPSCs showed wider average fibre angles than those on the 
closed	side	(Figure	1H).

3.2 | DPSCs exhibit different morphology and YAP 
localization on the different sides of the scaffold

At	 day	 1,	 as	 compared	 to	 the	 cell	 morphology	 on	 the	 open	 side	
(Figures	A1‐A5),	DPSCs	seemed	to	be	more	‘stretched’	on	the	closed	
side	(Figures	B1‐B5).	At	day	7,	DPSCs	on	the	open	side	showed	a	ran‐
domly	organized	cytoskeleton,	with	both	nuclear	and	cytosolic	ex‐
pression	of	YAP	(Figures	C1~C5).	By	contrast,	DPSCs	on	the	closed	
side	showed	parallel	alignment	and	predominantly	nuclear	YAP	 lo‐
calization	(Figures	D1~D5).

Further analysis of 30 single cells for each condition at day 1 in‐
dicated	that	the	DPSCs	had	wider	spreading	area	(545.2	±	99.6	μm2)	
and	 higher	 AR	 (3.7	 ±	 0.5)	 on	 the	 closed	 side,	while	 they	 had	 sig‐
nificantly	smaller	spreading	area	 (295.2	±	28.3	μm2)	and	 lower	AR	
(2.3	±	0.2)	on	the	open	side	(P	<	.01)	(Figure	2E,F).	However,	there	
was	no	statistical	difference	between	CSI	of	two	sides	(0.24	±	0.02	
vs	 0.25	 ±	 0.02,	 P	 >	 .05)	 (Figure	 2G).	 The	 YAP	 nuclear/cytosolic	
ratio	was	higher	in	DPSCs	on	the	closed	side	on	day	1	(Figure	2H).	
Consistently,	DPSCs	 on	 the	 closed	 side	 on	 day	 7	 also	 exhibited	 a	
higher	YAP	nuclear/cytosolic	ratio	(Figure	2I).
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3.3 | F‐actin inhibitor changes cell morphology and 
YAP localization of DPSCs

In	 the	 absence	of	 cytochalasin	D	 (CytoD),	 an	established	 inhibitor	
of	 F‐actin	 polymerization,	 YAP	 was	 predominantly	 expressed	 in	

the	 nuclei	 of	DPSCs	 cultured	 on	 the	 closed	 side	 (Figures	A1~A4).	
Treatment	with	CytoD	for	24	hours	disrupted	F‐actin	organization	
and	also	led	to	YAP	exclusion	from	the	nuclei	(Figures	B1~B4).	The	
YAP	 nuclear/cytosolic	 ratios	 were	 reduced	 by	 CytoD	 treatment	
(Figure	3C).	Although	the	total	spreading	area	was	not	statistically	

F I G U R E  1  Topographic	tests	and	F‐actin	fibre	analyses	of	DPSCs	on	each	side	of	the	bilayered	scaffolds.	A,	The	average	roughness	of	
the	open	side	is	higher	than	the	closed	side.	B,	SEM	view	of	the	surface	of	the	open	side.	C,	SEM	view	of	the	surface	of	the	closed	side.	
(D1~D3),	The	F‐actin	arrangement	of	DPSCs	on	the	open	side	at	day	1,	7	and	14,	respectively.	(E1~E3),	The	F‐actin	alignment	of	DPSCs	on	
the	closed	side	at	day	1,	7	and	14,	respectively.	(F1~F3),	The	F‐actin	to	cell	long	axis	angles	on	the	open	side	showed	a	random	distribution	at	
day	1,	7	and	14,	respectively.	(G1~G3),	F‐actin	fibre	alignments	were	higher	on	the	closed	side	at	day	1,	7	and	14,	which	also	increased	with	
time.	H,	DPSCs	on	the	open	side	showed	wider	F‐actin	fibre	angles	than	those	on	the	closed	side.	Scale	bars	of	B,	D	and	E:	=100	μm,	and	
scale	bar	of	C:	=10	μm. **indicated P < .01

F I G U R E  2   Intercellular	YAP	location	and	morphology	analyses	of	DPSCs	on	the	scaffolds.	(A1~A5),	DPSCs	on	the	open	side	at	day	1.	
(B1~B5),	DPSCs	on	the	closed	side	at	day	1.	(C1~C5),	DPSCs	on	the	open	side	at	day	7.	(D1~D5),	DPSCs	on	the	closed	side	at	day	7.	E,	The	
average	spreading	area	of	DPSCs	was	significantly	larger	on	the	closed	side.	F,	The	average	aspect	ratio	(AR)	of	DPSCs	was	significantly	
higher	on	the	closed	side.	G,	There	were	no	statistical	differences	between	cell	shape	indexes	(CSI)	of	DPSCs	on	each	side.	H,	The	average	
YAP	nuclear/cytosolic	ratio	in	DPSCs	was	significantly	higher	on	the	closed	side	at	day	1.	I,	The	average	YAP	nuclear/cytosolic	ratio	in	DPSCs	
was	significantly	higher	on	the	closed	side	at	day	7.	Green	fluorescence	indicates	YAP.	Blue	indicates	DAPI.	Red	indicates	F‐actin.	A3,	B3,	C3	
and	D3	merged	YAP	and	DAPI	images.	A5,	B5,	C5	and	D5	merged	all	3	channels.	Scale	bar	=	100	μm. ** indicates P < .01

(A1) (A2) (A3) (A4) (A5)

(B1) (B2) (B3) (B4) (B5)

(C1) (C2) (C3) (C4) (C5)

(D1)

(E) (F) (G) (H) (I)

(D2) (D3) (D4) (D5)
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changed	 (Figure	 3D),	 the	 CSI	 was	 increased	 (Figure	 3E)	 and	 the	
AR	 (Figure	3F)	was	decreased,	 indicating	that	 the	cell	morphology	
changed from spindle to circular shape.

3.4 | Scaffold‐induced osteogenic 
differentiation of DPSCs on the closed side is 
attenuated by YAP inhibitor

As	shown	previously,	YAP	was	predominantly	expressed	in	the	nu‐
clei of DPSCs cultured on the closed side of the scaffold (Figures 
A1~A3).	After	treatment	with	verteporfin	for	7	days,	nuclear	YAP	
was	 essentially	 restricted	 to	 the	 cytoplasm	 (Figures	 B1~B3).	 In	
line	 with	 our	 previous	 findings	 (17),	 ARS	 staining	 showed	 that	
DPSCs cultured in basal medium on the closed side for 14 days 
underwent	 spontaneous	 osteogenic	 differentiation,	 which	 was	
not observed on the open side. The osteogenic differentiation 
was	significantly	diminished	by	treating	the	cells	with	the	YAP	in‐
hibitor	verteporfin	(Figure	4C).	After	incubation	in	basal	medium	
for	7	days,	DPSCs	showed	an	 increase	 in	the	expression	of	ALP	
and	COL1A1	on	 the	closed	side	over	 that	on	 the	open	side.	No	
statistical	significance	was	observed	in	the	expression	of	RUNX2	
between	 the	 two	 sides	 (Figure	 4D).	 On	 the	 closed	 side,	 verte‐
porfin	 treatment	 inhibited	 the	 expression	 of	 ALP	 and	 COL1A1	
(Figure	4E).

4  | DISCUSSION

As	a	main	component	of	cytoskeleton,	F‐actin	actively	responds	to	
the surrounding environment. Once a cell senses physical cues from 
substrate	attachment,	the	dynamic	cytoskeleton	network	starts	to	
reorganize	accordingly.30	For	instance,	when	endothelial	cells	were	
cultured	 on	 a	 grooved	 dimethylsiloxane	 substrate,	 F‐actin	 aligned	
along	 the	grooves	and	 ridges,	but	 it	did	not	show	any	preferential	
orientation on a smooth surface.31	Comparably,	 ridged	or	grooved	
silicon	master	surfaces	also	dramatically	impacted	alignment,	elon‐
gation	 and	 aspect	 ratio	 of	MSCs	 in	 a	 size‐	 and	 shape‐dependent	
manner. MSCs on both planar and porous surfaces seemed to be 
more rounded when compared to their parallel orientation on ridged 
or grooved surface.2	We	 developed	 a	 bilayered	 PLGA	 scaffold	 in	
order to provide differential spatial guidance for DPSCs. SEM and 
profilometer results showed this scaffold had both larger pores and 
lower	roughness	on	the	open	side	than	on	the	closed	side,	which	may	
provide topographic cues to allow the penetration of DPSCs and 
subsequently	affected	cytoskeleton	alignments,	cell	spreading	areas	
and	cell	morphology.	The	cells	on	the	closed	side	were	‘stretching’	
with	a	 remarkable	degree	of	organization	and	directionality,	while	
those	 on	 the	 open	 side	were	 ‘crowding’.	 Although	 the	 underlying	
mechanism	remains	unknown,	a	recent	study	found	that	in	respon‐
seto	the	fibronectin‐coated	glass	coverslips	both	the	cell	membrane	

F I G U R E  3  The	effect	of	F‐actin	inhibitor	on	nuclear	YAP	expression	and	morphologies	of	DPSCs	on	the	closed	side.	(A1~A4),	
Representative	images	of	DPSCs	without	CytoD	treatment.	(B1~B4),	Representative	images	of	DPSCs	treated	with	CytoD	for	24	h.	C,	YAP	
nuclear/cytosolic	ratio	was	inhibited	by	CytoD	for	24	h.	D,	The	spreading	areas	showed	no	significant	difference	after	CytoD	treatment.	E,	
The	CSI	was	increased	by	CytoD	treatment,	which	meant	the	cells'	morphology	changed	to	a	more	circle	shape.	F,	The	AR	was	decreased	
by	CytoD,	indicating	that	the	number	of	spindle‐like	cells	declined.	Green	fluorescence	indicates	YAP.	Blue	indicates	DAPI.	Red	indicates	F‐
actin.	A3	and	B3	are	merged	YAP	and	DAPI	images.	Scale	bar	=	100	μm. * indicated P < .05 and ** indicates P < .01

(A1) (A2) (A3) (A4)

(B1)

(C) (D) (E) (F)

(B2) (B3) (B4)



     |  7 of 10DU et al.

roughness	and	focal	adhesion	size	were	increased	the	embryonic	fi‐
broblasts,	via	the	enhancement	of	F‐actin	polymerization.32

Cells in the dental pulp are intrinsically mechanosensitive to rec‐
ognize	and	transduce	mechanical	changes	into	cellular	responses.33 
It is well established that the topographic cues of engineered tissue 
scaffolds	can	modulate	dental	stem	cell	behaviour.	For	example,	in‐
creased surface wettability of a silk fibroin scaffold improved the at‐
tachment and proliferation of apical papilla stem cells.34 Decorated 
micropillars on polymeric substrate surfaces induced osteogenic 

differentiation of DPSCs.35	Specifically,	the	closed	side	of	our	scaf‐
fold promoted DPSCs osteogenic differentiation in the absence of 
osteogenic induction medium.26 We speculated that topographic 
cues,	 such	 as	 the	 lower	 roughness	 and	 smaller	 pore	 sizes	 on	 the	
closed	side,	affected	DPSCs	differentiation.	The	nanoscale	surface	
roughness	of	 the	 closed	 side	 (~260	nm)	of	 our	 scaffold	 vs	 the	mi‐
cron scale surface roughness on the open side may play an important 
role in promoting DPSCs differentiation. This is consistent with other 
reports	 that	a	PLGA	nanodiamond	scaffold	with	a	Ra	at	0.349	μm 

F I G U R E  4  Enhanced	osteogenesis	of	DPSCs	on	the	closed	side	is	attenuated	by	YAP	transcriptional	inhibitor.	(A1~A3),	Representative	
images	of	DPSCs	without	verteporfin	treatment.	(B1~B3),	Representative	images	of	DPSCs	treated	with	verteporfin	for	7	d.	C,	
Representative	ARS	staining	images	of	DPSCs	cultured	on	the	open	side,	the	closed	side	and	the	closed	side	treated	with	verteporfin	for	
14	d.	D,	The	mRNA	levels	of	COL1A1,	and	ALP	were	elevated	in	DPSCs	on	the	closed	side.	E,	VP	treatment	down‐regulated	the	expression	
of	COL1A1	and	ALP	of	DPSCs	on	the	closed	side	and	showed	no	effect	on	RUNX2.	Green	fluorescence	indicates	YAP.	Blue	indicates	DAPI.	
A3	and	B3	are	merged	YAP	and	DAPI	images.	Scale	bar	=	100	μm. * indicates P	<	.05,	and	**	indicates	P < .01

(A1) (A2) (A3)

(B1)

(C)

(D) (E)

(B2) (B3)
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promoted osteogenic differentiation of MSCs.36	Similarly,	a	layered	
PLGA	membrane	with	a	RA	of	~0.3	μm facilitated osteogenic differ‐
entiation.37	 In	addition,	 the	small	pore	size	 (1~5	μm)	on	 the	closed	
side	 seemed	 to	 be	 advantageous	 for	 DPSCs	 mineralization,	 while	
another	study	showed	that	porous	PLGA	microscaffolds	with	pore	
diameters of 10~30 μm	supported	the	tri‐lineage	differentiation	po‐
tential of DPSCs.38

Growing evidence shows that cytoskeleton change is essential 
for	the	cell	differentiation,	although	it	may	vary	depending	on	differ‐
entiations towarding different cell lineages. When MSCs underwent 
osteogenic	differentiation	 in	 vitro,	 actin	 fibres	became	disordered	
and robust after 2 weeks; while when they underwent chondrogenic 
differentiation,	the	cytoskeleton	expanded	in	a	parallel	orientation	
originating from the centre of the cell.8 Others demonstrated that 
when	MSCs	 were	 simulated	 by	 an	 osteogenic	 induction	 medium,	
the cytoskeleton modification was detected as an early event at 
day	1,	which	 continued	 till	 day	14~21	 to	 form	abundant	 stress	 fi‐
bres	and	increased	actin	polymerization.39	Similarly,	 in	the	present	
study,	the	cells	on	the	closed	side	of	the	scaffold	displayed	F‐actin	
polymerization	at	day	1,	 and	 the	parallel	 alignment	of	F‐actin	was	
observed	 through	day	7~14,	which	was	 consistent	with	 the	 spon‐
taneous osteogenic/odontogenic differentiation of DPSCs without 
any	 addition	 of	 induction	 medium.	Moreover,	 F‐actin	 may	 recruit	
different signalling molecules during the osteogenic differentiation 
of	 osteoblasts	 and	MSCs.	 In	 the	 BMP2‐induced	 differentiation	 of	
osteoblastic	precursor	cell	models,	 the	RUNX2	gene	was	 involved	
simultaneously	with	F‐actin	reorganization.40 When MSCs were in‐
ducted	by	the	osteogenic	induction	medium,	p38	MAPK	phosphor‐
ylation	was	required.39

The	 YAP/TAZ	 pathway	 is	 a	 transcriptional	 co‐activator	 of	 the	
Hippo	pathway,	which	has	been	implied	as	a	key	mediator	of	mech‐
anotransduction.	When	 the	Hippo	 pathway	 is	 activated,	 YAP	 and	
TAZ	 are	 phosphorylated	 and	 inhibited.	When	 the	Hippo	 pathway	
is	 inactivated,	 YAP	 and	 TAZ	 translocate	 into	 the	 nucleus,	 forming	
complexes	with	several	transcriptional	factors	including	TEAD,	pro‐
moting transcription of target downstream genes.41	YAP	signalling	
which	is	functionally	required	for	MSCs	differentiation,	also	plays	a	
critical role during tooth development.6,42‐44	YAP	signalling	has	been	
reported to promote osteogenesis and suppress adipogenesis in os‐
teoblast cells.45	A	recent	study	claimed	that	a	static	magnetic	field	
(SMF)	could	promote	nuclear	YAP	expression	and	inhibit	the	phos‐
phorylation	of	YAP	in	DPSCs;	however,	SMF‐induced	mineralization	
was	suppressed	by	YAP	knock‐down.46

F‐actin	 dynamic	 is	 a	 critical	 regulator	 of	 YAP/TAZ	 signalling.	
Dupont et al6	reported	that	a	stiff	matrix	increased	YAP/TAZ	activ‐
ity by increasing nuclear translocation; the same study also reported 
that	cell	spreading	and	organization	of	the	actomyosin	cytoskeleton	
activated	YAP/TAZ.	Driscoll	et	al47 reported that stretch increased 
the	 nuclear	 transfer	 of	 cytoskeletal	 strain	 and	 activated	 the	YAP/
TAZ	pathway	in	MSCs.	As	seen	in	Figures	2	and	4,	the	level	of	nu‐
clear	YAP	 localization	 in	DPSCs	cultured	 for	7	days	on	 the	closed	
side	of	scaffold	was	significantly	higher	than	that	on	the	open	side,	

which may contribute to the enhanced osteogenic differentiation 
observed	on	the	closed	side.	In	our	hands,	enhanced	nuclear	local‐
ization	of	YAP	was	consistent	with	higher	F‐actin	alignment,	 larger	
spreading	area	and	higher	AR	in	DPSCs.	This	finding	is	in	line	with	
previous studies.6,9,47

To	further	confirm	the	above	findings,	two	distinct	pharmaco‐
logical	inhibitors	of	F‐actin	polymerization	and	YAP	signalling	were	
used.	First,	after	CytoD	treatment,	DPSCs	showed	a	dramatic	de‐
crease	 in	 nuclear	 YAP	 accumulation	 and	 an	 increase	 in	 cytosolic	
YAP	 expression,	 indicating	 that	 F‐actin	 polymerization	 regulates	
YAP	 translocation	 between	 cytoplasm	 and	 nucleus.	Our	 result	 is	
consistent with previous studies demonstrating that CytoD treat‐
ment promoted production of intranuclear actin and led to nuclear 
export/exclusion	of	YAP.48 Previous study also showed that CytoD 
treatment decreased the cell volume and increased the cytosolic 
localization	 of	 YAP	 in	 MSCs	 cultured	 in	 hydrogels.9	 Second,	 we	
treated	DPSCs	with	verteporfin,	a	transcriptional	inhibitor	of	YAP.	
Verteporfin	was	identified	as	an	inhibitor	of	the	interaction	of	YAP	
with	TEAD	and	thus	blocks	transcriptional	activation	of	YAP	down‐
stream genes.49	Although	verteporfin	treatment	could	remarkably	
up‐regulate	cytoplasmic	YAP	in	a	series	of	cells,	which	may	induce	
sequestration	of	cytosolic	YAP	through	increasing	levels	of	the	cell‐
cycle	regulatory	14‐3‐3σ	proteins,	the	studies	related	to	osteogenic	
differentiation are very limited.9,50	Verteporfin	treatment	in	our	ex‐
periment	 caused	 a	 significant	 down‐regulation	 of	 the	 expression	
of	COL1A1	and	ALP,	as	well	as	a	reduced	formation	of	mineraliza‐
tion	 nodules	 in	DPSCs	 culture,	 but	 had	 no	 effect	 on	RUNX2	ex‐
pression. This is similar to a previous report that verteporfin dose 
dependently	reduced	mRNA	levels	of	COL1A1,	COL1A2,	BSP	and	
OCN,	but	not	RUNX2	and	osterix	in	osteoblast‐like	cells.51

Taken	together,	our	data	suggest	an	 important	role	of	YAP	sig‐
nalling in the osteogenic/odontogenic differentiation of DSPCs. Our 
study	demonstrates	 that	YAP	 signalling	 is	 activated	during	DPSCs	
differentiation	 upon	 F‐actin	 alignment,	 regulated	 by	 topographic	
cues	 related	 to	 the	 roughness	 and	 pore	 sizes	 of	 our	 scaffold.	We	
conclude that it is critical to understand dental stem cell behaviour 
on different scaffold surfaces and that cell behaviour can be manip‐
ulated by carefully controlling surface topographic properties. Our 
next	step	will	investigate	how	this	scaffold	will	guide	the	regenera‐
tion of pulp and dentin tissue inside root canals in vivo and whether 
YAP	signalling	is	involved	during	the	process	of	regeneration	of	the	
pulp‐dentin	complex.

ACKNOWLEDG EMENTS

This	 work	 was	 supported	 by	 the	 American	 Association	 of	
Endodontists	(AAE)	Foundation	and	the	China	Scholarship	Council	
(No.	201706385083).

CONFLIC T OF INTERE S TS

The authors deny any conflicts of interest related to this study.



     |  9 of 10DU et al.

AUTHOR CONTRIBUTIONS

PL	and	MY	designed	the	study;	YD,	XW	and	JL	collected	the	data;	
XW,	JL,	CM	and	SO	were	involved	in	contribution	of	new	reagents	
or	analytical	tools;	YD,	PL	and	MY	analysed	the	data;	YD,	PL,	CM,	SO	
and	MY	prepared	the	manuscript.

DATA AVAIL ABILIT Y S TATEMENT

The data that support the findings of this study are available from 
the	corresponding	author	upon	reasonable	request.

ORCID

Santiago Orrego  https://orcid.org/0000‐0003‐3683‐6750 

Peter I. Lelkes  https://orcid.org/0000‐0003‐4954‐3498 

Maobin Yang  https://orcid.org/0000‐0001‐5367‐1308 

R E FE R E N C E S

	 1.	 Viswanathan	P,	Ondeck	MG,	Chirasatitsin	S,	et	al.	3D	surface	to‐
pology guides stem cell adhesion and differentiation. Biomaterials. 
2015;52:140‐147.

	 2.	 Wood	JA,	Ly	I,	Borjesson	DL,	Nealey	PF,	Russell	P,	Murphy	CJ.	The	
modulation	of	canine	mesenchymal	stem	cells	by	nano‐topographic	
cues. Exp Cell Res.	2012;318(19):2438‐2445.

	 3.	 Lim	JM,	Ahn	JY,	Lee	ST.	Stem	cell	maintenance	in	a	different	niche.	
Clin Exp Reprod Med.	2013;40(2):47‐54.

	 4.	 Goodwin	K,	 Ellis	 SJ,	 Lostchuck	 E,	 Zulueta‐Coarasa	 T,	 Fernandez‐
Gonzalez	R,	Tanentzapf	G.	Basal	cell‐extracellular	matrix	adhesion	
regulates force transmission during tissue morphogenesis. Dev Cell. 
2016;39(5):611‐625.

	 5.	 Guilak	 F,	 Cohen	DM,	 Estes	BT,	Gimble	 JM,	 Liedtke	W,	Chen	CS.	
Control	of	stem	cell	fate	by	physical	interactions	with	the	extracel‐
lular	matrix.	Cell Stem Cell.	2009;5(1):17‐26.

	 6.	 Dupont	S,	Morsut	L,	Aragona	M,	et	al.	Role	of	YAP/TAZ	in	mecha‐
notransduction. Nature.	2011;474(7350):179‐183.

	 7.	 Wickstead	B,	Gull	K.	The	evolution	of	the	cytoskeleton.	J Cell Biol. 
2011;194(4):513‐525.

	 8.	 Yourek	G,	Hussain	MA,	Mao	JJ.	Cytoskeletal	changes	of	mesenchy‐
mal stem cells during differentiation. Asaio j.	2007;53(2):219‐228.

	 9.	 Caliari	SR,	Vega	SL,	Kwon	M,	Soulas	EM,	Burdick	JA.	Dimensionality	
and	spreading	influence	MSC	YAP/TAZ	signaling	in	hydrogel	envi‐
ronments. Biomaterials.	2016;103:314‐323.

	10.	 Tavares	S,	Vieira	AF,	Taubenberger	AV,	et	al.	Actin	stress	fiber	or‐
ganization	promotes	cell	stiffening	and	proliferation	of	pre‐invasive	
breast cancer cells. Nat Commun.	2017;8:15237.

	11.	 Yang	C,	Tibbitt	MW,	Basta	L,	Anseth	KS.	Mechanical	memory	and	
dosing influence stem cell fate. Nat Mater.	2014;13(6):645‐652.

	12.	 Hayakawa	 K,	 Sato	 N,	 Obinata	 T.	 Dynamic	 reorientation	 of	 cul‐
tured cells and stress fibers under mechanical stress from periodic 
stretching. Exp Cell Res.	2001;268(1):104‐114.

	13.	 Rullo	J,	Becker	H,	Hyduk	SJ,	et	al.	Actin	polymerization	stabilizes	
alpha4beta1 integrin anchors that mediate monocyte adhesion. J 
Cell Biol.	2012;197(1):115‐129.

	14.	 Dupont	S.	Role	of	YAP/TAZ	 in	cell‐matrix	adhesion‐mediated	sig‐
nalling and mechanotransduction. Exp Cell Res.	2016;343(1):42‐53.

	15.	 Abagnale	G,	Steger	M,	Nguyen	VH,	et	al.	Surface	topography	en‐
hances differentiation of mesenchymal stem cells towards osteo‐
genic and adipogenic lineages. Biomaterials.	2015;61:316‐326.

	16.	 Murray	 PE,	 Garcia‐Godoy	 F,	 Hargreaves	 KM.	 Regenerative	 end‐
odontics: a review of current status and a call for action. J Endod. 
2007;33(4):377‐390.

	17.	 Langer	 R,	 Vacanti	 JP.	 Tissue	 engineering.	 Science. 
1993;260(5110):920‐926.

	18.	 Albuquerque	MT,	Valera	MC,	Nakashima	M,	Nor	JE,	Bottino	MC.	
Tissue‐engineering‐based	strategies	for	regenerative	endodontics.	
J Dent Res.	2014;93(12):1222‐1231.

	19.	 Banchs	 F,	 Trope	 M.	 Revascularization	 of	 immature	 permanent	
teeth with apical periodontitis: new treatment protocol? J Endod. 
2004;30(4):196‐200.

	20.	 Martin	G,	Ricucci	D,	Gibbs	JL,	Lin	LM.	Histological	findings	of	revas‐
cularized/revitalized	 immature	 permanent	molar	with	 apical	 peri‐
odontitis	using	platelet‐rich	plasma.	J Endod.	2013;39(1):138‐144.

	21.	 Nosrat	A,	 Li	KL,	Vir	K,	Hicks	ML,	Fouad	AF.	 Is	pulp	 regeneration	
necessary for root maturation? J Endod.	2013;39(10):1291‐1295.

	22.	 Jadhav	G,	 Shah	N,	 Logani	 A.	 Revascularization	with	 and	without	
platelet‐rich	 plasma	 in	 nonvital,	 immature,	 anterior	 teeth:	 a	 pilot	
clinical study. J Endod.	2012;38(12):1581‐1587.

	23.	 Jiao	 L,	 Xie	 LI,	 Yang	 BO,	 et	 al.	 Cryopreserved	 dentin	 matrix	 as	 a	
scaffold	material	for	dentin‐pulp	tissue	regeneration.	Biomaterials. 
2014;35(18):4929‐4939.

	24.	 Qu	T,	Jing	J,	Jiang	Y,	et	al.	Magnesium‐containing	nanostructured	
hybrid scaffolds for enhanced dentin regeneration. Tissue Eng Part 
A.	2014;20(17–18):2422‐2433.

	25.	 Torabinejad	M,	Faras	H,	Corr	R,	Wright	KR,	Shabahang	S.	Histologic	
examinations	of	teeth	treated	with	2	scaffolds:	a	pilot	animal	inves‐
tigation. J Endod.	2014;40(4):515‐520.

	26.	 Gangolli	RA,	Devlin	SM,	Gerstenhaber	JA,	Lelkes	PI,	Yang	M.	A	bi‐
layered	poly	(Lactic‐Co‐Glycolic	Acid)	scaffold	provides	differential	
cues for the differentiation of dental pulp stem cells. Tissue Eng Part 
A.	2019;25(3–4):224‐233.

	27.	 Kolind	K,	Kraft	D,	Bøggild	T,	et	al.	Control	of	proliferation	and	os‐
teogenic	differentiation	of	human	dental‐pulp‐derived	stem	cells	by	
distinct surface structures. Acta Biomater.	2014;10(2):641‐650.

	28.	 Lipski	AM,	Pino	CJ,	Haselton	FR,	Chen	IW,	Shastri	VP.	The	effect	
of	 silica	 nanoparticle‐modified	 surfaces	 on	 cell	morphology	 cy‐
toskeletal	 organization	 and	 function.	 Biomaterials.	 2008;29(28): 
3836‐3846.

	29.	 Livak	 KJ,	 Schmittgen	 TD.	 Analysis	 of	 relative	 gene	 expression	
data	using	real‐time	quantitative	PCR	and	the	2(‐Delta	Delta	C(T))	
Method. Methods.	2001;25(4):402‐408.

	30.	 Engler	AJ,	Sen	S,	Sweeney	HL,	Discher	DE.	Matrix	elasticity	directs	
stem cell lineage specification. Cell.	2006;126(4):677‐689.

	31.	 Uttayarat	 P,	 Toworfe	 GK,	 Dietrich	 F,	 Lelkes	 PI,	 Composto	 RJ.	
Topographic guidance of endothelial cells on silicone surfaces with 
micro‐	to	nanogrooves:	orientation	of	actin	filaments	and	focal	ad‐
hesions. J Biomed Mater Res A.	2005;75(3):668‐680.

	32.	 Chang	 CH,	 Lee	 HH,	 Lee	 CH.	 Substrate	 properties	 modulate	
cell membrane roughness by way of actin filaments. Sci Rep. 
2017;7(1):9068.

	33.	 Kraft	DC,	Bindslev	DA,	Melsen	B,	Klein‐Nulend	 J.	Human	dental	
pulp	cells	exhibit	bone	cell‐like	responsiveness	to	fluid	shear	stress.	
Cytotherapy.	2011;13(2):214‐226.

	34.	 Amirikia	M,	Shariatzadeh	S,	Jorsaraei	S,	Soleimani	MM.	Impact	of	
pre‐incubation	 time	 of	 silk	 fibroin	 scaffolds	 in	 culture	medium	
on cell proliferation and attachment. Tissue Cell.	 2017;49(6): 
657‐663.

	35.	 Hasturk	O,	Ermis	M,	Demirci	U,	Hasirci	N,	Hasirci	V.	Square	prism	
micropillars	 on	 poly(methyl	 methacrylate)	 surfaces	 modulate	 the	
morphology and differentiation of human dental pulp mesenchymal 
stem cells. Colloids Surf B Biointerfaces.	2019;178:44‐55.

	36.	 Brady	MA,	Renzing	A,	Douglas	TE,	et	al.	Development	of	composite	
poly(Lactide‐co‐Glycolide)‐	 nanodiamond	 scaffolds	 for	 bone	 cell	
growth. J Nanosci Nanotechnol.	2015;15(2):1060‐1069.

https://orcid.org/0000-0003-3683-6750
https://orcid.org/0000-0003-3683-6750
https://orcid.org/0000-0003-4954-3498
https://orcid.org/0000-0003-4954-3498
https://orcid.org/0000-0001-5367-1308
https://orcid.org/0000-0001-5367-1308


10 of 10  |     DU et al.

	37.	 Yoshimoto	I,	Sasaki	JI,	Tsuboi	R,	Yamaguchi	S,	Kitagawa	H,	Imazato	
S.	Development	of	layered	PLGA	membranes	for	periodontal	tissue	
regeneration. Dent Mater.	2018;34(3):538‐550.

	38.	 Bhuptani	 RS,	 Patravale	 VB.	 Porous	 microscaffolds	 for	 3D	 cul‐
ture of dental pulp mesenchymal stem cells. Int J Pharm. 
2016;515(1–2):555‐564.

	39.	 Sonowal	H,	Kumar	A,	Bhattacharyya	J,	Gogoi	PK,	Jaganathan	BG.	
Inhibition	of	actin	polymerization	decreases	osteogeneic	differen‐
tiation	of	mesenchymal	stem	cells	 through	p38	MAPK	pathway.	J 
Biomed Sci. 2013;20:71.

	40.	 Zouani	OF,	Rami	L,	Lei	Y,	Durrieu	MC.	Insights	into	the	osteoblast	
precursor differentiation towards mature osteoblasts induced by 
continuous	BMP‐2	signaling.	Biol Open.	2013;2(9):872‐881.

	41.	 Hansen	CG,	Moroishi	T,	Guan	KL.	YAP	and	TAZ:	a	nexus	for	Hippo	
signaling and beyond. Trends Cell Biol.	2015;25(9):499‐513.

	42.	 Wang	J,	Martin	JF.	Hippo	pathway:	an	emerging	regulator	of	cranio‐
facial and dental development. J Dent Res.	2017;96(11):1229‐1237.

	43.	 Zhang	B,	Sun	BY,	 Ji	YW,	et	al.	Expression	and	 localization	of	Yap	
and	Taz	during	development	of	the	mandibular	first	molar	 in	rats.	
Biotech Histochem.	2017;92(3):212‐221.

	44.	 Li	L,	Kwon	HJ,	Harada	H,	Ohshima	H,	Cho	SW,	Jung	HS.	Expression	
patterns	 of	 ABCG2,	 Bmi‐1,	 Oct‐3/4,	 and	 Yap	 in	 the	 developing	
mouse incisor. Gene Expr Patterns.	2011;11(3–4):163‐170.

	45.	 Pan	JX,	Xiong	L,	Zhao	K,	et	al.	YAP	promotes	osteogenesis	and	sup‐
presses	 adipogenic	 differentiation	by	 regulating	beta‐catenin	 sig‐
naling. Bone Res.	2018;6:18.

	46.	 Zheng	 L,	 Zhang	 L,	 Chen	 L,	 et	 al.	 Static	 magnetic	 field	 regu‐
lates	 proliferation,	 migration,	 differentiation,	 and	 YAP/TAZ	

activation of human dental pulp stem cells. J Tissue Eng Regen Med. 
2018;12(10):2029‐2040.

	47.	 Driscoll	 TP,	 Cosgrove	 BD,	 Heo	 SJ,	 Shurden	 ZE,	 Mauck	 RL.	
Cytoskeletal	 to	 nuclear	 strain	 transfer	 regulates	 YAP	 signaling	 in	
mesenchymal stem cells. Biophys J.	2015;108(12):2783‐2793.

	48.	 Sen	B,	Xie	Z,	Uzer	G,	et	al.	Intranuclear	actin	regulates	osteogene‐
sis. Stem Cells.	2015;33(10):3065‐3076.

	49.	 Feng	J,	Gou	J,	Jia	J,	Yi	T,	Cui	T,	Li	Z.	Verteporfin,	a	suppressor	of	
YAP‐TEAD	 complex,	 presents	 promising	 antitumor	 properties	 on	
ovarian cancer. Onco Targets Ther.	2016;9:5371‐5381.

	50.	 Wang	C,	Zhu	X,	Feng	W,	et	 al.	Verteporfin	 inhibits	YAP	 function	
through	up‐regulating	14‐3‐3sigma	sequestering	YAP	in	the	cyto‐
plasm. Am J Cancer Res.	2016;6(1):27‐37.

	51.	 Kegelman	 CD,	Mason	 DE,	 Dawahare	 JH,	 et	 al.	 Skeletal	 cell	 YAP	
and	 TAZ	 combinatorially	 promote	 bone	 development.	 Faseb j. 
2018;32(5):2706‐2721.

How to cite this article:	Du	Y,	Montoya	C,	Orrego	S,	et	al.	
Topographic cues of a novel bilayered scaffold modulate 
dental	pulp	stem	cells	differentiation	by	regulating	YAP	
signalling through cytoskeleton adjustments. Cell Prolif. 
2019;52:e12676. https ://doi.org/10.1111/cpr.12676 

https://doi.org/10.1111/cpr.12676

