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Abstract
Objectives: To investigate the role of hypoxia in vasculogenic mimicry (VM) of sali‐
vary	adenoid	cystic	carcinoma	(SACC)	and	the	underlying	mechanism	involved.
Materials and methods: Firstly,	wound	healing,	transwell	 invasion,	 immunofluores‐
cence and tube formation assays were performed to measure the effect of hypoxia 
on	migration,	invasion,	EMT	and	VM	of	SACC	cells,	respectively.	Then,	immunofluo‐
rescence	and	RT‐PCR	were	used	to	detect	the	effect	of	hypoxia	on	VE‐cadherin	and	
VEGFA	expression.	And	pro‐vasculogenic	mimicry	effect	of	VEGFA	was	investigated	
by	confocal	laser	scanning	microscopy	and	Western	blot.	Moreover,	the	levels	of	E‐
cadherin,	N‐cadherin,	Vimentin,	CD44	and	ALDH1	were	determined	by	Western	blot	
and	 immunofluorescence	 in	 SACC	 cells	 treated	 by	 exogenous	 VEGFA	 or	 bevaci‐
zumab.	Finally,	CD31/	PAS	staining	was	performed	to	observe	VM	and	immunohisto‐
chemistry	was	used	to	determine	the	levels	of	VEGFA	and	HIF‐1α	in	95	SACC	patients.	
The	relationships	between	VM	and	clinicopathological	variables,	VEGFA	or	HIF‐1α 
level were analysed.
Results: Hypoxia	promoted	cell	migration,	invasion,	EMT	and	VM	formation,	and	en‐
hanced	VE‐cadherin	and	VEGFA	expression	in	SACC	cells.	Further,	exogenous	VEGFA	
markedly	 increased	 the	 levels	 of	 N‐cadherin,	 Vimentin,	 CD44	 and	 ALDH1,	 and	
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1  | INTRODUC TION

Salivary	adenoid	cystic	 carcinoma	 (SACC)	 is	one	of	 the	most	com‐
mon malignant cancers of the salivary glands accounting for approx‐
imately 30% of all salivary malignant tumours.1‐3	 As	 an	 epithelial	
malignant	 tumour,	 SACC	 is	 characterized	by	 early	 haematogenous	
dissemination, high incidence of lung metastasis and perineural 
spread.4,5	The	growth	of	SACC	is	quite	slow	and	the	5‐year	survival	
rates	are	70%‐90%.	However,	the	5‐year	survival	rates	of	patients	
with distant metastasis are only 20%.6 Hence, it is necessary to ad‐
dress the underlying molecular mechanisms regulating metastatic 
dissemination	of	SACC.

Vasculogenic mimicry (VM), proposed by Maniotis in 1999, was 
defined as a type of vessel‐like structures lined with tumour cells 
without endothelial cells.7 VM had been found to evaluate in var‐
ious aggressive cancers, including colorectal cancer,8 breast can‐
cer,9 melanoma,10 and head and neck squamous cell carcinoma,11 
suggesting	 that	 it	was	 a	 novel	 hallmark	 of	 cancer.	 As	 newly	 de‐
fined mechanism to supply oxygen and nutrition to tumour cells, 
the high expression of VM was also viewed as a risk factor for 
poor prognosis, low survival, and invasion and metastasis in cancer 
patients.12 Recently, increasing evidence has showed that hypoxic 
microenvironment not only accelerated tumour invasion and me‐
tastasis, but also led to VM formation13,14 and the expression of 
hypoxia‐inducible factor‐1α	 (HIF‐1α) was associated with VM in 
many cancers types, including breast cancer,15 ovarian cancer16 
and colorectal cancer.17	Moreover,	Ahluwalia	et	 al	 reported	 that	
HIF‐1	by	hypoxia	condition	adjusted	vascular	endothelial	growth	
factor	A	 (VEGFA)	 expression	 at	 the	 transcriptional	 level.	VEGFA	
was	a	downstream	target	of	HIF‐1,	and	angiogenesis	produced	by	
hypoxia	 was	 usually	 VEGFA‐dependent.18	 And	 hypoxia	 induced	
EMT	by	 regulating	VEGFA.	However,	 it	 is	 still	 not	 clear	whether	
VEGFA	is	involved	in	the	hypoxia	microenvironment	mediating	VM	
formation.19,20

In the previous study, our group has observed that CD133+ 
stem‐like	 SACC	 cells	 contributed	 to	 the	migration	 and	 invasion	of	
SACC	through	inducing	VM	formation.21 Here, we used a three‐di‐
mensional	culture	model	to	detect	VM	formation	in	SACC	cell	lines	
under hypoxia condition and found that hypoxia contributed to the 
migration	and	invasion,	epithelial‐mesenchymal	transition	(EMT)	and	
VM	formation	of	SACC	cells.	Overexpression	of	VEGFA	boosted	VM	

formation,	 the	 expression	 of	 VE‐cadherin,	 N‐cadherin,	 CD44	 and	
ALDH1	in	SACC	cells.	In	addition,	the	presence	of	VM	was	positive	
association	with	 the	 levels	of	VEGFA	and	HIF‐1	 in	SACC	samples.	
These	indicated	that	hypoxia	may	serve	as	an	inducer	of	VM	in	SACC	
by	targeting	VEGFA‐mediated	EMT.

2  | MATERIAL S AND METHODS

2.1 | Ethics statement

All	studies	carried	out	on	human	specimens	were	approved	by	the	
Institutional	Ethics	Committee	of	 the	West	China	Medical	Center,	
Sichuan	University,	China	 (No.	WCHSIRB‐ST‐2012‐075).	Every	pa‐
tient signed separate informed consent forms for sampling and mo‐
lecular analysis.

2.2 | Cell culture

The	 high	metastatic	 potential	 cell	 line,	 SACC‐LM,	 and	 poor	meta‐
static	potential	cell	line	(SACC‐83)	were	obtained	from	the	State	Key	
Laboratory	 of	 Stomatology,	 Sichuan	University.	 All	 cell	 lines	were	
maintained	in	high	glucose	DMEM	(HyClone,	USA)	(10%	foetal	calf	
serum, HyClone）, 100 U/mL penicillin (Beyotime Biotechnology, 
China) and 0.1 mg/mL streptomycin (Beyotime Biotechnology) and 
incubated	at	37°C	at	5%	CO2. Change the frequency of culture so‐
lution according to the growth rate and medium colour. Cells were 
passaged when cells covered 80%‐90% of the bottom.

2.3 | Cell treatments

Cells	were	cultured	in	medium	contained	exogenous	VEGFA	(100	ng/
mL,	R&D,	USA)	and	bevacizumab	 (inhibitor	of	VEGFA,	125	μg/mL, 
Selleck,	USA),	respectively.

2.4 | Migration assays

Cells (2 × 105/well) were seeded in 6‐well plates. When grow to 
80%‐90% confluence, cells were scraped with 200 μL sterile mi‐
cropipette tip to create a wound. The gap was photographed by in‐
verted	culture	microscope	(magnification,	×40).	After	24	hours,	the	
gap filling was photographed.

inhibited	 the	 expression	 of	 E‐cadherin,	 while	 the	 VEGFA	 inhibitor	 reversed	 these	
changes.	In	addition,	VM	channels	existed	in	25	of	95	SACC	samples,	and	there	was	a	
strong	positive	correlation	between	VM	and	clinic	stage,	distant	metastases,	VEGFA	
and	HIF‐1α expression.
Conclusions: VEGFA	played	an	important	role	in	hypoxia‐induced	VM	through	regu‐
lating	EMT	and	stemness,	which	may	eventually	 fuel	 the	migration	and	 invasion	of	
SACC.
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2.5 | Invasion assay

Cell invasion was performed by BD BioCoat™ Matrigel™ Invasion 
Chamber	 (BD	 Biosciences,	 USA)	 according	 to	 the	 manufacturer's	
protocol. Briefly, cells (5 × 104 cells) were plated on the top chamber 
in	serum‐free	DMEM	and	10%	FBS	in	DMEM	in	the	bottom	chamber.	
Cells were counted at a 100× magnification in standard microscopy 
24 hours later.

2.6 | Immunofluorescence

Cells	were	washed	with	1×	PBS	for	3	minutes,	fixed	with	4%	para‐
formaldehyde for 20 minutes and washed for three times with 1× 
PBS	for	3	minutes.	Then,	cells	were	treated	with	0.5%	Triton	X‐100	
for 20 minutes at room temperature (this step was omitted when the 
antigen	is	expressed	on	the	cell	membrane)	and	washed	with	1×	PBS.	
Blocking was performed by normal goat serum for 30 minutes, fol‐
lowed	by	addition	of	primary	antibody:	rabbit	anti‐E‐cadherin	(1:400	
dilutions,	 ProteinTech,	 China),	 anti‐N‐cadherin	 (1:300	 dilutions,	
ProteinTech),	 rabbit	 anti‐Vimentin	 (1:200	 dilutions,	 ProteinTech),	
rabbit	 anti‐VE‐cadherin	 (1:200	 dilutions,	 ProteinTech)	 and	 rabbit	
anti‐VEGFA	 (1:200	dilutions,	ProteinTech)	 to	 incubate	overnight	at	
4°C,	 and	 then	washed	 for	 three	 times	with	 PBS.	 Add	 1:200	 fluo‐
rescent	secondary	antibody:	goat	anti‐Rabbit	Alexa	488	(1:200	dilu‐
tions,	ZSGB‐BIO,	China),	goat	anti‐Rabbit	Alexa	594	(1:200	dilutions,	
ZSGB‐BIO)	 and	 incubated	 at	 37°C	 in	 dark	 for	 2	hours.	Add	DAPI,	
incubated	 in	dark	for	5	minutes,	washed	with	PBS	for	three	times,	
and observed under a fluorescence microscope.

2.7 | Vasculogenic mimicry assays

Wells of 24‐well plate were coated with Matrigel basement mem‐
brane matrix (BD). It was allowed to polymerase at room tempera‐
ture	for	1	hour	and	37°C	for	30	minutes.	Cells	were	resuspended	
and seeded into a well at a density of 1 × 105/mL, and then, the 
experimental	group	was	incubated	in	a	hypoxic	incubator	at	37°C,	
94% N2, 5% CO2 and 1% O2, while the control group was cultured 
in	 a	normoxic	 incubator	 at	37°C,	5%	CO2 and 21% O2. Cell mor‐
phology and formation of cord‐like structures were observed using 
fluorescence	 inverted	 microscope	 (Olympus,	 Japan).	 Forty‐eight	
hours later, the length of tubes per field was quantified by counting 
in	five	randomly	chosen	100×	scopes.	After	48	hours,	the	expres‐
sion	of	VE‐cadherin	and	VEGFA	was	observed	by	immunofluores‐
cence microscopy.

2.8 | Scanning electron microscopy (SEM)

Cells	cultured	on	a	coverslip	were	rinsed	with	ice‐cold	1×	PBS	(pH	
7.2)	and	fixed	with	2%	glutaraldehyde	for	3	hours	at	4°C.	After	wash‐
ing	with	1×	PBS,	the	cells	were	fixed	with	1%	OsO4	for	2	hours	and	
dehydrated in ethanol. The samples were then critical‐point dried 
and sputter‐coated with gold. Samples were examined, and images 
were	acquired	using	a	HITACHI	S‐520	scanning	electron	microscope.

2.9 | Confocal laser scanning microscopy (CLSM)

The	 cells	 were	 fixed	 in	 4%	 paraformaldehyde	 (PFA)	 in	 1×	 PBS	 at	
room temperature for 20 minutes. The cells were first pre‐treated 
and	then	blocked	in	1×	PBS	with	0.5%	Triton	X‐100	and	5%	BSA	for	
1	hour.	Next,	 the	samples	were	 incubated	with	anti‐VEGFA	 (1:200	
dilutions,	ProteinTech)	overnight	at	4°C,	followed	by	incubation	with	
secondary	 antibodies	 goat	 anti‐Rabbit	Alexa	 488	 (1:200	 dilutions,	
ZSGB‐BIO). The samples were then analysed with a laser confocal 
microscope	(OLYMPUS	IX83,	UltraVIEW	VoX)	with	a	640	nm	pulse.	
The images were collected with the Volivity software containing 
Acquisition,	Quantitation	and	Visualization	modules.

2.10 | Flow cytometry (FCM)

The	pre‐treated	cells	were	harvested	and	washed	twice	with	FCM	
buffer	(PBS	with	5%	FBS	and	0.1%	NaN3).	Cells	were	resuspended	
in	PBS	and	incubated	with	PE‐anti‐human	CD144	(BD	Biosciences)	
for	30	minutes	at	4°C.

2.11 | Tumoursphere formation assay

For	the	tumoursphere	formation	assay,	SACC‐LM	cells	were	seeded	
at a density of 800 cells/ mL of tumoursphere formation medium in 
ultra‐low attachment 12‐well plates for 12 days. The tumourspheres 
formed (spherical, non‐adherent cell‐masses  >90 μm in diameter) 
were photographed and counted under inverted phase contrast 
microscope.

2.12 | Western‐blot

The isolated cells were lysed in lysis buffer. The protein concentra‐
tion	was	then	determined.	Equal	amounts	of	protein	were	analysed	
by	SDS‐PAGE,	followed	by	electrophoretic	transfer	to	PVDF	mem‐
branes	 (Millipore	 Corp.,	 Billerica,	 MA,	 USA).	 The	 membrane	 was	
blocked for 1 hour with 5 mL blocking buffer (5% skim milk in TBST) 
and	 incubated	overnight	at	4°C	with	5%	skim	milk	diluted	primary	
antibody:	Rabbit	anti‐Human	VE‐cadherin	antibody	(1:500	dilutions,	
ProteinTech);	Rabbit	anti‐Human	VEGFA	antibody	(1:500	dilutions,	
ProteinTech);	 and	 Rabbit	 anti‐Human	 GAPDH	 antibody	 (1:500	 di‐
lutions,	 ProteinTech).	 The	 next	 day,	 the	membranes	were	washed	
three times with TBST and incubated with 2% skim milk diluted sec‐
ondary	antibody	for	2	hour.	After	washing,	the	immunoreactive	pro‐
tein	bands	were	visualized	using	the	BIO‐RAD	gel	 imaging	system.	
GAPDH	was	used	as	an	internal	control.

2.13 | Real‐Time PCR (RT‐PCR)

Total	 RNA	 was	 extracted	 from	 cells	 using	 Trizol	 (Invitrogen,	
USA).	 Then,	 we	 synthesized	 cDNA	 using	 a	 reverse	 tran‐
scription	 kit	 (TaKaRa,	 China)	 following	 the	 manufacturer's	
instructions.	Primer	 sequences	used	 for	PCR	were	as	 follows:	VE‐
cadherin:	F:	ATGAGATCGTGGTGGAAGCG	R:	TGTGTACTTGGTCTG	
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GGTGA;	 VEGFA:	 F:	 CAGGCTGCTGTAACGATGAA	 R:	
TTTCTTGCGCTTTCGTTTTT;	Vimentin:	F:	ACC	AAG	ACA	CTA	TTG	
GCC	GCC	T	R:	CCC	TCA	GGT	TCA	GGG	AGG	AAA	AGT;	E‐Cadherin:	
F:	 ATTGCTCACATTTCCCAACTC	 R:	 GTCACCTTCAGCCATCCT;	
N‐cadherin:	 F:	 TGCGGTACAGTGTAACTGGG	 R:	 GAAACCGGG 
CTATCTGCTCG;	Twist1:	 F:	 TGTCCGCGTCCCACTAGC	R:	 TGTCCA 
TTTTCTCCTTCTCTGG;	 Snail:	 F:	 GACTACCGCTGCTCCATTCCA	
R:	 TCCTCTTCATCACTAATGGGGCTTT;	 Slug1:	 F:	 AGATGC 
ATATTCGGACCCAC	 R:	 CCTCATGTTTGTGCAGGAGA;	 VEGFR1:	
F:	 ACCTCCGTGCATGTGTATGA	 R:	 TGGTGCATGGTTCTGTTGTT;	
VEGFR2:	 R:	 CCGTCAAGGGAAAGACTACG	 R:	 AGATGCTCCAAG 
GTCAGGAA;	 GAPDH:	 F:	 TGGCCAAGGTCATCCATGAC	 R:	
TGTCATACCAGGAAATGAGCTTG.

2.14 | Immunohistochemical (IHC) and 
histochemical double‐staining methods

Specimens	 of	 surgical	 tumour	 tissues	 from	 SACC	 patients	 were	
fixed with 4% formalin, paraffin embedded and sectioned (4 μm). 
The tissue sections were then deparaffinized and dehydrated fol‐
lowed by incubation in 3% hydrogen peroxide for 10 minutes. Slides 
were	stained	with	primary	antibodies	at	4°C	overnight	after	blocking	
with appropriate serum. Corresponding secondary antibodies were 
used for 1h at room temperature. Targeted molecules were detected 

following	 DAB	 staining	 for	 immunohistochemistry.	 Tissues	 were	
sectioned for CD31 immunohistochemical staining, followed by 
PAS	staining.	Slides	were	finally	counterstained	with	haematoxylin.	
Two independent investigators blinded to sample identify the anti‐
VEGFA	antibody	(1:200	dilutions,	ProteinTech)	and	anti‐CD31	anti‐
body	 (1:100	dilutions,	ProteinTech)	primary	antibody,	 respectively.	
PBS	was	used	as	the	primary	antibody	for	the	negative	controls.

2.15 | Statistical analysis

The data were recorded as mean ± SD (standard deviation) and eval‐
uated	by	SPSS	21.0.	Differences	between	groups	were	analysed	by	
Student's	t test or chi‐squared test. P < 0.05 was considered to indi‐
cate a statistically significant result.

3  | RESULTS

3.1 | Hypoxia contributed to migration and invasion, 
and EMT of SACC cells

To	investigate	the	role	of	hypoxia	in	SACC,	we	applied	wound	healing	
and transwell invasion assays to observe migration and invasive abil‐
ities	under	hypoxia.	As	shown	in	Figure	1A,B,	hypoxia	dramatically	
increased	 the	migratory	 and	 invasive	 behaviours	 of	 SACC‐83	 and	

F I G U R E  1  Changes	in	the	capacity	of	invasion	and	metastasis	of	the	SACC	cells.	A,	Wound	healing	assays	(magnification,	×40;	bars,	
200 μm)	revealed	that	hypoxia	promoted	cells	migration	of	SACC‐LM	and	SACC‐83.	The	results	were	statistically	significant	(*P < 0.05). B, 
Number of invasion cells was assessed in the invasion assay (magnification, ×100; bars, 100 μm). Results showed that hypoxia enhanced 
SACC	cells	invasion	(*P < 0.05). C, The immunofluorescence staining showed that hypoxia up‐regulated the expression of N‐cadherin 
and	Vimentin	(magnification,	×100).	D,	The	immunofluorescence	staining	showed	that	hypoxia	down‐regulated	the	level	of	E‐cadherin	
(magnification, ×100; bars, 100 μm).	E,	The	RT‐PCR	showed	the	changes	of	E‐cadherin,	N‐cadherin	and	Vimentin	in	mRNA	level
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SACC‐LM	cells.	Then,	we	further	detected	the	relationship	between	
hypoxia	and	EMT	and	found	that	SACC	cells	exhibited	a	significant	
up‐regulation of mesenchymal markers, N‐cadherin and Vimentin 
(Figure	1C),	meanwhile	dramatically	down‐regulation	of	E‐cadherin	
(Figure	 1D)	 by	 immunofluorescence.	 Real‐time	 PCR	 analyses	 also	
revealed	 that	 the	 mRNA	 expression	 of	 E‐cadherin	 decreased,	 as	
well	as	N‐cadherin	and	Vimentin	mRNAs	increased	in	SACC‐83	and	
SACC‐LM	cells	under	hypoxia	(Figure	1E).	Besides,	the	expression	of	
EMT	associated	transcription	factors,	Twist1,	Snail,	and	Slug1	also	
up‐regulated	under	hypoxia	 in	SACC	cells	 (Figure	S1A).	These	sug‐
gested	that	hypoxia	promoted	migration	and	invasion,	and	EMT	of	
SACC	cells.

3.2 | Hypoxia promoted VM formation in SACC cells

Then,	we	plated	SACC	cell	lines,	SACC‐83	and	SACC‐LM,	on	the	sur‐
face of Matrigel to establish the 3D culture model, and assessed the 
ability of VM formation under hypoxia during 48 hours. Our data 
showed	that	SACC‐LM	cells	with	high	metastatic	potential	exhibited	
the formation of channel‐like structures after 12 hours incubation 
on	matrigel	 in	 normoxia	 or	 hypoxia	 group.	 After	 48	hours,	we	 ob‐
served	interconnected	loops	and	networks	in	SACC‐LM	cells	in	both	
normoxia and hypoxia groups. In contrast, there were less tubular or 

sinusoidal	channels	in	poor	metastatic	SACC‐83	cells	(Figure	2A).	For	
the two cell lines, quantification of the length of channel‐like struc‐
tures showed that there was a significant increase after 48 hours in‐
cubation in hypoxia in comparison with normoxia condition (P < 0.05, 
Figure	2B).	To	further	define	the	structure	of	the	tubular	networks,	
scanning electron microscopy was performed on the three‐dimen‐
sional cultures. We found that tubular profiles were hollow and lined 
by	flattened	cancer	cells	after	7	days	(Figure	2C).	Furthermore,	immu‐
nofluorescence	staining	revealed	that	the	expression	of	VE‐cadherin,	
marker	of	VM,	enhanced	 in	SACC‐LM	under	hypoxia,	 compared	 to	
normoxia. However, there was no statistical difference between the 
normoxia	and	hypoxia	group	 in	SACC‐83	cells	 (Figure	2D).	Besides,	
the	mRNA	levels	of	VEGFR1	and	VEGFR2,	markers	of	VM,	remark‐
ably	enhanced	under	hypoxia	(Figure	S1B).	These	results	suggested	
that the vital role of hypoxic condition in the formation of vasculo‐
genic‐like networks and metastatic potential was positive correlation 
with	the	ability	of	VM	formation	in	SACC	in	vitro.

3.3 | VEGFA was crucial for hypoxia‐induced VM of 
SACC cells in vitro

As	 we	 known,	 VEGFA	 plays	 a	 key	 role	 in	 tumour‐associated	 an‐
giogenesis, but its role in vasculogenic mimicry remains unclear. In 

F I G U R E  2  Effect	of	hypoxia	on	VM	formation	in	SACC	cell	lines.	A,	Tube‐like	structure	formation	on	Matrigel	in	SACC‐LM	and	SACC‐83	
cells	under	normoxia.	The	SACC‐LM	showed	a	stronger	ability	of	VM	formation.	For	quantitative	analysis,	six	nonoverlapping	fields	were	
selected	from	each	culture	well	and	the	experiment	was	performed	in	quadruplicate	(*P < 0.05). B, Hypoxia promoted the VM formation of 
SACC	cells.	For	quantitative	analysis,	six	nonoverlapping	fields	were	selected	from	each	culture	well	and	the	experiment	was	performed	in	
quadruplicate.	(*P < 0.05). C, Scanning electron microscopy was performed to show the tubular profiles were hollow and lined by flattened 
cancer	cells	after	7	days	on	the	three‐dimensional	cultures.	The	panel	on	the	left	was	representative	image	of	cross	section	of	tubular	
structure. The panel on the right was representative image of vertical sectiono. D, The immunofluorescence staining showed that hypoxia 
promoted	VE‐cadherin	of	SACC	cells
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order	 to	 answer	 this	 question,	we	 first	 compared	 VEGFA	 expres‐
sion	 in	 SACC‐83	 and	 SACC‐LM	 cells	 by	 immunofluorescence	 and	
RT‐PCR.	 Our	 results	 demonstrated	 that	 VEGFA	 expression	 was	
elevated	 in	 SACC‐LM	 owning	 higher	 VM‐forming	 potential	 com‐
pared	 to	 SACC‐83	 cells	 owning	 poor	VM‐forming	 potential,	 espe‐
cially	 under	 hypoxia	 condition	 (Figure	 3A).	 Then,	 tube	 formation	
assay was conducted by seeding cells on Matrigel and we assessed 
the	 level	of	VEGFA	 in	VM‐forming	SACC	cells.	We	 found	 that	 the	
expression	 of	 VEGFA	 remarkably	 increased	 in	 tube‐forming	 cells	
under	 hypoxic	 niche,	 especially	 in	 SACC‐LM	 (Figure	 3B).	 It	 hinted	
that	VEGFA	was	associated	with	VM	 formation	 in	hypoxia.	 So	we	
next	treated	SACC‐LM	cells	with	exogenous	VEGFA	or	bevacizumab	
under	 hypoxia.	 After	 6	hour	 incubation	 on	 matrigel,	 compared	 to	
the	 control	 group	 or	 VEGFA‐inhibition	 group,	 the	 SACC‐LM	 cells	
treated	with	VEGFA	showed	morphological	changes	and	tendency	
to	form	VM‐structures.	After	48	hours,	both	the	VEGFA‐stimulated	
group and control group formed typical tube‐like structures, while 
there	 were	 just	 a	 few	 such	 structures	 in	 VEGFA‐inhibited	 group	
(Figure	3C).	Subsequently,	we	investigated	the	effect	of	VEGFA	on	
the	level	of	VE‐cadherin	in	hypoxic	microenvironment.	Compared	to	
the	control	group,	exogenous	VEGFA	could	enhance	the	mRNA	and	

protein	levels	of	VE‐cadherin	under	hypoxia	assessed	by	RT‐PCR	and	
Western blot, respectively. Contrarily, bevacizumab declined the ex‐
pression	of	VE‐cadherin	(Figure	3D).	The	expression	of	VE‐cadherin	
was	in	accordance	with	the	level	of	VEGFA.	These	data	indicated	a	
possible	role	of	VEGFA	in	regulating	the	hypoxia‐induced	tube	for‐
mation	capability	of	SACC	in	vitro.

3.4 | VEGFA resulted in hypoxia‐induced VM 
formation by inducing EMT in SACC

For	epithelial	 tumour	cells,	 the	capability	of	mimicking	endothelial	
functions played an important role in VM formation.22 Thus, we 
speculated	that	VEGFA	contributed	to	hypoxia‐mediated	VM‐form‐
ing	 though	 inducing	EMT.	Our	 results	 showed	 that	overexpressed	
VEGFA	in	SACC‐LM	led	to	remarkably	increased	N‐cadherin	expres‐
sion	while	E‐cadherin	was	almost	undetectable	in	the	hypoxia‐stimu‐
lated	tube	structures	in	both	mRNA	and	protein	levels	after	48	hours	
seeded	on	Matrigel.	The	inhibition	of	VEGFA	was	associated	with	a	
marked	decrease	 in	N‐cadherin	and	unchanged	 level	 in	E‐cadherin	
(Figure	4A,B).	It	was	documented	that	EMT	endowed	epithelial	can‐
cer cells with the self‐renewal capacity.23	And	our	group	previously	

F I G U R E  3  VEGFA	was	involved	in	VM	formation	of	SACC‐LM	and	SACC‐83	cells	in	vitro.	A,	Immunofluorescence	staining	and	RT‐PCR	
assessed	the	effect	of	hypoxia	on	VEGFA	protein	and	mRNA	expression	in	SACC	cell	lines,	respectively.	The	data	showed	that	hypoxia	
enhanced	the	level	of	VEGFA	of	SACC	cells	in	2D	culture	in	both	protein	and	mRNA	levels	(magnification,	×100;	bars,	100	μm,	*P < 0.05). B, 
VEGFA	expression	in	SACC‐LM	and	SACC‐83	cells	was	assessed	by	immunofluorescence	staining	and	RT‐PCR.	The	data	showed	that	VEGFA	
was	overexpression	accompanied	by	high	expression	of	VE‐cadherin	under	hypoxia	(magnification,	×100;	*P < 0.05). C, CLSM (magnification, 
×200)	was	performed	to	assess	the	role	of	VEGFA	on	VE‐cadherin	of	SACC‐LM	cells.	The	data	showed	that	VEGFA	enhanced	the	level	of	
VE‐cadherin	while	bevacizumab	suppressed	its	expression.	D,	Western	blot	was	performed	to	assess	the	role	of	VEGFA	on	VE‐cadherin	of	
SACC‐LM	cells.	The	data	showed	that	VEGFA	enhanced	the	level	of	VE‐cadherin	while	bevacizumab	suppressed	its	expression.	E,	RT‐PCR	
(*P	<	0.05)	was	performed	to	assess	the	role	of	VEGFA	on	VE‐cadherin	of	SACC‐LM	cells.	The	data	showed	that	VEGFA	enhanced	the	level	
of	VE‐cadherin	while	bevacizumab	suppressed	its	expression
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proved that CD133+, the stemness marker, was positively associated 
with	 VM	 formation	 in	 SACC	 specimens.21 Therefore, we inferred 
that	 VEGFA	 also	 contributed	 to	 the	 acquisition	 of	 stem	 cell	 phe‐
notype	 in	 SACC	 cells.	 Immunofluorescence	 staining	 revealed	 that	
compared	 to	 the	control	group,	SACC‐LM	treated	with	exogenous	
VEGFA	showed	the	increase	of	stemness	marker‐CD44	and	ALDH1	
expression in VM‐forming cells. On the contrary, bevacizumab led to 
a	significant	decrease	in	CD44	and	ALDH1	expression	of	tube‐form‐
ing	cells	(Figure	4C).	However,	the	flow	cytometry	showed	that	the	
expression of CD144, another stemness marker, had no difference 
among	 the	 three	groups	 (Figure	4C).	We	assessed	 the	 sphere	 for‐
mation	of	SACC‐LM	under	the	stimulation	of	exogenous	VEGFA	or	
bevacizumab.	And	we	observed	that	the	exogenous	VEGFA	height‐
ened the sphere‐forming capacity while bevacizumab inhibited the 
tumoursphere	 formation	 (Figure	 S1C).	 Collectively,	 these	 experi‐
ments	 suggested	 that	 VEGFA	 promoted	 hypoxia‐induced	VM	 for‐
mation,	which	may	be	mediated	by	the	EMT	process	and	cancer	stem	
cells	(CSCs)	in	SACC	cells	in	vitro.

3.5 | Presence of VM in SACC tissues correlated 
with high expressions of VEGFA and HIF‐1α

The	 presence	 of	 VM	was	 authenticated	 by	 the	 presence	 of	 PAS‐
positive loops and/or contained red blood cells that were negative 
for the endothelial cell marker CD31, while the endothelial vascular 

channels	were	positive	for	CD31	staining	(Figure	5A).	As	shown	in	
Table	1,	25	tissue	samples	from	95	cases	of	SACC	(26.3%)	were	VM	
positive. In addition, there was a significant association between the 
presence of VM and the clinic stage (P = 0.006) and distant metas‐
tases (P = 0.000), but there was no association between VM and pa‐
tients’ age, gender, position and pathological subtypes (P	>	0.05).	As	
shown	in	Figure	5B,	high	levels	of	expression	of	VEGFA	was	present	
in	47	of	the	95	cases	(49.47%)	and	in	18	of	the	25	VM‐positive	sam‐
ples	(72.0%)	but	in	only	29	of	the	70	VM‐negative	samples	(41.43%).	
VEGFA	 staining	was	mainly	 cytoplasmic.	 Statistically,	 there	was	 a	
significant	correlation	between	high	expression	of	VEGFA	and	pres‐
ence of VM (r = 0.412, P	=	0.000)	(Figure	5B).	The	positive	staining	
of	HIF‐1α was located in the cytoplasm and the nuclei. Statistically, 
there was a significant correlation between high expression of 
HIF‐1α and presence of VM (r	=	0.457,	P	=	0.000;	Figure	5C).	Taken	
together,	the	results	show	a	positive	association	of	VM	and	VEGFA	
or	HIF‐1α	in	SACC.

4  | DISCUSSION

Hypoxia, a common characteristic of solid tumours, has been re‐
ported to activate migration, invasion and VM formation in several 
tumour models including melanoma,23 oral squamous cell carci‐
noma24 and glioma.25 Here, we found that hypoxia accelerated VM 

F I G U R E  4  Exogenous	VEGFA	promoted	EMT	and	stemness	of	SACC	cells	in	vitro.	A,	Immunofluorescence	staining	(magnification,	×100)	
was	performed	to	assess	the	role	of	VEGFA	on	EMT	of	SACC‐LM	cells.	The	data	showed	that	VEGFA	enhanced	the	level	of	N‐cadherin	
and	inhibition	the	expression	of	E‐cadherin	while	bevacizumab	resulted	in	reverse	changes.	B,	Western	blot	and	RT‐PCR	(*P < 0.05) were 
performed	to	assess	the	role	of	VEGFA	on	EMT	of	SACC‐LM	cells.	The	data	showed	that	VEGFA	enhanced	the	level	of	N‐cadherin	and	
inhibition	the	expression	of	E‐cadherin	while	bevacizumab	resulted	in	reverse	changes.	C,	Immunofluorescence	staining	(magnification,	
×100; bars, 100 μm)	and	RT‐PCR	(*P	<	0.05)	were	performed	to	assess	the	role	of	VEGFA	on	stemness	of	SACC‐LM	cells.	The	data	showed	
that	VEGFA	enhanced	the	levels	of	CD44	and	ALDH1	while	bevacizumab	resulted	in	reverse	changes.	D,	Flow	cytometry	showed	that	the	
expression of CD144 had no difference among three groups
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formation	of	SACC	and	VEGFA	was	a	critical	downstream	molecule	
that	 mediated	 the	 hypoxia‐controlled	 SACC	 VM	 in	 vitro.	 And	 we	
identified	that	VEGFA	regulated	the	cell	plasticity	and	stemness	to	
promote	VM	formation	of	SACC	cells.	In	addition,	the	high	expres‐
sion	of	HIF‐1α	and	VEGFA	obviously	associated	with	the	VM	density	
in	SACC	 samples.	Thus,	 the	 current	 study	 linked	VEGFA	and	 con‐
sequential	 activation	of	 EMT	and	 stemness	with	VM	 formation	 in	
SACC	and	 indicated	 the	 potential	 of	VEGFA	 to	 act	 as	 therapeutic	
targets	in	SACC.

Here,	we	found	that	the	migration	and	invasion	abilities	of	SACC	
cells under hypoxic condition were stronger than under normoxia in 
vitro, and	hypoxia	induced	EMT	of	SACC	cells.	In	line	with	our	study,	
hypoxic microenvironment could accelerate the migration and inva‐
sion	of	both	MDA‐MB‐231	cells	and	MCF‐7	cells.26 Kim et al27 illus‐
trated that hypoxic condition augmented the aggressive phenotypes 
including mobility and invasiveness of human malignant mesotheli‐
oma cells in vitro. Lin et al28	found	that	hypoxia	induced	the	EMT	and	
facilitated cancer dissemination in non‐small cell lung cancer cells. 
Then, the data of the 3D culture conformed that hypoxic condition 
significantly promoted the formation of tube‐like structures and the 
expression	of	VE‐cadherin	compared	to	normoxia	in	SACC	cells,	and	
the presence of VM was positively related to the high expression 
of	HIF‐1α. In agreement with our results, Du et al16 found that hy‐
poxia increased VM formation of ovarian cancer cell lines SKOV3 
and	 OVCAR3	 in	 vitro.	 Wang	 et	 al14 demonstrated that the high 

expression	of	HIF‐1α was positive correlation with VM in 201 HCC 
sample tissues. Salinas‐Vera et al13 observed a dramatic increase in 
VM‐related structures when triple negative breast cancer cell lines 
MDA‐MB‐231	and	Hs‐578T	cells	were	grown	after	12	hour	hypoxic	
incubation on Matrigel. These indicated that hypoxia promoted the 
aggressiveness	of	SACC	cells.

A	number	of	previous	studies	have	demonstrated	that	hypoxia	
closely	 associated	 with	 angiogenesis	 via	 VEGFA29,30; however, it 
is	 unclear	 whether	 VEGFA	 has	 equally	 important	 significance	 in	
hypoxia‐induced	 VM	 in	 SACC.	 Our	 results	 showed	 that	 VEGFA	
was	 remarkably	 increased	 in	 SACC	 cells	 under	 hypoxia	 condition.	
Exogenous	 VEGFA	 strengthened	 the	 capability	 of	 forming	 ves‐
sel‐like	structures	and	VE‐cadherin	expression,	while	bevacizumab	
obviously	 restrained	 VM	 formation	 and	 VE‐cadherin	 expression.	
Moreover,	the	high	level	of	VEGFA	showed	a	significant	correlation	
with	the	VM	in	SACC	tissues.	The	data	were	supported	by	the	report	
of Vartanian et al,31	who	showed	that	VEGFA	was	essential	for	the	
initiation of melanoma cells into capillary‐like structure in vitro. The 
knockdown	of	VEGFR1	completely	prevented	Matrigel‐induced	VM	
formation.	Hence,	VEGFA/VEGFR1	pathway	was	considered	to	con‐
tribute	to	the	formation	of	VM	in	melanoma.	Azad	et	al32 confirmed 
that	VEGF/VEGFR	promoted	VM	in	MCF10	cells	via	Hippo	pathway.	
These	highlighted	the	role	of	VEGFA	in	promoting	hypoxia‐mediated	
VM	in	SACC.	However,	Xu	et	al33	found	that	short‐term	anti‐VEGFA	
treatment induced increase VM and metastasis in SKOV3LUC+ 

F I G U R E  5  VM	formation	correlated	with	VEGFA	and	HIF‐1α	expression	in	SACC	tissues.	A,	CD31/PAS	double	staining	was	utilized	to	
access the presence of VM. The panel on the left showed endothelial cell‐dependent blood vessels which were CD31+PAS− channels (green 
arrow). The panel on the right showed VM which was CD31−PAS+	(red	arrow)	(magnification,	×100).	B,	VEGFA	in	SACC	showed	mainly	
cytoplasmic	staining	(magnification,	×100).	Different	expression	levels	of	VEGFA	in	VM‐positive	and	VM‐negative	tumours	from	the	two	
distinct	SACC	patients,	and	the	evaluation	of	the	relationship	between	VEGFA	expression	and	VM	formation	in	SACC	tissues	using	χ2 tests. 
C,	HIF‐1α	in	SACC	showed	mainly	cytoplasmic	and	nuclear	staining	(magnification,	×100).	Different	expression	levels	of	HIF‐1α in VM‐
positive	and	VM‐negative	tumours	from	the	two	distinct	SACC	patients,	and	the	evaluation	of	the	relationship	between	HIF‐1α expression 
and	VM	formation	in	SACC	tissues	using	χ2	tests.	D,	Schematic	representation	of	the	role	of	VEGFA	in	VM	formation	of	SACC
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tumour‐bearing mice. Schnegg et al34 found that tumour xenografts 
originated	from	sensitive	to	VEGFA	inhibition	underwent	an	adap‐
tation via HIF‐1	 expression	 and	 an	 increase	 in	CD144+ VM, while 
tumour xenografts of cell populations resistant to this inhibition did 
not exhibit these features compared to the control counterparts. 
Thus,	VEGFA	may	perform	different	roles	in	the	VM	in	the	different	
tumour cell types and much should be done.

EMT,	 the	 reversible	 dedifferentiation	process	 of	 polarized	 epi‐
thelial cells, has been shown to play an important role in acquiring 
endothelial‐like properties to form vessel‐like structures in epithelial 
cancers.35 Meng et al36 found that Hsp90β	 enhanced	 the	VE‐cad‐
herin	promoter	activity	by	 interacting	with	EMT‐related	 transcrip‐
tion factor Twist1 in hepatocellular carcinoma. Similarly, the high 
level	of	ZEB1,	another	EMT‐related	transcription	factor,	was	strongly	
associated with the presence of VM in 96 prostate cancer samples 
(P < 0.05).37	 On	 the	 other	 hand,	 evidence	 confirmed	 that	 VEGFA	
stimulation of normal epithelial cells and differentiated carcinoma 
cells	could	induce	an	EMT.	VEGFA	could	stimulate	EMT	of	pancre‐
atic neuroendocrine tumour cells in vitro.38	In	breast	cancer,	VEGFA	
led	to	EMT	by	up‐regulating	SOX2	expression	in	vivo	and	in	vitro.39 
VEGFA	could	sustain	EMT	in	sonic	hedgehog	medulloblastoma	stem	
cells via Nrp2.40	Hence,	we	proposed	a	hypothesis	that	VEGFA	may	
accelerate	hypoxia‐induced	VM	by	affecting	EMT	in	SACC.	In	order	
to	verify	this,	we	examined	the	role	of	VEGFA	in	hypoxia‐controlled	
VM	 formation	 in	 SACC.	 The	 data	 showed	 that	 exogenous	VEGFA	
enhanced the expression of N‐cadherin and sharply suppressed the 
expression	of	E‐cadherin	in	channel‐like	structures.	In	the	contrary,	
inhibition	of	VEGFA	made	N‐cadherin	down‐regulate	accompanied	
by	 unchanged	 E‐cadherin	 level.	 These	 results	 strongly	 suggested	

that	VEGFA‐induced	EMT	may	a	critical	step	in	hypoxia‐caused	VM	
in	SACC.	Furthermore,	EMT	is	considered	to	be	sufficient	to	endow	
and maintain cancer cells with stemness. There are remarkable 
similarities between cancer stem cells (CSCs) and cancer cells with 
mesenchymal phenotype, both of which are highly invasive, resis‐
tant against common anticancer treatment and thought to cause 
metastatic	growth.	And	the	two	phenotypes	are	reversible	and	can	
be	interchanged	via	EMT	or	CSC	phenotype	interconversion.41,42	A	
growing body of evidence suggests that CSCs are also involved in 
regulating VM formation.43	Hence,	we	assessed	the	effect	of	VEGFA	
on	cancer	cells	stemness	and	found	that	overexpression	of	VEGFA	
accelerated	stemness	marker	CD44	and	ALDH1	expression	in	VM‐
forming	SACC	cells	under	hypoxia,	while	suppression	of	VEGFA	re‐
duced	CD44	 and	ALDH1	 expression.	 Similarly,	 Jang	 et	 al44 found 
that	VEGFA	up‐regulated	Bmi1,	tumourspheres	and	ALDH1	activity	
in	primary	human	ovarian	cancer	cell	 lines	via	VEGFR2‐dependent	
Src activation.44 Ramezani et al45 demonstrated that human glioblas‐
toma stem‐like cells promoted themselves proliferation by secret‐
ing	the	VEGFA	in	an	autocrine	manner.	Therefore,	we	inferred	that	
VEGFA	may	affect	VM	by	endowing	SACC	cells	stemness.

In	addition,	we	detected	PAS+/CD31− vessel‐like structure con‐
tained	red	blood	cells	in	25	of	95	SACC	samples	and	the	data	showed	
that the VM positively correlated with advanced clinic stage and 
distance	metastasis	of	SACC	patients.	Wang	et	al46 showed that VM 
was	detected	in	a	total	of	25	(27.2%)	of	92	prostate	cancer	patients	
whose presence was positive correlation with advanced TNM stage 
(P = 0.001), and the presence of lymph node (P = 0.001) as well as 
distant metastases (P = 0.025). Williamson et al47 pointed out that 
higher levels of VM were associated with worse 3‐year survival in 

Clinicopathological features n

VM

P valuePositive (n = 25) Negative (n = 70)

Age

<45 38 9 29 0.635

≥45 57 16 41

Gender

Male 42 15 27 0.640

Female 53 10 43

Site

Major salivary gland 70 16 54 0.200

Minor salivary gland 25 9 16

Clinic stage

I/II 45 9 36 0.006

III/IV 50 19 31

Histological subtype

Tubular/cribriform 58 39 19 0.196

Solid 37 20 17

Distant metastasis

Yes 35 30 5 0.000

No 60 28 32

TA B L E  1   Clinicopathological features 
of	SACC	patients	and	their	association	
with VM expression
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41 limited‐stage small cell lung cancer patients’ biopsies (P < 0.025). 
You et al48	demonstrated	that	VM	was	existent	in	29/127	(22.8%)	
primary gastric cancer cases, and the presence of VM was associ‐
ated with tumour size, differentiation, depth of tumour invasion, 
stage and lymph node metastases. The data confirmed that VM 
might be a poor prognosis marker of human carcinoma.

Taken together, in present study, we confirmed that hypoxia ac‐
celerated	 the	VM	of	 SACC	 cells,	 and	VEGFA	was	 a	 critical	 down‐
stream	molecule	that	mediated	the	hypoxia‐controlled	EMT	inducing	
VM	in	SACC.	In	human	SACC	tissues,	the	presence	of	VM	was	posi‐
tive correlation with the advanced clinic stage and distance metasta‐
sis,	as	well	as	the	levels	of	VEGFA	and	HIF‐1α	in	SACC	tissue.	These	
indicated	that	hypoxia	may	serve	as	an	 inducer	of	VM	in	SACC	by	
targeting	VEGFA‐mediated	EMT,	which	provided	a	new	sight	in	the	
search	the	therapeutic	target	of	SACC.
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