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Abstract
Objectives: Previously,	our	 investigations	demonstrated	robust	pro-	angiogenic	po-
tentials of extracellular vesicles secreted by periodontitis- compromised dental pulp 
stem	 cells	 (P-	EVs)	when	 compared	 to	 those	 from	healthy	DPSCs	 (H-	EVs),	 but	 the	
underlying mechanism remains unknown.
Materials and methods: Here,	circulating	microRNAs	(miRNAs)	specifically	found	in	
P-	EVs	(compared	with	H-	EVs)	were	identified	by	Agilent	miRNA	microarray	analysis,	
and	the	roles	of	the	candidate	miRNA	in	P-	EV-	enhanced	cell	angiogenesis	were	con-
firmed	by	cell	transfection	and	RNA	interference	methods.	Next,	the	direct	binding	
affinity	between	the	candidate	miRNA	and	 its	 target	gene	was	evaluated	by	 lucif-
erase	reporter	assay.	CCK-	8,	transwell/scratch	wound	healing	and	tube	formation	as-
says	were	established	to	investigate	the	proliferation,	migration,	and	tube	formation	
abilities of endothelial cells (ECs). Western blot was employed to measure the protein 
levels of Hedgehog/Gli1 signalling pathway components and angiogenesis- related 
factors.
Results: The	 angiogenesis-	related	 miRNA	miR-	378a	 was	 found	 to	 be	 enriched	 in	
P-	EVs,	 and	 its	 role	 in	 P-	EV-	enhanced	 cell	 angiogenesis	 was	 confirmed,	 wherein	
Sufu	was	identified	as	a	downstream	target	gene	of	miR-	378a.	Functionally,	silenc-
ing	of	Sufu	stimulated	EC	proliferation,	migration	and	tube	formation	by	activating	
Hedgehog/Gli1	signalling.	Further,	we	found	that	incubation	with	P-	EVs	enabled	the	
transmission	of	P-	EV-	contained	miR-	378a	to	ECs.	Subsequently,	the	expressions	of	
Sufu,	Gli1	and	vascular	endothelial	growth	factor	in	ECs	were	significantly	influenced	
by P- EV- mediated miR- 378a transmission.
Conclusions: These data suggest that P- EVs carrying miR- 378a promote EC angio-
genesis by downregulating Sufu to activate the Hedgehog/Gli1 signalling pathway. 
Our findings reveal a crucial role for EV- derived miR- 378a in cell angiogenesis and 
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1  | INTRODUC TION

Dental pulp stem cells (DPSCs) from periodontitis- compromised 
teeth	(P-	DPSCs),	as	a	more	easily	assessable	cell	population	isolated	
from	 traditionally	 discarded	 tissues,	 exhibited	 (to	 a	 certain	 degree)	
regenerative potential similar to that of DPSCs arising from healthy 
pulp tissues (H- DPSCs) based on our previous study.1	More	 impor-
tantly,	P-	DPSCs	can	be	envisioned	as	a	new	and	attractive	source	of	
mesenchymal	stem	cells	(MSCs)	for	tissue	engineering,	as	millions	of	
teeth	are	extracted	annually	due	to	periodontitis,	and	these	discarded	
teeth may be an inexhaustible cell source for research and therapeu-
tic	purposes,	rather	than	as	mere	medical	and	biological	waste.

Given that extracellular vesicles (EVs) secreted by H- DPSCs (H- 
EVs)	have	been	proven	 to	 facilitate	vascularization	and	vessel	 for-
mation,2 we further explored the pro- angiogenic potential of EVs 
secreted	by	P-	DPSCs	(P-	EVs).	To	this	end,	we	found	that	P-	EVs	pro-
foundly	enhanced	 the	proliferation,	migration	and	angiogenesis	of	
endothelial cells (ECs) in vitro and were able to accelerate cutaneous 
wound	healing	and	promote	vessel	formation	in	vivo.	Importantly,	P-	
EVs demonstrated an enhanced pro- angiogenic capacity compared 
to	H-	EVs	secreted	by	donor-	matched	H-	DPSCs,	but	the	underlying	
mechanism remains unexplored.3

EVs,	 the	 cell-	secreted	nanovesicles,	 are	 lipid	bilayer	 structures	
carrying a spectrum of bioactive molecules including but not lim-
ited	 to	 proteins,	 mRNAs,	 lipids	 and	 microRNAs	 (miRNAs);	 these	
molecules,	which	contribute	to	intercellular	communication,	can	be	
transferred to their co- existing cells or tissues to exert biological 
functions.4,5	Among	them,	miRNAs	have	been	characterized	as	the	
most	vital	cargoes	in	EVs;	miRNAs	are	small	endogenous	non-	coding	
RNAs	 (21-	23	 nucleotides	 in	 length)	 that	 function	 as	 regulators	 of	
mRNA	expression	in	most	cell	types,	and	can	directly	interact	with	
complementary	regions	in	the	3′	untranslated	region	(UTR)	of	target	
mRNAs,	thereby	reducing	the	stability	or	 inhibiting	the	translation	
of	 specific	 mRNAs.6,7 Increasing evidence indicates that specific 
miRNAs	can	be	selectively	packaged	into	EVs	and	then	delivered	to	
proximal or distal cells to modulate a variety of physiological and 
pathological	processes,	including	angiogenesis.	In	this	context,	var-
ious	 miRNAs	 such	 as	 miR-	29a,8 miR- 423- 5p9 and miR- 181b- 5p10 
contained in EVs of various cell types have shown pro- angiogenic 
activity and hence are able to promote angiogenesis.

Therefore,	in	this	study,	we	hypothesized	that	the	pro-	angiogenic	
potential of P- EVs resulted from the specific angiogenesis- related 
miRNAs	they	contained	and	that	those	miRNAs	could	be	transferred	
to	co-	existing	ECs	to	promote	cell	proliferation,	migration	and	angio-
genesis.	To	test	 this	hypothesis,	we	screened	the	differentially	ex-
pressed	miRNAs	between	P-	EVs	and	H-	EVs	and	then	identified	the	
downstream	target	genes	of	the	identified	miRNAs	to	further	inter-
rogate	the	potential	signalling	pathways	underlying	miRNA-	mediated	

EC	angiogenesis.	A	deeper	understanding	of	the	mechanism	behind	
P- EV- enhanced cell angiogenesis offers a new target for modifying 
stem cells and their secreted EVs towards vessel regeneration in tis-
sue engineering and regenerative medicine.

2  | MATERIAL S AND METHODS

2.1 | Isolation and identification of EVs

The isolation of EVs was performed with ultracentrifugation meth-
ods as reported previously.11	Initially,	the	collected	sample	medium	
was centrifuged at 300 ×	g	(10	minutes),	2000	× g (10 minutes) and 
10,000	×	g	(30	minutes)	in	order	to	eliminate	cells	and	debris.	Then,	
the	sample	supernatant	was	centrifuged	at	100,000	×	g	(70	minutes),	
after which the pellets were washed with phosphate- buffered saline 
(PBS;	Corning,	NY,	USA)	 under	 the	 same	 conditions	 (100,000	× g 
for 70 minutes) to obtain pure EVs. To ascertain the EV identifica-
tion,	Western	blot	was	performed	to	detect	EV-	specific	biomarkers	
(see	Section	2.9),	 transmission	electron	microscopy	 (TEM;	Hitachi,	
Tokyo,	Japan)	was	utilized	to	observe	EV	morphology,	and	nanopar-
ticle	 tracking	analysis	 (NTA;	NanoSight	300;	Malvern	 Instruments,	
Malvern,	UK)	was	employed	to	assess	P-	EV	size	and	concentration.

2.2 | Identification of differentially expressed 
miRNAs in P- EVs and H- EVs (bioinformatics analysis)

The	miRNA	molecular	changes	in	P-	EVs	(compared	to	H-	EVs)	were	
identified	 by	 analysis	 of	 an	 Agilent	 miRNA	 microarray.	 Initially,	
TRIzol	Reagent	(Invitrogen)	was	used	to	extract	total	RNA	from	EVs	
(P-	EVs	and	H-	EVs).	Then,	the	RNA	quality	and	quantity	were	meas-
ured	by	a	NanoDrop	ND-	1000,	and	RNA	integrity	was	assessed	by	
standard	denaturing	agarose	gel	electrophoresis.	RNA	labelling	and	
array	hybridization	were	carried	out	according	to	the	Agilent	miRNA	
Microarray	System	with	the	miRNA	Complete	Labeling	and	Hyb	Kit	
protocol	(Agilent	Technology).	Briefly,	total	miRNA	from	P-	EVs	and	
H-	EVs	was	labelled	with	Cy3-	pCp	under	the	action	of	the	T4	RNA	
ligase.	After	that,	the	labelled	cRNA	was	subjected	to	inspissation,	
desiccation,	and	then	dissolved	in	water.	Then,	1	μg of each labelled 
cRNA	was	 fragmented	 by	 adding	 11	 μL	 10	×	 Blocking	 Agent	 and	
2.2 μL	of	25	×	Fragmentation	Buffer,	and	then	heated	for	30	minutes	
at	60°C.	Then,	55	μL	2	×	GE	Hybridization	buffer	was	added	to	dilute	
the	labelled	cRNA,	and	the	hybridization	solution	(100	μL)	was	dis-
pensed	into	the	gasket	slide,	which	was	assembled	within	the	gene	
expression	microarray	slide.	The	slides	were	incubated	in	an	Agilent	
Hybridization	Oven	for	17	hours	at	65°C.	In	the	end,	the	hybridized	
arrays	were	washed,	fixed	and	scanned	using	an	Agilent	Microarray	

hence offer a new target for modifying stem cells and their secreted EVs to enhance 
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Scanner	 (part	 number,	 G2505C).	 Agilent	 Feature	 Extraction	 soft-
ware (version 11.0.1.1) and the GeneSpring GX v12.1 software pack-
age	(Agilent	Technologies)	were	utilized	to	analyse	and	process	the	
data.	Subsequently,	miRNA-	specific	quantitative	real-	time	PCR(qRT-	
PCR) analysis (see Section 2.8) was employed to validate the results 
of	differentially	expressed	miRNAs	in	P-	EVs	and	H-	EVs.

2.3 | The role of miR- 378a in the angiogenesis of 
ECs (cell transfection)

miR- 378a gene transfection was performed to verify whether miR- 
378a	was	 involved	 in	 the	angiogenesis	of	ECs.	Briefly,	human	um-
bilical	 vein	 ECs	 (CRL-	1730;	 American	 Type	 Culture	 Collection,	
Rockefeller) were cultured in 12- well culture plates and transfected 
with	 either	mimic-	negative	 control	 (mimic-	NC)	 or	miR-	378a	mimic	
(100 μM,	 GenePharma)	 using	 Lipofectamine	 3000	 Transfection	
Reagent (Thermo Fisher Scientific) in strict accordance with the 
manufacturer's specifications; ECs without transfection were used 
as	the	blank	control	(Control	group).	Cell	proliferation,	migration	and	
tube	formation	on	Matrigel	assays	were	performed	at	48	hours	after	
cell transfection (see Section 2.7).

2.4 | Identification of the target gene of miR- 378a

The potential genes (as well as the binding sites) targeted by miR- 378a 
were predicted with the biological prediction website TargetScan. 
Among	the	predicted	candidates,	suppressor	of	fused	(Sufu),	which	
has	been	proven	to	be	closely	related	to	angiogenesis,9 was chosen 
as the potential target gene of miR- 378a for further study. To further 
test	and	verify	the	relationship	between	Sufu	and	miR-	378a,	a	series	
of	assays	in	terms	of	luciferase	reporter,	qRT-	PCR	and	Western	blot	
were performed.

Initially,	a	luciferase	reporter	assay	was	conducted	to	verify	the	
direct	 binding	 affinity	 between	 miR-	378a	 and	 Sufu.	 Briefly,	 lucif-
erase	 reporter	plasmids	 (pGL3	vector;	GenePharma)	with	Sufu	3′-	
UTRs containing mutant or putative binding sites of miR- 378a were 
constructed.	ECs	were	then	transfected	with	the	Sufu	3′-	UTR	wild-	
type	 (WT)	or	mutant	 (MUT)	plasmids	 in	the	presence	of	miR-	378a	
mimic	 or	 mimic-	NC	 in	 strict	 accordance	 with	 the	 manufacturer's	
specifications.	 After	 48	 hours,	 ECs	were	 lysed,	 and	 the	 luciferase	
activities were detected with a dual- luciferase reporter assay kit 
(Yeasen,	Shanghai,	China)	according	to	the	protocols.

Meanwhile,	qRT-	PCR	and	Western	blot	were	performed	to	val-
idate	the	relationship	between	Sufu	and	miR-	378a.	In	brief,	after	
reaching	80%	confluence,	 ECs	were	 transfected	with	mimic-	NC,	
miR- 378a mimic (100 μM),	 inhibitor-	NC	 and	 miR-	378a	 inhibitor	
(200 μM)	using	Lipofectamine	3000	in	strict	accordance	with	the	
manufacturer's	 specifications,	 and	 then,	 the	 expression	 of	 Sufu	
was	 measured	 by	 qRT-	PCR	 and	Western	 blot	 (see	 Sections	 2.8	
&	 2.9).	 Oligonucleotide	 sequences	 for	 miR-	378a	 are	 shown	 in	
Table S2.

2.5 | Elucidation of the role of Sufu in the 
angiogenesis of ECs

To	verify	the	function	of	Sufu	in	inhibiting	EC	angiogenesis,	we	as-
sessed whether silencing of Sufu could enhance the angiogenesis 
of	ECs.	For	this	purpose,	three	small	interfering	RNAs	(siRNAs)	tar-
geting	Sufu	(si-	Sufu	#1,	2	and	3;	100	μM;	GenePharma)	were	used	
to knockdown the expression of Sufu in ECs (oligonucleotide se-
quences	for	si-	Sufu	are	shown	in	Table	S2.).	ECs	were	transfected	
with	si-	Sufu	#1,	2	or	3	according	to	the	instructions	of	the	manufac-
turers,	and	the	silencing	efficiencies	(after	48	hours	of	transfection)	
were	 verified	 by	 qRT-	PCR;	 the	 siRNA	 that	 resulted	 in	 the	 lowest	
Sufu expression level in ECs was selected to investigate the effects 
of	Sufu	silencing	on	EC	angiogenesis	via	cell	proliferation,	migration	
and	 tube	 formation	on	Matrigel	 assays	 (see	 Section	2.7),	wherein	
ECs	transfected	with	siRNA	negative	control	(si-	NC)	and	ECs	with-
out	 transfection	were	 used	 as	 the	 negative	 control	 (si-	NC	 group)	
and	blank	control	 (Control	group),	 respectively.	Given	 that	Sufu	 is	
a negative regulator of the Hedgehog/Glioma- associated oncogene 
homologue	1(Gli1)	signalling	pathway,	we	further	detected	whether	
silencing Sufu could increase Gli1 expression level in ECs (Western 
blot	assay,	see	Section	2.9).

2.6 | The role of Hedgehog/Gli1 signalling 
in EC angiogenesis induced by P- EV- mediated 
transmission of miR- 378a

2.6.1 | Confirmation	of	P-	EV-	mediated	
transmission of miR- 378a to ECs

To	verify	whether	P-	EVs	can	deliver	miR-	378a	 to	ECs,	we	used	a	
Cy3- labelled miR- 378a mimic (GenePharma) to modify P- EVs ac-
cording to the previously reported methods12,13 and then inves-
tigated how miR- 378a mimic- modified P- EVs can be taken up by 
co-	cultured	ECs.	In	brief,	the	obtained	EV	pellet	was	re-	suspended	
in	 sterile	 PBS,	 and	 then	 mixed	 with	 Exo-	Fect	 solution	 (Exo-	Fect	
Kit,	 EXFT20A-	1;	 System	 Biosciences)	 and	 Cy3-	labelled	 miR-	378a	
mimic (Cy3 dye alone without conjugation to miR- 378a mimic was 
used	 as	 the	 control)	 in	 a	 tube.	 Next,	 the	 tube	 was	 incubated	 at	
37°C for 10 minutes in a shaker and then immediately placed on 
ice; the adding of ExoQuick- TC reagent was used to stop the re-
action.	Following	centrifugation	at	14	000	rpm	for	3	minutes,	the	
EV pellet modified by miR- 378a mimic (or the Cy3 dye control) was 
then	 re-	suspended	 in	PBS	 and	diluent	C.	 Subsequently,	 the	 solu-
tion	was	mixed	with	PKH67	reagent	(PKH67	kit;	Sigma-	Aldrich)	and	
incubated	at	room	temperature	for	4	minutes.	Finally,	the	PKH67-	
labelled	P-	EVs	were	washed	with	PBS	at	100,000	× g (70 minutes) 
before being added to EC cultures. Following incubation for 6 hours 
at	37°C,	4',6-	diamidino-	2-	phenylindole	 (DAPI;	Heart)	was	used	 to	
label	EC	nuclei,	and	the	cellular	uptake	of	miR-	378a	mimic-	modified	
P- EVs by ECs was observed with a confocal imaging system (Carl 
Zeiss).
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2.6.2 | Effects	of	P-	EV-	mediated	miR-	378a	
transmission on EC angiogenesis

ECs were respectively treated with 100 μg/mL	P-	EVs	(without	modi-
fication) or 100 μg/mL	 P-	EVs	 that	were	 separately	modified	with	
mimic-	NC,	 miR-	378a	 mimic,	 inhibitor-	NC	 and	 miR-	378a	 inhibitor	
using	the	Exo-	Fect	Kit,	and	then	divided	into	the	following	groups:	P-	
EVs (Control group); P- EVsmimic-	NC; P- EVsmiR- 378a mimic; P- EVsinhibitor-	NC 
and P- EVsmiR- 378a inhibitor.	After	the	treatment,	cell	proliferation,	mi-
gration	and	tube	formation	on	Matrigel	assays	(See	Section	2.7)	were	
carried	out	to	interrogate	the	EC	angiogenesis	abilities.	In	addition,	
Western blot (See Section 2.9) was conducted to detect the protein 
expression	of	Hedgehog/Gli1	signalling	components	(Sufu,	Gli1)	and	
vascular endothelial growth factor (VEGF) in ECs.

2.6.3 | Effect	of	Hedgehog/Gli1	signalling	inhibition	
on EC angiogenesis induced by P- EV- mediated 
transmission of miR- 378a

To identify whether the Hedgehog/Gli1 signalling pathway is in-
volved in EC angiogenesis arising from P- EV- mediated miR- 378a 
transmission,	 we	 further	 investigated	 how	 Hedgehog/Gli1	 signal-
ling inhibition can affect the angiogenesis abilities of P- EVsmiR- 378a 

mimic-	treated	ECs.	Here,	the	specific	Hedgehog/Gli1	signalling	inhibi-
tor	 GANT61	 (20	 μM;	 #HY-	13901;	MedChemExpress,	 New	 Jersey,	
USA)	was	used,	and	the	cellular	responses	(proliferation,	migration	
and tube formation; See Section 2.7) along with changes in VEGF 
expression (See Section 2.9) were recorded.

2.7 | Cell angiogenesis assays

2.7.1 | Cell	proliferation	assay

The	Cell	Counting	Kit-	8	(CCK-	8)	assay	was	employed	to	determine	
the EC viability changes in response to various treatments.14	Briefly,	
ECs were inoculated into 96- well plates at a concentration of 5 × 103 
cells	 per	well.	 After	 incubation	 for	 24,	 48,	 72,	 96	 and	 120	 hours,	
CCK-	8	 reagent	 (10	μL;	Dojindo)	was	 added	 to	 each	well,	 and	 ECs	
were	incubated	for	another	3	hours.	Then,	the	optical	density	(OD)	
value	at	450	nm	was	recorded	with	an	Infinite	M200	PRO	microplate	
reader	(TECAN,	Männedorf,	Switzerland).

2.7.2 | Cell	migration	assay

A	transwell	migration	assay	was	employed	to	investigate	changes	in	
the EC migration ability in response to various treatments as previ-
ously reported.15	In	brief,	2	× 104 (cells/well) ECs were plated into the 
apical chambers of transwell culture plates (24- well; 8 μm	pore-	sized	
filters; Corning) in 200 μL	 serum-	free	 medium,	 while	 the	 basolat-
eral chamber was filled with 600 μL	culture	medium	containing	20%	

FBS.	Following	an	8-	h	incubation,	the	non-	migrated	ECs	were	wiped	
off	gently	with	a	cotton	swab,	while	 the	migrated	cells	on	the	bot-
tom membrane surface were fixed with paraformaldehyde (4%) and 
stained with crystal violet solution (Heart) at room temperature for 
30	minutes.	Subsequently,	the	number	of	migrating	cells	was	counted	
in	five	randomly	selected	microscopic	fields.	A	scratch	wound	heal-
ing assay was also carried out to measure the EC migration ability as 
previously reported.16	More	specifically,	pre-	treated	ECs	were	plated	
into 12- well plates at a concentration of 2 × 105 cells/well (Corning) 
and	allowed	 to	adhere	overnight;	 then,	a	 sterile	200	μL	pipette	 tip	
was	utilized	to	make	a	vertical	scratch.	To	remove	the	dislodged	cells,	
the	wells	were	gently	washed	twice	with	PBS.	Subsequently,	the	im-
ages	of	migrated	cells	were	captured	under	a	microscope	at	0,	6	and	
12	hours.	ImageJ	software	was	used	to	quantify	the	outcomes.

2.7.3 | Tube	formation	assay	on	Matrigel

For	 the	 tube	 formation	 assay,	 cold	Matrigel	 (50	 μL/well;	 Corning,	
#356234) was inoculated into the 96- well plates (Corning) and in-
cubated for 30 minutes at 37°C17;	then,	2	× 104 ECs were plated on 
the	Matrigel	pre-	coated	well.	After	6	hour	of	incubation,	the	images	
of	tube-	like	structures	were	photographed,	and	tube	formation	po-
tential in terms of total branching points and total tube length was 
quantified	with	ImageJ	software	in	five	randomly	selected	fields.

2.8 | qRT- PCR analysis

For	the	gene	expression	analysis,	 total	RNA	was	extracted	with	the	
MiniBEST	Universal	RNA	Extraction	Kit	(TaKaRa,	Tokyo,	Japan)	or	the	
miRNA	Mini	Kit	(QIAGEN,	Dusseldorf,	Germany)	in	strict	accordance	
with the instructions of the manufacturers. PrimeScript™ RT reagent 
(TaKaRa)	 was	 used	 for	 mRNA	 reverse	 transcription,	 and	 a	 miRNA	
First	Strand	cDNA	Synthesis	Tailing	Reaction	Kit	 (B532451,	Sangon	
Biotech,	Shanghai,	China)	was	utilized	 for	miRNA	 reverse	 transcrip-
tion.	After	 that,	 the	TB	Green™	Premix	Ex	Taq™	 II	kit	 (TaKaRa)	was	
utilized	 to	perform	qRT-	PCR	on	a	Real-	Time	PCR	Detection	System	
(Bio-	Rad).	U6	was	utilized	to	normalize	the	miRNA	expression	levels.	
For	the	analysis	of	miRNA	expression	in	EVs,	samples	were	spiked	with	
cel-	miR-	39	(miRB0000010-	3-	1,	RIOBO)	to	control	inter-	sample	vari-
ability as described in previous studies.18	For	mRNA	analysis,	β- actin 
was	employed	 to	normalize	 the	 levels	 of	 genes	of	 interest.	 The	 se-
quences	of	all	primers	used	in	the	present	study	are	shown	in	Table	S1.

2.9 | Western blot analysis

Equal	 amounts	 of	 protein	 from	 cells	 (or	 EVs)	 were	 separated	 via	
sodium dodecyl sulphate- polyacrylamide gel electrophoresis (SDS- 
PAGE)	and	then	transferred	to	PVDF	membranes	(Millipore).	After	
blocking in 5% non- fat milk with Tris- buffered saline Tween- 20 
(TBST,	 Heart),	 the	membrane	 strips	 were	 incubated	 with	 primary	
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antibodies in terms of anti- β-	actin	(1:1000;	Proteintech,	Rosemont,	
USA;	 #60008-	1-	lg),	 anti-	ALIX	 (1:1000;	 Cell	 Signaling	 Technology,	
Danvers,	 MA,	 USA;	 #2171),	 anti-	CD9	 (1:1000;	 Cell	 Signaling	
Technology;	 #13174),	 anti-	CD81	 (1:1000;	 Abcam,	 Cambridge,	
Britain;	ab109201),	anti-	VEGF	(1:1000;	Abcam;	ab46154),	anti-	Sufu	
(1:1000; Cell Signaling Technology; #2520) and anti- Gli1 (1:1000; 
Cell	Signaling	Technology;	#3538)	overnight	at	4°C.	Then,	the	mem-
branes were washed using TBST three times and incubated with HRP- 
conjugated	secondary	antibodies	(1:5000,	Proteintech;	SA00001-	1	
or	SA00001-	2)	for	2	h	at	room	temperature.	Subsequently,	the	pro-
tein bands were detected with the chemiluminescent detection rea-
gent	(Zeta	Life)	and	analysed	with	ImageJ	software.	The	expression	
levels	of	proteins	were	quantified	based	on	the	β- actin level.

2.10 | Statistical analysis

All	 the	 experiments	were	performed	 at	 least	 in	 triplicate,	 and	 the	
data are presented as the mean ± standard deviation (SD). Paired 

t test analysis was employed for two- group comparisons; one- way 
analysis	of	variance	(ANOVA)	and	Tukey's	post-	test	were	utilized	for	
multiple- group comparisons. P <.05 was judged to be indicative of 
statistical significance.

3  | RESULTS

3.1 | miR- 378a differentially expressed in P- EVs and 
H- EVs

P- EVs were isolated from P- DPSCs (for the isolation and identifica-
tion	of	P-	DPSCs,	see	Figure	S1	and	Figure	S2)	by	ultracentrifugation	
methods,	 and	 then,	 their	 identification	was	confirmed	by	electron	
microscopy,	Western	blot	and	NTA.	As	shown	in	Figure	1A,	the	ob-
tained	 particles	 were	 bilayer	 membrane	 vesicles,	 coinciding	 with	
the	general	characteristics	of	EVs.	Additionally,	the	diameters	of	P-	
EVs	mostly	 ranged	 from	50	 to	 200	 nm	based	 on	 the	NTA	 results	
(Figure	1B).	Furthermore,	as	expected,	P-	EVs	expressed	the	specific	

F I G U R E  1   Identification	of	an	angiogenesis-	related	miRNA	(miR-	378a)	differentially	expressed	in	P-	EVs	and	H-	EVs.	(A)	Morphology	of	P-	
EVs	under	transmission	electron	microscopy.	(B)	The	size	and	concentration	of	P-	EVs	were	identified	by	nanoparticle	analysis.	(C)	EV	surface	
markers	of	ALIX,	CD9	and	CD81	detected	by	Western	blot.	(D)	Heat	map	of	differentially	expressed	miRNAs	in	P-	EVs	and	H-	EVs	(fold	
change >	1.2,	P <.05),	wherein	red	colour	represents	a	relative	high	expression	level	of	the	related	miRNAs	while	green	colour	represents	
a	relative	low	expression	level	of	the	related	miRNAs.	(E)	Validation	of	the	differentially	expressed	miRNAs	screened	from	the	Heat	map	in	
P-	EVs	and	H-	EVs	by	qRT-	PCR	(n	= 3); *P <.05 and **P <.01 vs. H- EVs
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markers	in	terms	of	ALIX,	CD9	and	CD81,	as	evidenced	by	Western	
blot	(Figure	1C),	further	confirming	their	EV	identity.

miRNAs	 are	 small	 non-	coding	 RNAs	 that	 act	 as	 post-	
transcriptional	regulators	by	inhibiting	the	protein	translation.	More	
importantly,	miRNAs	can	be	selectively	packed	into	EVs,	and	when	
EVs	are	ingested	by	target	cells,	their	contained	miRNAs	may	induce	
transcriptomic	 changes,	 further	 modulating	 various	 physiological	
and	pathological	processes,	including	angiogenesis.19	In	this	context,	
we	 hypothesized	 that	 P-	EVs	 exert	 their	 pro-	angiogenic	 functions	
by	 transferring	 specific	miRNAs;	 thus,	we	 analysed	 the	 global	 ex-
pression	 of	miRNAs	 in	 P-	EVs	 and	 further	 compared	 and	 explored	
the	differentially	expressed	miRNAs	in	P-	EVs	compared	with	H-	EVs	
through	Agilent	miRNA	microarray	analysis.	According	to	the	data,	
P-	EVs	had	a	specific	miRNA	signature	that	was	quite	different	from	
that	of	H-	EVs	(Figure	1D).	Among	the	uncovered	abundant	miRNAs,	
miR-	378a,	which	was	highly	expressed	and	more	enriched	in	P-	EVs	
than	 in	H-	EVs,	 emerged	 as	 a	 candidate	 of	 interest	 because	 it	 has	
been reported to be involved in angiogenesis.20	In	addition,	we	val-
idated	 this	 result	by	miRNA-	specific	qRT-	PCR	analysis	 (Figure	1E).	
According	to	these	findings,	we	speculated	that	miR-	378a	may	play	a	
crucial	role	in	the	pro-	angiogenic	effect	of	P-	EVs,	and	subsequently	
focused on miR- 378a in further studies.

3.2 | Overexpression of miR- 378a in ECs promotes 
cell angiogenesis

The	 synthesized	 miR-	378a	 mimic	 was	 transfected	 directly	 into	
ECs to determine whether miR- 378a could indeed promote EC an-
giogenesis.	 After	 overexpression	 of	 miR-	378a	 in	 ECs,	 a	 series	 of	
angiogenesis-	related	 assays,	 including	 cell	 proliferation,	 migration	
and	tube	 formation	assays,	were	performed.	 In	 terms	of	prolifera-
tion	assay,	 the	CCK-	8	assay	 showed	 that	 the	EC	proliferation	 rate	
in the miR- 378a mimic group was significantly higher in relative to 
that	of	the	Control	and	mimic-	NC	groups	(Figure	2A).	Additionally,	
compared	with	the	Control	and	mimic-	NC	groups,	ECs	 in	the	miR-	
378a	mimic	group	exhibited	a	stronger	migration	ability,	as	demon-
strated by the transwell and scratch wound healing assay results 
(Figure	2B-	E).	More	 importantly,	 tube	formation	on	Matrigel	assay	
showed that the total tube length and number of branches in ECs 
transfected with miR- 378a mimic were significantly increased than 
those	in	the	other	two	groups	(Figure	2F-	G).	In	addition,	the	protein	
expression level of VEGF was substantially upregulated in the miR- 
378a	mimic	group	compared	with	the	Control	and	mimic-	NC	groups	
(Figure 2H- I).

3.3 | Validation of Sufu as a downstream target 
gene of miR- 378a

The potential downstream target genes of miR- 378a were initially 
predicted	using	an	online	prediction	website,	with	the	aim	of	reveal-
ing the molecular mechanism underlying the pro- angiogenic activity 

of	 miR-	378a.	 Among	 the	 predicted	 candidates,	 Sufu	 emerged	 as	 a	
potential	target	gene	(of	miR-	378a)	of	interest,	as	it	has	been	proven	
to suppress angiogenesis.9	More	importantly,	according	to	the	com-
putational	analysis,	the	miR-	378a-	targeted	site	in	the	3′-	UTR	of	Sufu	
is highly conserved among vertebrates and is partially complemen-
tary	 to	miR-	378a.	 To	 further	 verify	 the	 accuracy	 of	 the	 prediction,	
a dual- luciferase assay was established. ECs were co- transfected 
with	 mimic-	NC	 and	 Sufu-	MUT,	 mimic-	NC	 and	 Sufu-	WT,	 miR-	378a	
mimic	and	Sufu-	MUT,	or	miR-	378a	mimic	and	Sufu-	WT.	As	shown	in	
Figure	3A,	compared	with	the	mimic-	NC	group,	the	Sufu-	WT	group	
exhibited a significant decrease in luciferase activity with miR- 378a 
mimic	treatment,	but	this	treatment	had	no	significant	effect	on	the	
luciferase	activity	of	the	Sufu-	MUT	group.	In	addition,	as	presented	
in	 Figure	 3B-	D,	 both	 qRT-	PCR	 and	Western	 blot	 revealed	 that	 the	
expression	 (mRNA	and	protein)	of	Sufu	were	downregulated	 in	ECs	
treated	with	miR-	378a	mimic,	whereas	Sufu	mRNA	and	protein	ex-
pression were upregulated in ECs treated with the miR- 378a inhibitor.

3.4 | Silencing of Sufu promotes angiogenesis and 
increases Gli1 expression level in ECs

We next asked whether silencing of Sufu could enhance the angio-
genesis	of	ECs.	Three	siRNAs	(si-	Sufu	#1,	2	and	3)	were	utilized	to	
downregulate	 the	 Sufu	 expression	 in	 ECs,	 respectively.	 Then,	 the	
silencing	efficiency	of	 these	siRNAs	was	verified	by	qRT-	PCR;	 the	
most	effective	siRNA	in	terms	of	si-	Sufu	#1	was	chosen	for	the	fur-
ther	functional	studies	(Figure	4A).	The	results	of	CCK-	8	(Figure	4B),	
transwell	(Figure	4C,	D),	scratch	wound	assay	(Figure	4E,	F)	and	tube	
formation	on	Matrigel	assays	(Figure	4G,	H)	collectively	revealed	that	
Sufu	silencing	can	significantly	enhance	the	proliferation,	migration	
and	angiogenesis	potential	of	ECs.	In	addition,	si-	Sufu	#1	treatment	
significantly upregulated VEGF protein expression level based on the 
Western	blot	results	(Figure	4I,	J).	To	detect	whether	Hedgehog/Gli1	
signalling	was	 involved	in	the	EC	angiogenesis,	Western	blot	assay	
was	established,	and	the	results	showed	an	increase	in	the	Gli1	pro-
tein expression level in ECs after si- Sufu #1 treatment. Quantitative 
analysis revealed that Sufu silencing significantly upregulated the 
Gli1	protein	expression	level	(Figure	4I,	J).

3.5 | Incubation with P- EVs enables miR- 378a 
transmission to ECs

Subsequently,	 immunofluorescence	 assays	 were	 established	 to	 ob-
serve whether P- EVs can transport miR- 378a to ECs. We transfected 
P- EVs with Cy3- labelled miR- 378a mimic (red) using the commer-
cially	available	Exo-	Fect	Kit	and	then	labelled	the	P-	EVs	with	PKH67	
(green).	As	expected,	after	incubation	for	6	hours,	both	red	(staining	
for the miR- 378a mimic) and green signals (staining for P- EVs) were 
observed in the cytoplasm of ECs treated with P- EVs that modi-
fied	with	Cy3-	labelled	miR-	378a	mimic	 (Figure	 5A,	 bottom	panels);	
in	 control	 experiments,	negligible	 red	 signals	were	observed	 in	ECs	
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F I G U R E  2  Overexpression	of	miR-	378a	in	ECs	promotes	cell	proliferation,	migration	and	angiogenesis.	(A)	The	proliferation	of	ECs	
treated	with	PBS,	mimic-	NC	and	miR-	378a	mimic	was	tested	by	CCK-	8	assay	(n	=	3).	(B)	The	migration	of	ECs	treated	with	PBS,	mimic-	
NC	and	miR-	378a	mimic	was	detected	by	transwell	assay	(scale	bar,	100	μm). (C) Quantitative analysis of the migrated cells in B (n = 5). 
(D)	The	migration	of	ECs	treated	with	PBS,	mimic-	NC	and	miR-	378a	mimic	was	measured	by	scratch	wound	assay	(scale	bar,	200	μm). (E) 
Quantitative analysis of the migration rates in D (n =	5).	(F)	Representative	images	of	the	tube	formation	assay	in	ECs	treated	with	PBS,	
mimic-	NC	and	miR-	378a	mimic	(scale	bar,	200	μm). (G) Quantitative analyses of the total branching points and total tube length in F (n = 3). 
(H) Detection of the protein level of VEGF in ECs by Western blot. (I) Quantitative analysis of the relative protein expression in H (n = 3). 
*P <.05,	**P <.01 vs. the Control group; #P <.05,	##P <.01	vs.	the	mimic-	NC	group
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(Figure	5A,	top	panels),	and	the	quantitative	results	confirmed	that	the	
miR- 378a mimic was effectively delivered to ECs by P- EVs (Figure 5B).

3.6 | P- EV- mediated transmission of miR- 378a 
promotes EC angiogenesis by activating Hedgehog/
Gli1 signalling

A	train	of	assays	 in	 terms	of	proliferation,	migration	and	 tube	 for-
mation were carried out after confirming that P- EVs can efficiently 
deliver miR- 378a mimic/inhibitor into ECs (Figure S3). The prolifera-
tion	ability	of	ECs	was	quantified	by	CCK-	8	assay,	which	 revealed	
that P- EVsmiR- 378a mimic stimulation resulted in a significant increase 
in	EC	proliferation,	while	 the	effect	was	 inhibited	by	P-	EVsmiR- 378a 

inhibitor	treatment	(Figure	5C).	Meanwhile,	the	results	obtained	from	
the wound healing and transwell assay demonstrated that P- EVsmiR- 

378a mimic	treatment	remarkably	upregulated	the	motility	of	ECs,	while	
the P- EVsmiR- 378a inhibitor exerted the opposite effect (Figure 5D- G). 
Moreover,	after	the	P-	EVsmiR- 378a mimic	treatment,	ECs	demonstrated	
a stronger tube formation ability than that in the P- EVsmimic-	NC 
group	(Figure	5H,	I),	as	shown	by	quantitative	analyses	of	the	total	
branching	points	 and	 total	 tube	 length.	Notably,	 P-	EVsmiR- 378 inhibi-

tor treatment partially reversed the enhanced tube formation trend 
induced	by	P-	EV	stimulation,	 as	 indicated	by	 the	quantification	of	
capillary	 structure	 formation	 of	 ECs	 (Figure	 5H,	 I).	 Subsequently,	
the	Hedgehog/Gli1	signalling	pathway	was	evaluated.	According	to	
Western	 blot	 analysis,	 P-	EVsmiR- 378a mimic induced increases in the 
protein levels of Gli1 and VEGF and a decrease in the protein level of 
Sufu,	and	these	effects	were	opposite	to	those	induced	by	P-	EVsmiR- 

378a inhibitor	(Figure	5J,	K).

Furthermore,	 we	 used	 the	 Hedgehog/Gli1	 signalling	 inhibitor	
GANT61	(an	 inhibitor	of	Gli1)	 to	specifically	 inhibit	 the	Hedgehog	
signalling pathway in ECs treated with the P- EVsmiR- 378a mimic.	After	
treatment	with	GANT61,	the	proliferation	and	migration	abilities	of	
ECs	were	decreased,	as	determined	by	CCK-	8	(Figure	6A),	Transwell	
(Figure	6B,	C)	and	wound	healing	assays	(Figure	6D,	E).	In	addition,	
GANT61	was	demonstrated	to	impair	the	pro-	angiogenic	effect	of	
the P- EVsmiR- 378a mimic	 in	ECs,	as	represented	by	decreases	 in	tube	
length	and	the	number	of	branch	points	(Figure	6F,	G).	Furthermore,	
the VEGF protein expression level in ECs was downregulated 
in	 the	 GANT61	 group	 compared	 to	 the	 P-	EVsmiR- 378a mimic group 
(Figure	6H,	I).

4  | DISCUSSION

The successful establishment of a highly orchestrated vascular 
network	 is	 essential	 to	 tissue	 engineering,	 which	 provides	 suffi-
cient	oxygen	and	cellular	nutrients	to	sustain	adequate	growth	and	
regeneration	 of	 tissue,	 especially	 in	 injured	 tissues	 and	 organs.21 
Angiogenesis,	defined	as	the	sprouting	of	new	capillaries	from	pre-	
existing	blood	vessels,	is	a	complex	dynamic	process	regulated	by	a	
sequence	of	molecular	 and	 cellular	 interactions	 involving	 cell	 pro-
liferation,	migration,	tube	formation	and	maturation	into	functional	
blood vessels.22	 Currently,	 novel	 EV-	based	 therapies	 have	 been	
demonstrated to be very promising strategies for generating func-
tional and successful blood vessels.14

Based	on	the	current	understanding,	stem	cells	can	be	recruited	
to	injured	or	inflamed	sites,	and	their	therapeutic	effects	are	mainly	
mediated	by	EVs,	which	are	principal	paracrine	mediators	between	

F I G U R E  3   Identification of Sufu as 
a downstream target gene of miR- 378a. 
(A)	The	relative	luciferase	activity	of	
luciferase reports with wild- type or 
mutant	Sufu	was	determined	in	ECs,	
which were transfected with mimic- 
NC	or	miR-	378a	mimic	(n	= 3). (B) The 
mRNA	expression	of	Sufu in ECs after 
transfection	with	mimic-	NC,	miR-	378a	
mimic,	inhibitor-	NC	and	miR-	378a	
inhibitor	was	determined	by	qRT-	PCR	
(n = 3). (C) The protein expression of 
Sufu in ECs detected using Western blot. 
(D) Quantitative analysis of the relative 
protein expression in C (n = 3). *P <.05,	
**P <.01	vs.	the	mimic-	NC	group;	#P <.05,	
##P <.01	vs.	the	inhibitor-	NC	group
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stem cells and target cells that have attracted extensive attention 
and investigation.23,24	 Additionally,	 emerging	 knowledge	 supports	
the	idea	that	MSC-	released	EVs	are	as	effective	as	their	parent	stem	

cells in several tissue regeneration and repair scenarios.25,26 In view 
of	this,	we	isolated	P-	EVs	and	explored	their	pro-	angiogenic	poten-
tial	and	found	that	P-	EVs	can	significantly	promote	EC	proliferation,	

F I G U R E  4  Silencing	of	Sufu	promotes	EC	proliferation,	migration	and	angiogenesis	via	Hedgehog/Gli1	signalling	activation.	(A)	The	
inhibitory	efficiency	of	the	siRNAs	targeting	Sufu	was	verified	by	qRT-	PCR.	(B)	The	proliferation	of	ECs	treated	with	PBS,	si-	NC	and	si-	Sufu	
#1	was	detected	by	CCK-	8	assay	(n	=	3).	(C)	The	migration	of	ECs	treated	with	PBS,	si-	NC	and	si-	Sufu	#1	was	determined	by	transwell	assay	
(scale	bar,	100	μm). (D) Quantitative analysis of the migrated cells in C (n =	5).	(E)	The	migration	of	ECs	treated	with	PBS,	si-	NC	and	si-	Sufu	
#1	was	detected	by	scratch	wound	assay	(scale	bar,	200	μm). (F) Quantitative analysis of the migration rates in E (n = 5). (G) Representative 
images	of	the	tube	formation	assay	in	ECs	treated	with	PBS,	si-	NC	and	si-	Sufu	#1	(scale	bar,	200	μm). (H) Quantitative analyses of the total 
branching points and total tube length in G (n = 3). (I) Detection of the protein level of VEGF in ECs by Western blot. (J) Quantitative analysis 
of the relative protein expression in I (n = 3). *P <.05,	**P <.01 vs. the Control group; #P <.05,	##P <.01	vs.	the	si-	NC	group
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migration and angiogenesis.3	However,	 the	exact	molecular	mech-
anism remains unknown and needs to be further investigated. In 
the	current	study,	we	determined	that	miR-	378a	is	largely	responsi-
ble for the pro- angiogenic potential of P- EVs and can be transferred 
to	ECs,	thereby	promoting	angiogenesis	by	targeting	Sufu	to	activate	
Hedgehog/Gli1 signalling.

EV- based cell- free therapy offers several advantages that might 
overcome the obstacles and risks associated with stem cell trans-
plantation approaches.27,28 EVs are natural membrane structures 
containing	proteins,	lipids,	mRNAs	and	miRNAs	and	act	as	messen-
gers by transferring these specific molecules to target cells to con-
tribute to intercellular communication.29	 Among	 these	 molecule	
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types,	miRNAs	have	been	studied	widely.	miRNAs	are	small	non-	
coding	RNAs	that	bind	to	specific	mRNAs,	thereby	inhibiting	their	
translation	or	reducing	their	stability.	Mounting	evidence	indicates	
that	a	specific	class	of	functional	miRNAs	can	be	selectively	pack-
aged into EVs and then delivered into target cells to further modu-
late their activities.30,31	In	view	of	this,	we	hypothesized	that	P-	EVs	
might	 enhance	 EC	 angiogenesis	 by	 transferring	 specific	miRNAs.	
To	identify	the	specific	miRNAs	responsible	for	the	P-	EV-	mediated	
pro-	angiogenic	 potential,	 miRNA	 profile	 expression	 analysis	 was	
performed	 in	 P-	EVs,	 and	we	 found	 that	miR-	378a	was	more	 en-
riched in P- EVs (compared with H- EVs). Several other studies have 
demonstrated that miR- 378a has a pro- angiogenesis effect.32- 34 
However,	 the	 function	 of	 miR-	378a	 contained	 in	 P-	EVs	 remains	
largely unknown. Our present study demonstrated that miR- 
378a plays a major role in the pro- angiogenic potential of P- EVs 
and that miR- 378a overexpression in ECs leads to increased an-
giogenesis	potential.	Previously,	Lee	et	al	found	that	miRNA-	378a	
can	promote	cell	survival,	growth	and	angiogenesis.20	In	addition,	
miR- 378a was reported to be involved in the regulation of VEGF 
expression.35,36	 However,	 the	 underlying	 molecular	 mechanism	
of miR- 378a- mediated angiogenesis is poorly understood and de-
serves more investigation.

To	 further	 reveal	 the	 underlying	 mechanism,	 we	 performed	
bioinformatics	analysis	and	 identified	Sufu,	a	well-	known	negative	
regulator	of	the	Hedgehog/Gli1	signalling	pathway,37 as a potential 
target of miR- 378a. Sufu plays pivotal roles in multiple biological 
processes,	 and	 it	 has	 been	 well	 documented	 in	 various	 cells	 that	
downregulation of Sufu can promote cell proliferation and migra-
tion.38,39	More	importantly,	it	has	been	demonstrated	that	Sufu	can	
suppress angiogenesis.9	Additionally,	a	previous	study	reported	that	
miR- 378a promotes angiogenesis by targeting Sufu.20 In the cur-
rent	 study,	 after	 confirming	 that	Sufu	was	 the	downstream	 target	
of	miR-	378a,	we	knocked	down	Sufu	expression	in	ECs	with	siRNA	
and	found	that	the	proliferation,	migration	and	angiogenic	potential	
of	ECs	were	markedly	augmented.	All	these	effects	on	ECs	induced	
by si- Sufu were similar to those observed following exposure to 
the	miR-	378a	mimic,	which	 further	 indicated	 that	 the	 positive	 ef-
fects of P- EVs on EC function are mediated by miR- 378a- induced 
inhibition	of	Sufu.	More	 importantly,	 as	we	expected,	ECs	 treated	
with P- EVsmiR- 378a mimic (P- EVs modified with the miR- 378a mimic) 

demonstrated	stronger	proliferation,	migration	and	tube	formation	
abilities,	while	ECs	treated	with	P-	EVsmiR- 378a inhibitor (P- EVs modified 
with miR- 378a inhibitor) showed the opposite effects.

Gli1 is a vital transcription factor of the Hedgehog signalling 
pathway and has been demonstrated to play a key role in angiogene-
sis.40	Gli1	is	also	the	direct	target	of	Sufu,	and	previous	studies	have	
confirmed that Sufu can interact with Gli1 transcription factors to 
suppress	 their	 nuclear	 translocation,	 thereby	 inhibiting	Hedgehog	
signalling.41,42 We then detected Gli1 expression in ECs and found 
that it was upregulated after Sufu silencing or P- EVsmiR- 378a mimic 
treatment but downregulated with P- EVsmiR- 378a inhibitor treatment. It 
has been well demonstrated that the Hedgehog signalling pathway 
orchestrates	 various	 cellular	 behaviours	 and	 biological	 processes,	
including	 cell	 proliferation,	 migration,	 differentiation	 and	 survival,	
and especially the angiogenesis process.43- 45 To further confirm that 
Hedgehog/Gli1 signalling was involved in EC angiogenesis induced 
by	P-	EV-	mediated	 transmission	of	miR-	378a,	we	 treated	ECs	with	
GANT61,	 an	 inhibitor	 of	 Hedgehog/Gli1	 signalling;	 we	 found	 that	
GANT61	treatment	partially	reversed	the	enhancement	in	the	prolif-
eration,	migration	and	tube	formation	induced	by	P-	EVsmiR- 378a mimic 
treatment	 and	 downregulated	 VEGF	 expression.	 Taken	 together,	
these results collectively suggest that the pro- angiogenic effect of 
P-	EV-	miR-	378a	on	ECs	is	exerted,	at	least	in	part,	via	the	activation	
of	the	Hedgehog/Gli1	signalling	pathway	(Figure	7).	However,	con-
sidering	that	there	were	other	miRNAs	overexpressed	in	P-	EVs	and	
only	miR-	378a	was	selected	for	 the	present	study,	we	cannot	rule	
out	possible	contributions	from	other	miRNAs	that	may	act	alone	or	
work in a coordinated way in P- EVs to exert therapeutic effects in 
the angiogenesis process.

Our	study,	combined	with	previously	published	data	show	that,	as	
a	more	readily	available	cell	source	in	the	clinic,	P-	DPSCs	and	other	
stem	cell	populations	within	inflamed	tissues,	such	as	human	periapi-
cal	cyst-	mesenchymal	stem	cells,46 can serve as more easily available 
stem cell resources for regenerative medicine.47	 Furthermore,	 the	
in- depth study of the role and molecular mechanism of P- EVs in pro-
moting EC angiogenesis not only expands the research value of stem 
cells	isolated	from	inflamed	tissues,	including	P-	DPSCs,	but	also	has	
important	significance	in	promoting	their	application	in	vivo.	Indeed,	
EVs,	these	nano-	sized	molecules	that	physiologically	function	in	cell-	
to-	cell	cross	talk,	can	be	expected	to	become	an	important	link	and	

F I G U R E  5  P-	EV-	mediated	transmission	of	miR-	378a	promotes	EC	angiogenesis	through	activating	Hedgehog/Gli1	signalling.	(A)	The	
presence	of	Cy3	fluorescence	and	PKH67	lipid	dye	in	ECs	after	adding	PKH67	(green)	labelled	P-	EVs	that	modified	with	Cy3-	labelled	
miR- 378a mimic (red) (the bottom panels). ECs incubated with Cy3 dye alone (not conjugated to miR- 378a mimic) were used as the control 
(the	top	panels).	Nuclei	were	stained	with	DAPI	(blue)	for	counterstaining	(scale	bar,	50	μm). (B) Quantitative analysis of the fluorescence 
intensity	in	A	(n	=	3,	**P <.01 vs. Cy3 dye along). (C) The proliferation of ECs exposed to P- EVsmimic-	NC,	P-	EVsmiR- 378a mimic,	P-	EVsinhibitor-	NC,	
P- EVsmiR- 378a inhibitor	and	an	equal	volume	of	PBS	was	tested	by	CCK-	8	assay	(n	= 3). (D) The migration of ECs stimulated by P- EVsmimic-	NC,	P-	
EVsmiR- 378a mimic,	P-	EVsinhibitor-	NC,	P-	EVsmiR- 378a inhibitor	and	PBS	was	detected	by	transwell	assay	(scale	bar,	100	μm). (E) Quantitative analysis of 
the migrated cells in D (n = 5). (F) Representative images of the scratch wound assay in ECs treated with P- EVsmimic-	NC,	P-	EVsmiR- 378a mimic,	P-	
EVsinhibitor-	NC,	P-	EVsmiR- 378a inhibitor	and	PBS	(scale	bar,	200	μm). (G) Quantitative analysis of the migration rates in F (n = 3). (H) Representative 
images of the tube formation assay in ECs treated with P- EVsmimic-	NC,	P-	EVsmiR- 378a mimic,	P-	EVsinhibitor-	NC,	P-	EVsmiR- 378a inhibitor and PBS (scale 
bar,	200	μm). (I) Quantitative analyses of the total branching points and total tube length in H (n =	3).	(J)	Protein	levels	of	VEGF,	Gli1	and	Sufu	
in	ECs	detected	by	Western	blot.	(K)	Quantitative	analysis	of	the	relative	protein	expression	in	J	(n	= 3). *P <.05,	**P <.01 vs. the Control 
group; #P <.05,	##P <.01 vs. the P- EVsmimic-	NC group; ^P <.05,	^^P <.01 vs. the P- EVsinhibitor-	NC group
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F I G U R E  6  Blockage	of	Hedgehog/Gli1	signalling	reverses	the	enhanced	proliferation,	migration	and	angiogenesis	of	ECs	induced	by	
P- EVsmiR- 378a mimic.	(A)	The	proliferation	of	ECs	treated	with	PBS,	P-	EVsmiR- 378a mimic,	and	P-	EVsmiR- 378a mimic	with	GANT61	was	tested	by	CCK-	8	
assay.	(B)The	migration	of	ECs	treated	with	PBS,	P-	EVsmiR- 378a mimic and P- EVsmiR- 378a mimic	with	GANT61	was	detected	by	transwell	assay	
(scale	bar,	100	μm). (C) Quantitative analysis of the migrated cells in B (n = 5). (D) Representative images of the scratch wound assay in ECs 
treated	with	PBS,	P-	EVsmiR- 378a mimic,	and	P-	EVsmiR- 378a mimic	with	GANT61	(scale	bar,	200	μm). (E) Quantitative analysis of the migration rates 
in	D.	(F)	Representative	images	of	the	tube	formation	assay	in	ECs	(scale	bar,	200	μm). (G) Quantitative analyses of the total branching points 
and total tube length in F (n = 3). (H) Protein levels of VEGF in ECs detected by Western blot. (I) Quantitative analysis of the relative protein 
expression in H (n = 3). *P <.05,	**P <.01 vs. the P- EVsmiR- 378a mimic group



     |  13 of 14ZHOU et al.

breakthrough between basic research and the clinical transformation 
of inflamed stem cells.46	 Further	 characterization	 is	 needed	 to	 de-
termine the effects of the microenvironment on these inflamed cells 
and	 their	 secreted	EVs,	 because	 the	microenvironment	 can	 signifi-
cantly influence the biological functions of stem cells (DPSCs).48 In 
addition,	it	remains	to	be	further	investigated	whether	these	inflamed	
cells and their secreted EVs can serve as therapeutic agents for other 
tissue	regeneration	scenarios,	such	as	bone	regeneration,	given	that	
EVs secreted from H- DPSCs can promote the osteogenesis of stem 
cells.49	From	a	clinical	point	of	view,	these	studies	and	the	in-	depth	
understanding of the underlying molecular mechanism are the prem-
ises to employ inflamed cells and their secreted EVs in future tissue 
engineering	applications	 in	vivo,	especially	diseases	with	persistent	
inflammatory stimuli that hinder the success of cell transplantation.

5  | CONCLUSION

Data obtained from the present study showed that miR- 378a is en-
riched in P- EVs and that P- EVs can transfer their functional miR- 378a 
to	ECs,	thereby	promoting	EC	proliferation,	migration	and	angiogen-
esis by targeting Sufu to activate the Hedgehog/Gli1 signalling path-
way. Our data demonstrate a crucial role of miR- 378a derived from 
the EVs of periodontitis- compromised dental pulp stem cells in cell 
angiogenesis and hence offer a new target that could be exploited to 
modify stem cells and their secreted EVs towards an enhanced angio-
genesis/revascularization	outcome	in	regenerative	medicine.
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