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Abstract
Objectives:	Long	noncoding	RNAs	(lncRNAs)	play	important	roles	in	cancer	develop-
ment	and	progression.	The	deregulated	expression	of	LINC00978	has	been	reported	
in	human	cancers.	However,	the	expression	pattern	and	biological	roles	of	LINC00978	
in	gastric	cancer	(GC)	remain	unclear.	In	this	study,	we	investigated	the	potential	roles	
and	clinical	value	of	LINC00978	in	gastric	cancer.
Materials and methods: QRT- PCR was performed to investigate the expression of 
LINC00978	in	gastric	cancer	cell	lines,	tissues	and	serum	samples.	Cell	counting,	col-
ony formation, transwell migration and matrigel invasion assays were performed to 
determine	the	effects	of	shRNA-	mediated	knockdown	of	LINC00978	on	gastric	can-
cer cell functions. In vivo tumour growth assay was also conducted. Flow cytometry, 
immunohistochemistry, western blot and qRT- PCR were used for potential mecha-
nism study.
Results:	LINC00978	expression	level	was	elevated	in	GC	tumour	tissues,	serum	sam-
ples	 and	 cell	 lines.	 The	 expression	 level	 of	 LINC00978	was	 significantly	 correlated	
with	 tumour	 size	 (P = 0.02),	 lymphatic	 metastasis	 (P = 0.009)	 and	 TNM	 stage	
(P = 0.009).	 LINC00978	 knockdown	 inhibited	 the	 proliferation	 of	 GC	 cells	 by	 sup-
pressing	cell	cycle	progression	and	 inducing	apoptosis.	LINC00978	knockdown	also	
inhibited	the	migration	and	invasion	of	GC	cells.	In	addition,	LINC00978	knockdown	
inhibited the activation of TGF- β/SMAD signalling pathway and the process of 
epithelial-	mesenchymal	 transition	 (EMT)	 in	GC	 cells.	Moreover,	 the	 in	 vivo	 tumori-
genicity	of	LINC00978	knockdown	GC	cells	in	mice	was	significantly	decreased.
Conclusions:	LINC00978	promotes	gastric	cancer	progression	and	may	serve	as	a	po-
tential	biomarker	for	GC.

1  | INTRODUCTION

Gastric cancer is one of the most common malignancies and a lead-
ing cause of cancer death worldwide, especially in Eastern Asia.1,2 The 
prognosis of gastric cancer remains poor since it is mostly diagnosed 
at advanced stage, usually accompanied by malignant proliferation, ex-
tensive invasion and distant metastasis. Therefore, the exploration of 

novel	biomarkers	is	imperative	for	early	diagnosis	and	effective	thera-
pies of gastric cancer.

Long	noncoding	RNAs	 (lncRNAs),	defined	as	 transcripts	of	more	
than	 200	 nt	 in	 length	 that	 lack	 protein-	coding	 capacity,	 are	widely	
transcribed in the genome.3,4	Compared	with	miRNAs	that	have	been	
extensively	studied,	the	roles	of	lncRNAs	in	human	health	and	diseases	
remain to be elucidated.5	Growing	evidence	suggests	that	lncRNAs	are	
key	players	in	cancer.6,7	Up	to	now,	lncRNAs	have	been	demonstrated	
to play vital roles in tumour initiation, progression and metastasis 
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through modulating oncogenic and tumour- suppressing pathways.8,9 
In	addition,	recent	studies	have	indicated	that	a	number	of	 lncRNAs	
are dysregulated in gastric cancer.10-13 The aberrant expression pat-
tern	 of	 lncRNAs	 can	 serve	 as	 biomarkers	 for	 cancer	 diagnosis	 and	
prognosis as well as targets for potential therapy.14-16 However, the 
contributions	 of	 lncRNAs	 to	 gastric	 cancer	 remain	 largely	 unknown	
and	suitable	biomarkers	still	need	to	be	explored.

LINC00978,	also	known	as	MIR4435-	2HG	and	AK001796,	is	a	ln-
cRNA	located	in	the	2q13	region	of	human	genome.	Yang	et	al17 first 
reported	 that	 LINC00978	was	overexpressed	 in	 lung	 cancer	 tissues	
and cell lines. Deng et al18	 found	that	high	 level	of	LINC00978	pre-
dicted poor prognosis in breast cancer patients. Recently, Ke et al19 
demonstrated	 that	 a	 combination	 of	 circulating	 lncRNAs	 including	
MIR4435-	2HG	in	plasma	can	serve	as	diagnostic	markers	for	gastric	
cancer. However, the precise biological function and potential under-
lying	mechanism	of	LINC00978	in	gastric	cancer	have	not	been	well	
characterized.

In	this	study,	we	determined	the	expression	pattern	of	LINC00978	
in gastric cancer and conducted in vitro and in vivo studies to elu-
cidate	 the	 roles	 of	 LINC00978	 in	 gastric	 cancer	 cell	 activities.	 Our	
results	showed	that	LINC00978	expression	 is	upregulated	 in	gastric	
cancer tissues and its expression level was associated with tumour 
size,	tumour-	node-	metastasis	(TNM)	stage	and	lymph	node	metasta-
sis.	LINC00978	promoted	gastric	cancer	growth	 in	vitro	and	 in	vivo	
and enhanced the metastatic potential of gastric cancer cells in vitro. 
LINC00978	exerted	its	oncogenic	activities	through	the	activation	of	
TGF- β/SMAD pathway and the induction of EMT. Our results suggest 
that	LINC00978	is	critically	involved	in	gastric	cancer	progression	and	
may	serve	as	a	potential	diagnostic	biomarker	for	gastric	cancer.

2  | MATERIALS AND METHODS

2.1 | Microarray data analysis

Human microarray datasets GSE13911 and GSE79973 were obtained 
from	the	Gene	Expression	Omnibus	(GEO	database,	http://www.ncbi.
nlm.nih.gov/geo/).	 The	 GSE13911	 dataset	 contained	 the	 transcrip-
tome data of 69 stomach tissues studied on an Affymetrix Human 
Genome	 U133	 Plus	 2.0	 Array	 with	 47	000	 transcripts	 (Affymetrix,	
Santa	Clara,	CA,	US),	with	data	normalized	by	the	Robust	Multichip	
Average	(RMA)	algorithm.	The	GSE79973	dataset	contained	20	sam-
ples of paired normal gastric mucosa and gastric adenocarcinoma 
tissues and was analysed with the Affymetrix U133 Array and data 
normalized	by	the	MicroArray	Suite	(MAS)	5.0	algorithm.	The	z-	score	
of log2 format of normalized data was used for further analysis.

2.2 | Ethics statement

This study was performed with the approval of Ethics Review 
Committee of the Affiliated People’s Hospital of Jiangsu University. 
Informed consents were obtained from each participants included in 
the study prior to sample collection. All experiments were performed 
in accordance with relevant regulations and guidelines.

2.3 | Clinical samples and data collection

Clinical samples including tissue and serum samples were collected 
from the Affiliated People’s Hospital of Jiangsu University between 
April 2015 and December 2016. All selected gastric cancer patients 
met	 the	 following	 inclusion	 criteria:	 (i)	 Patients	were	 newly	 diag-
nosed to have gastric cancer with definite pathological evidence or 
radiological	evidence;	 (ii)	No	chemoradiotherapies	were	given	be-
fore surgery. Preoperative blood samples of gastric cancer patients 
and healthy controls were collected, separated for serum within 
2	hours	and	stored	at	−80°C.	Tissue	samples	including	tumour	and	
paired non- tumour tissues were collected within 1 hour after gas-
tric excision. Tissue samples were put into liquid nitrogen immedi-
ately	and	then	transferred	to	−80°C	for	storage.	The	characteristics	
of patients including gender, age, tumour size, differentiation, lym-
phatic metastasis, venous or perineural invasion, invasion depth, 
TNM	stage	and	tumour	location	were	recorded.

2.4 | Cell culture

The	human	gastric	cancer	lines	MGC-	803,	SGC-	7901,	BGC-	823	and	
HGC-	27	were	obtained	from	Shanghai	Institute	of	Biochemistry	and	
Cell	 Biology,	 Chinese	 Academy	 of	 Sciences	 (Shanghai,	 China).	 The	
human normal gastric epithelial cell line GES- 1 was purchased from 
Gefan	 Biological	 Technology	 (Shanghai,	 China).	 MGC-	803	 was	 cul-
tured	with	high	glucose-	Dulbecco’s	modified	Eagle	medium	(DMEM;	
Gibco,	Grand	Island,	NY,	USA),	while	SGC-	7901,	BGC-	823,	HGC-	27	
and	GES-	1	cells	were	cultured	with	Roswell	Park	Memorial	Institute	
(RPMI)	1640	medium	(Invitrogen,	Carlsbad,	CA,	USA).	All	media	were	
supplemented	with	10%	fetal	bovine	serum	(FBS;	Gibco),	100	U/mL	
penicillin and 100 μg/mL	streptomycin	(Gibco).	All	the	cells	were	cul-
tured	at	37°C	in	a	humidified	incubator	with	5%	CO2.

2.5 | RNA isolation, reverse transcription and 
quantitative real- time polymerase chain reaction  
(qRT- PCR)

Total	 RNA	 was	 isolated	 from	 tumour	 and	 non-	tumour	 tissues	 by	
using	 Ultrapure	 RNA	 Kit	 following	 the	manufacturer’s	 procedures	
(CWBIO,	 Beijing,	 China).	 Total	 RNA	 from	 serum	 samples	 was	 ex-
tracted	 by	 using	 miRNeasy	 Serum/Plasma	 kit	 according	 to	 the	
manufacturer’s	instructions	(QIAGEN,	Hilden,	Germany).	TRIzol	rea-
gent	(Invitrogen)	was	used	for	the	extraction	of	total	RNA	from	the	
cultured	cells.	The	cDNAs	were	generated	from	1	μg	total	RNA	by	
using	the	HiScript	1st	Strand	cDNA	Synthesis	Kit	(Vazyme,	Nanjing,	
China).	qRT-	PCR	was	performed	using	UltraSYBR	Mixture	(CWBIO)	
on	a	CFX96	Real-	time	PCR	Detection	System	(Bio-	Rad,	Hercules,	CA,	
USA).	The	qRT-	PCR	reactions	were	performed	in	triplicate.	Changes	
in	gene	expression	were	determined	by	the	−ΔCt or 2−ΔΔCt method. 
Results	were	normalized	to	the	expression	of	small	molecular	RNA	
U6. The primer sequences used for qRT- PCR were presented in 
Table S1.

http://www.ncbi.nlm.nih.gov/geo/
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2.6 | RNA interference by shRNA

The	 shRNA	 targeting	 LINC00978	 and	 shRNA	 control	were	 synthe-
sized	by	Hanbio	Biotechnology	 (Shanghai,	China).	The	sequences	of	
shRNAs	were	as	follows:	pGPU6/GFP/Neo-	shRNA	(sh-	LINC00978):	
5′-	CACCGCCCAGATTTAAGGGCTATTTCAAGAGAATAGCCCTTAA
ATCTGGGCCTTTTTTG-	3′;	 pGPU6/GFP/Neo-	shNC	 (sh-	control):	 5′
- CACCGTTCTCCGAACGTGTCACGTCAAGAGATTACGTGACACGT
TCGGAGAATTTTTTG-	3′.	MGC-	803	and	SGC-	7901	cells	cultured	in	
6-	well	plate	were	transfected	with	the	sh-	LINC00978	and	sh-	control	
by	using	LipoFiter	(Hanbio,	Shanghai,	China)	according	to	the	manu-
facturer’s instructions. Cells were harvested at 36 hours after trans-
fection.	The	specific	silencing	of	LINC00978	expression	was	assessed	
by using qRT- PCR.

2.7 | Cell counting and colony formation assay

The	transfected	cells	were	seeded	 into	24-	well	plates	 (1	×	104 cells 
per	well).	The	cells	were	trypsinized	and	counted	every	day	for	6	days.	
The results were plotted as cell growth curves. For colony formation 
assay,	 the	 transfected	 cells	were	 plated	 into	 6-	well	 plates	 (1	×	103 
cells	 per	well)	 and	 cultured	 for	 10	days,	 during	which	 the	medium	
was replaced every 3 days. At the end of the experiment, the colo-
nies	were	washed	with	phosphate	buffered	saline	 (PBS),	 fixed	with	
4% paraformaldehyde for 10 minutes and stained with 0.5% crystal 
violet	 for	5	minutes.	The	number	of	visible	colonies	containing	≥50	
cells was counted. All these experiments were performed in triplicate.

2.8 | Flow cytometric analyses of cell 
cycle and apoptosis

For cell cycle analysis, cells were harvested and fixed with 75% ethanol at 
4°C	overnight,	then	treated	with	RNase	A	and	stained	with	propidium	io-
dide	(PI)	for	30	minutes	at	37°C.	Cell	cycle	profiles	were	determined	using	
FACSCalibur	flow	cytometry	(BD	Biosciences,	San	Jose,	CA,	USA).	For	the	
analysis	of	cell	apoptosis,	cells	were	collected	and	stained	with	Annexin	V-	
FITC	and	PI	for	15	minutes	in	darkness	at	room	temperature.	Cells	under-
going early and late apoptosis were then quantified using flow cytometry 
analysis	(BD	Biosciences).	The	experiments	were	performed	in	triplicate.

2.9 | Cell migration and invasion assay

The transfected cells resuspended in 200 μL serum- free media were 
seeded into the upper chamber of transwell with 8 μm	pore	(Corning,	
NY,	USA),	which	was	pre-	coated	with	(for	invasion	assay)	or	without	
(for	migration	 assay)	50	μL matrigel. A total of 600 μL DMEM me-
dium	containing	10%	FBS	was	added	into	the	lower	chamber.	After	
incubation	at	37°C	with	5%	CO2 for 24 hours, cells on the upper sur-
face were removed with a cotton swab and cells on the lower surface 
were fixed in paraformaldehyde for 15 minutes followed by staining 
with 0.2% crystal violet for 5 minutes. Cells were photographed and 
counted	under	an	inverted	microscope	(Olympus,	Tokyo,	Japan).	The	
results were mean values of 3 independent experiments.

2.10 | Protein extraction and western blot

Cells were washed and lysed in Radio-Immunoprecipitation Assay 
(RIPA)	extraction	reagent	(Beyotime,	Beijing,	China)	supplemented	with	
a	 protease	 inhibitor	 cocktail	 solution	 (Roche,	 Indianapolis,	 IN,	USA).	
The protein samples were separated on 10% SDS- polyacrylamide 
gel electrophoresis and transferred to 0.22 μm	 PVDF	 membranes	
(Millipore,	Billerica,	MA,	USA).	After	blocking	with	5%	non-	fat	milk,	the	
membranes were incubated with specific primary antibodies against 
p21,	 poly(ADP-	ribose)	 polymerase	 (PARP),	 caspase-	3,	 Bcl-	2,	 Slug,	
Twist,	 E-	cadherin,	N-	cadherin,	 Vimentin,	 TGF-	β, p- SMAD2, SMAD2 
and	MMP9	 antibodies	 (Cell	 Signaling	 Technology,	 Shanghai,	 China)	
at	4°C	overnight	and	washed	extensively.	After	 incubation	with	 the	
goat	anti-	rabbit	or	anti-	mouse	secondary	antibodies	(CST),	the	protein	
bands	were	visualized	by	using	chemiluminescence	(Millipore).	GAPDH	
(Sigma-	Aldrich,	St.	Louis,	MO,	USA)	was	used	as	loading	control.

2.11 | In vivo tumour growth assay

All procedures for animal experiments were approved by the Animal 
Use	and	Care	Committee	of	Jiangsu	University.	Ten	BALB/c	nude	mice	
(4	weeks	old,	male)	were	randomly	divided	into	2	groups.	MGC-	803	
cells	transfected	with	sh-	LINC00978	or	sh-	control	were	harvested	at	
36	hours	 after	 transfection.	 Approximately	 2	×	106 MGC- 803 cells 
were	resuspended	with	0.2	mL	PBS	and	injected	into	each	mice	sub-
cutaneously. Xenograft tumours were observed periodically after cell 
inoculation.	The	mice	were	killed	at	6	weeks	after	 injection	and	the	
tumours were removed and photographed. Tumour diameters were 
examined	with	a	vernier	caliper.	Tumour	volumes	(V)	were	calculated	
using the formula: 

2.12 | Immunohistochemical staining

Tumour tissue sections were incubated with primary monoclonal 
antibody	against	Ki-	67	(Cell	Signaling	Technology)	followed	by	 in-
cubation with the secondary antibody for 30 minutes at room tem-
perature.	 After	 being	 incubated	 with	 3,	 3′-	Diaminobenzidine	 (3,	
3′-	DAB,	Maxim,	 Fuzhou,	 China)	 for	 5	minutes,	 the	 sections	were	
counterstain with haematoxylin for 30 seconds. Finally, the sections 
were	 photographed	 under	 a	 TE2000	 microscope	 (Nikon,	 Tokyo,	
Japan).

2.13 | Statistical analysis

All	 the	 data	 were	 analysed	 by	 using	 SPSS	 22.0	 software	 (SPSS,	
Chicago,	 IL,	 USA)	 or	 GraphPad	 Prism	 7.0	 (GraphPad	 Software,	 La	
Jolla,	CA,	USA).	Differences	between	measured	groups	were	assessed	
using Student’s t	test.	The	associations	between	LINC00978	expres-
sion and clinicopathological features were studied using chi- square 
test	and	Fisher’s	exact	test.	The	area	under	the	ROC	curve	(AUC)	was	
analysed	to	estimate	the	effectiveness	of	LINC00978	for	prediction.	
All P values were 2- sided. Differences were considered as statistically 

V = length × width2∕2(mm3)
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significant for P values less than 0.05. Data were presented as mean 
with	the	standard	deviation	(SD).

3  | RESULTS

3.1 | LINC00978 is upregulated in gastric cancer 
tissues and cell lines

The	 expression	 levels	 of	 LINC00978	 in	 human	 gastric	 cancer	 tis-
sues were analysed by using the microarray data downloaded 

from	 GEO	 (GSE13911	 and	 GSE79973).	 The	 results	 showed	 that	
LINC00978	 expression	 level	 was	 consistently	 upregulated	 in	
GSE13911 and GSE79973 datasets from either unpaired or paired 
samples	(Figure	1A,B).	To	validate	the	findings	of	GEO	data	analysis,	
we	 examined	 LINC00978	 expression	 in	 a	 cohort	 of	 72	 paired	 gas-
tric cancer and adjacent non- cancerous tissues by using qRT- PCR. 
The	expression	level	of	LINC00978	was	significantly	upregulated	in	
gastric cancer tissues compared with the paired non- cancerous tis-
sues	 (P < 0.001,	 Figure	1C,D).	We	 further	 analysed	 the	 relationship	
between	 LINC00978	 expression	 level	 and	 the	 clinicopathological	

F IGURE  1 LINC00978	is	upregulated	
in gastric cancer tissues, serums and cell 
lines.	(A)	Analysis	of	LINC00978	expression	
level	in	GEO	dataset	GSE13911	(n	=	38	
for tumour group; n = 31 for non- tumour 
group).	(B)	Relative	LINC00978	expression	
levels in paired tumour and non- tumour 
tissues	(n	=	10)	from	GEO	dataset	
GSE79973.	(C,D)	Relative	expression	of	
LINC00978	in	paired	tumour	and	non-	
tumour	tissues	(n	=	72).	(E)	ROC	curve	
analysis of the diagnostic potential of 
LINC00978	in	gastric	cancer	tissues.	 
(F)	The	expression	profiles	of	LINC00978	in	
MGC-	803,	BGC-	823,	SGC-	7901,	HGC-	27	
and	GES-	1	cells.	(G)	Serum	LINC00978	
expression levels in gastric cancer patients 
and	healthy	controls.	(H)	ROC	curve	
analysis of the diagnostic performance of 
serum	LINC00978.	**P < 0.01,	***P < 0.001
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features of gastric cancer patients. As shown in Table 1, the expres-
sion	level	of	LINC00978	was	associated	with	tumour	size	(P < 0.05),	
lymphatic	metastasis	 (P < 0.01)	 and	TNM	stage	 (P < 0.01).	The	area	
under	 ROC	 curve	 (AUC)	was	 0.746	 (95%	 confidence	 interval	 (CI)=	
0.663- 0.828, P < 0.001;	 Figure	1E).	 The	 sensitivity	 and	 specific-
ity were 0.53 and 0.92, respectively. Moreover, 5 cell lines includ-
ing one normal gastric epithelial cell line GES- 1 and 4 gastric cancer 
cell	 lines	 (MGC-	803,	BGC-	823,	SGC-	7901,	HGC-	27)	were	detected	
for	 LINC00978	expression.	 The	 expression	 levels	 of	 LINC00978	 in	

MGC-	803,	BGC-	823,	SGC-	7901	and	HGC-	27	cells	were	significantly	
higher	 than	 that	 in	 GES-	1	 cells	 (Figure	1F).	 Taken	 together,	 these	
findings	suggest	that	LINC00978	is	upregulated	in	gastric	cancer	tis-
sues and cell lines.

3.2 | LINC00978 expression level is elevated in the 
serum of gastric cancer patients

We	 further	 tested	 the	 expression	 of	 LINC00978	 in	 serum	 sam-
ples from gastric cancer patients and healthy controls. The results 
showed	that	the	expression	levels	of	serum	LINC00978	were	signifi-
cantly higher in gastric cancer patients than those in healthy controls 
(Figure	1G).	Furthermore,	the	AUC	of	ROC	curve	was	0.831	(95%	CI	
0.754-	0.908,	sensitivity	0.80,	specificity	0.70),	as	shown	in	Figure	1H.	
In	summary,	these	data	suggest	that	LINC00978	is	highly	expressed	in	
the circulation of gastric cancer patients and may serve as a potential 
biomarker	for	gastric	cancer.

3.3 | LINC00978 silencing inhibits gastric cancer cell 
growth in vitro and in vivo

To	 investigate	 the	 roles	 of	 LINC00978	 in	 gastric	 cancer,	 we	 inhib-
ited	 LINC00978	expression	 in	 gastric	 cancer	 cells	 by	using	 shRNA-	
mediated	interference	(Figure	2A).	The	proliferation	abilities	of	gastric	
cancer cells were determined by using cell counting and colony for-
mation	 assays.	 As	 shown	 in	 Figure	2B,	 the	 silencing	 of	 LINC00978	
significantly retarded the growth of gastric cancer cells. The results 
of colony formation assay showed that gastric cancer cells with 
LINC00978	knockdown	formed	significantly	 less	colonies	 than	con-
trol	cells	 (P < 0.001,	Figure	2C).	The	effect	of	LINC00978	on	gastric	
cancer growth in vivo was determined by using a subcutaneous xeno-
graft tumour model in mice. The results showed that the mice injected 
with	 sh-	LINC00978	 gastric	 cancer	 cells	 developed	 smaller	 tumours	
than	 that	 injected	 with	 sh-	control	 cells	 (P < 0.001,	 Figure	2D).	 The	
results of immunohistochemical staining further revealed that there 
were less Ki- 67 positive proliferating cells in the tumour tissues from 
mice	in	sh-	LINC00978	group	than	that	in	sh-	control	group	(Figure	2E).	
Thus,	these	findings	indicate	that	LINC00978	could	promote	gastric	
cancer growth in vitro and in vivo.

3.4 | LINC00978 knockdown induces cell cycle 
arrest and apoptosis in gastric cancer cells

To	further	explore	the	potential	mechanisms	by	which	LINC00978	
could affect gastric cancer cell proliferation, we performed flow 
cytometric analyses to determine the cell cycle distribution and 
apoptosis	of	gastric	cancer	cells	with	or	without	LINC00978	knock-
down.	 The	 results	 of	 cell	 cycle	 analysis	 revealed	 that	 LINC00978	
knockdown	 led	 to	a	 significant	 increase	 in	 the	proportion	of	 cells	
in	G1	phase	(P < 0.05)	while	a	significant	decrease	 in	the	percent-
age	of	cells	in	S	phase	(P < 0.01),	both	in	MGC-	803	and	SGC-	7901	
cells	 (Figure	3A).	 We	 further	 performed	 Annexin-	V/PI	 double	
staining combined with flow cytometric analysis to evaluate the 

TABLE  1 The	association	between	LINC00978	expression	levels	
(−ΔCt)	in	tumour	tissues	and	the	clinicopathological	features	of	
gastric cancer patients

Features Number

LINC00978 
expression

Mean ± SD P valueHigh Low

Gender

Male 52 39 13 3.31 ± 2.50 0.210

Female 20 12 8 3.29 ± 2.65

Age, years

60 13 9 4 3.55 ± 2.56 1.000

≥60 59 42 17 3.25 ± 2.54

Tumour	size	(cm)

<5 36 21 15 3.78 ± 2.75 0.020

≥5 36 30 6 2.83 ± 2.12

Differentiationa

Moderate 32 25 7 3.01 ± 2.53 0.173

Poor 38 24 14 3.54 ± 2.58

Lymphatic metastasis

N0 19 9 10 3.54 ± 2.57 0.009

N1-	3 53 42 11 3.22 ± 2.53

Venous	or	perineural	invasion

Absent 47 32 15 3.51 ± 2.43 0.482

Present 25 19 6 2.91 ± 2.70

Invasion depth

T1 and 
T2

3 1 2 4.27 ± 3.96 0.202

T3 and 
T4

69 50 19 3.26 ± 2.48

TNM	stage

I and II 19 9 10 3.86 ± 2.70 0.009

III	and	IV 53 42 11 3.10 ± 2.46

Tumour location

Antrum 16 8 8 4.11 ± 2.42 0.195

Body 4 4 0 2.08 ± 1.91

Angulus 7 5 2 3.39 ± 2.72

Cardia 24 17 7 3.33 ± 2.69

Others 21 17 4 2.85 ± 2.48

aMissing 2 cases.
TNM,	tumour-	node-	metastasis.
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effect	 of	 LINC00978	 knockdown	 on	 cell	 apoptosis.	 As	 shown	 in	
Figure	3B,	 LINC00978	 knockdown	 induced	 a	 significant	 increase	
in the percentage of apoptotic cells in both MGC- 803 and SGC- 
7901 cells. Moreover, we determined the expression of cell cycle 
and apoptosis- related proteins by using western blot. As shown 

in	Figure	3C,	 LINC00978	knockdown	promoted	 the	expression	of	
p21 and the cleavage of PARP and caspase- 3 in both MGC- 803 and 
SGC- 7901 cells. The results of western blot and qRT- PCR showed 
that	 LINC00978	 knockdown	 inhibited	 the	 expression	 of	 Bcl-	2	 in	
gastric	 cancer	 cells	 (Figure	3C,D).	 Taken	 together,	 these	 results	

F IGURE  2 LINC00978	knockdown	inhibits	the	proliferation	of	gastric	cancer	cells.	(A)	Relative	expression	levels	of	LINC00978	in	shRNA-	
transfected	cells.	(B)	Growth	curves	of	gastric	cancer	cells	transfected	with	sh-	LINC00978.	(C)	Colony	formation	assays	for	gastric	cancer	cells	
transfected	with	sh-	LINC00978.	(D)	Tumour	volumes	and	weights	of	mice	in	sh-	LINC00978	and	sh-	control	groups.	(E)	Representative	images	of	
HE	staining	and	immunohistochemical	staining	of	Ki-	67	in	mouse	tumour	tissues.	*P < 0.05,	**P < 0.01,	***P < 0.001
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indicate	 that	 LINC00978	 knockdown	 could	 inhibit	 gastric	 cancer	
cell proliferation by inducing cell cycle arrest and apoptosis.

3.5 | LINC00978 knockdown inhibits the 
migration and invasion of gastric cancer cells

We	 next	 wanted	 to	 know	 whether	 LINC00978	 knockdown	 af-
fected the metastatic potential of gastric cancer cells. The results 
of	 transwell	migration	assay	showed	that	LINC00978	knockdown	
inhibited the migration abilities of both MGC- 803 and SGC- 7901 
cells	(Figure	4A).	In	addition,	the	depletion	of	LINC00978	also	sup-
pressed the invasion abilities of gastric cancer cells as shown by 
matrigel	 invasion	 assays	 (Figure	4B).	 These	 findings	 suggest	 that	
LINC00978	 may	 enhance	 gastric	 cancer	 metastasis	 through	 the	
promotion of cell migration and invasion.

3.6 | LINC00978 knockdown inhibits the 
activation of TGF- β/SMAD pathway and suppresses 
EMT in gastric cancer cells

To elucidate the mechanisms that are responsible for the inhibitory 
role	of	LINC00978	 in	gastric	cancer	cell	migration	and	 invasion,	we	

determined the activation of metastasis- related pathways in gastric 
cancer	 cells	 with	 LINC00978	 knockdown.	 As	 shown	 in	 Figure	5A,	
LINC00978	knockdown	downregulated	the	expression	of	N-	cadherin,	
slug and twist genes, while upregulated that of E- cadherin gene in 
MGC- 803 and SGC- 7901 cells. The results of western blot also con-
firmed	that	LINC00978	knockdown	decreased	the	expression	of	N-	
cadherin, slug, twist and vimentin, while increased that of E- cadherin 
in	both	cells	(Figure	5B).	In	addition,	we	found	that	LINC00978	knock-
down inhibited the expression of TGF- β and inactivated SMAD2 path-
way	in	gastric	cancer	cells	(Figure	5C).	The	expression	level	of	MMP9,	
an important downstream molecule of TGF- β/SMAD pathway, was 
also	suppressed	by	LINC00978	knockdown.	Moreover,	MGC-	803	and	
SGC-	7901	cells	with	LINC00978	knockdown	presented	an	epithelial-	
to-	mesenchymal	transition	in	cell	morphology	(Figure	5D).	These	data	
indicate	that	LINC00978	may	activate	the	TGF-	β/SMAD pathway in 
gastric cancer cells to induce EMT.

4  | DISCUSSION

LINC00978	was	first	identified	in	a	microarray	analysis	as	one	of	the	mostly	
altered	lncRNAs	by	resveratrol	in	lung	cancer	cells.17 Further study revealed 

F IGURE  3 LINC00978	knockdown	
induces cell cycle arrest and apoptosis in 
gastric	cancer	cells	in	vitro.	(A)	The	cell	
cycles of MGC- 803 and SGC- 7901 cells 
transfected	with	sh-	LINC00978	were	
analysed	by	using	flow	cytometry.	(B)	Cell	
apoptosis in MGC- 803 and SGC- 7901 
cells	transfected	with	sh-	LINC00978	were	
determined by using flow cytometry.  
(C)	Western	blot	analyses	of	p21,	
poly(ADP-	ribose)	polymerase	(PARP),	Bcl-	2	
and	caspase-	3	in	LINC00978	knockdown	
MGC-	803	and	SGC-	7901	cells.	(D)	QRT-	
PCR analyses of BCL-2 gene expression in 
LINC00978	knockdown	GC	cells.	*P < 0.05, 
**P < 0.01,	***P < 0.001
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that it may act as an oncogene in lung cancer cells. Deng et al. suggest  
that	 LINC00978	can	be	used	as	 a	potential	 biomarker	 to	predict	 prog-
nosis in breast cancer patients.18	Recently,	LINC00978	was	reported	as	
one	of	the	4	serum	lncRNAs	that	might	serve	as	a	panel	for	gastric	cancer	

diagnosis.19 However, the biological functions and potential underlying 
mechanisms	of	LINC00978	in	gastric	cancer	progression	remain	unclear.

In	this	study,	we	first	identified	LINC00978	as	an	overexpressed	
lncRNA	in	gastric	cancer	by	analysing	GEO	microarray	datasets.	We	

F IGURE  4 Silencing	of	LINC00978	
inhibits the migration and invasion of 
gastric	cancer	cell	lines	in	vitro.	(A)	
Transwell migration assays were performed 
to investigate the migratory abilities 
of MGC- 803 and SGC- 7901 cells with 
LINC00978	knockdown.	(B)	Matrigel	
invasion assays for the invasive abilities of 
sh-	LINC00978	MGC-	803	and	SGC-	7901	
cells.	***P < 0.001

F IGURE  5 LINC00978	knockdown	
inhibits the activation of TGF- β/SMAD 
pathway and suppresses epithelial- 
mesenchymal	transition	(EMT)	in	gastric	
cancer	cells.	(A)	QRT-	PCR	and	(B)	Western	
blot	analyses	of	EMT-	specific	markers	
in MGC- 803 and SGC- 7901 cells with 
LINC00978	knockdown.	(C)	Western	blot	
analysis of TGF- β, SMAD2, p- SMAD2 and 
MMP9 in MGC- 803 and SGC- 7901 cells 
with	LINC00978	knockdown.	(D)	The	
morphology of MGC- 803 and SGC- 7901 
cells	with	LINC00978	knockdown
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further validated this finding in a cohort of 72 paired tumour and 
non-	tumour	tissues	and	4	gastric	cancer	cell	lines.	We	demonstrated	
in	this	study	that	the	expression	level	of	LINC00978	in	gastric	can-
cer tissue was associated with tumour size, lymphatic metastasis and 
TNM	stage.	Moreover,	LINC00978	expression	in	the	serum	enabled	
the discrimination of gastric cancer patients from healthy controls 
with an AUC of 0.831. Our results are in consistent with that re-
ported	in	lung	cancer	and	breast	cancer,	suggesting	that	LINC00978	
may	serve	as	a	potential	diagnostic	and	prognostic	biomarker	for	gas-
tric cancer.

We	further	explored	the	biological	functions	of	LINC00978	in	gas-
tric	cancer	cells	by	using	shRNA-	mediated	gene	silencing.	The	results	
of	cell	counting	and	colony	formation	assays	revealed	that	LINC00978	
knockdown	led	to	a	significant	inhibition	in	the	proliferation	of	MGC-	
803	and	SGC-	7901	cells.	Yang	et	al.	reported	that	LINC0097	knock-
down in lung cancer cells inhibited the formation of colonies in soft 
agar, which might be associated with the induction of cell cycle arrest 
at G1 phase.17	We	found	that	LINC00978	knockdown	also	 resulted	
in G1 phase arrest in gastric cancer cells, leading to the inhibition of 
proliferation.	LINC00978	is	suggested	to	regulate	multiple	cell	cycle-	
associated genes in lung cancer cells.17	We	showed	that	LINC00978	
knockdown	 upregulated	 the	 expression	 of	 p21,	 an	 important	 cell	
cycle	regulator,	 indicating	that	LINC0097	 is	critically	 involved	 in	the	
regulation	of	cell	cycle	progression.	We	also	showed	that	LINC00978	
knockdown	induced	apoptosis	in	gastric	cancer	cells,	suggesting	that	
LINC00978	may	also	promote	gastric	cancer	cell	proliferation	by	pro-
tecting them from apoptosis. In support of the in vitro findings, our in 
vivo animal study data also showed that the tumours generated with 
sh-	LINC00978	 transfected	 cells	 had	 smaller	 volumes	 and	 weights,	
indicating	that	the	knockdown	of	LINC00978	inhibits	gastric	tumour	
growth in vivo.

About 90% of cancer deaths are caused by metastases in dis-
tant	organs,	making	metastasis	the	major	cause	of	mortality	 in	pa-
tients with cancer.20 Deng et al. compared the expression levels of 
LINC00978	 between	 low-	metastatic	 and	 high-	metastatic	 breast	
cancer	cell	lines	and	found	that	LINC00978	expression	levels	were	
significantly higher in the high- metastatic cell lines than in the low- 
metastasis cell lines.18 However, there was no correlation between 
LINC00978	expression	 level	and	 lymph	node	status	 in	breast	can-
cer patients.18	In	this	study,	we	demonstrated	that	LINC00978	ex-
pression level was closely associated with lymphatic metastasis in 
gastric	 cancer	 patients.	 We	 further	 performed	 functional	 studies	
to	 confirm	 the	 potential	 of	 LINC00978	 in	 cancer	metastasis.	Our	
results revealed that the migration and invasion abilities of gastric 
cancer	cells	were	significantly	inhibited	by	LINC00978	knockdown.	
EMT plays a central role in driving cancer metastasis. Many tran-
scription	 factors	 can	 activate	EMT,	 including	ZEB,	Twist	 and	Snail	
families.21-23	We	 found	 that	 LINC00978	 knockdown	 inhibited	 the	
expression	of	Twist1	and	Slug	 (Snail2),	 leading	to	the	downregula-
tion	of	N-	cadherin	and	vimentin	but	the	upregulation	of	E-	cadherin,	
indicating	 that	 LINC00978	may	 promote	 the	metastatic	 potential	
of gastric cancer cell by inducing EMT. Oncogenic signals, growth 
factors and inflammatory and hypoxic microenvironment can trigger 

EMT.24-26 TGF- β is one of the best- studied drivers of EMT.27	We	
showed	 that	 LINC00978	 knockdown	 inhibited	 the	 expression	 of	
TGF- β and suppressed the activation of SMAD2 and the expression 
of	MMP9	 in	 gastric	 cancer	 cells,	 suggesting	 that	 LINC00978	may	
promote EMT through the regulation of TGF- β/SMAD pathway. 
However,	 the	 detailed	 mechanism	 by	 which	 LINC00978	 affects	
TGF- β/SMAD pathway warrants further investigation.

In conclusion, we demonstrated in this study the expression pat-
tern,	 biological	 function	 and	 potential	mechanism	 of	 LINC00978	 in	
gastric	cancer.	Our	findings	partially	unveil	the	roles	of	LINC00978	in	
gastric	cancer	and	provide	a	potential	biomarker	for	the	diagnosis	and	
prognosis of gastric cancer.
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