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Abstract
Background: hsa_circ_0000826	has	been	previously	linked	to	CRC	through	the	com-
peting	endogenous	RNA	network;	however,	the	upstream	driver	of	hsa_circ_0000826	
elevation	remains	unknown.	In	this	study,	we	aim	to	elucidate	the	effect	of	hypoxia-
induced	hsa_circ_0000826	on	CRC	tumorigenesis	and	metastasis.
Methods: RNA	scope	assay	was	used	to	evaluate	the	expression	of	hsa_circ_0000826	
in	CRC	cells	under	hypoxia	condition.	The	effects	of	hsa_circ_0000826	on	pheno-
types of CRC cells were evaluated through cell migration and invasion assay. The 
nude,	AOM-DSS	model	mice	and	APCMin/+ mice were used to investigate the rela-
tionship	between	circ_0000826,	hypoxia,	and	CRC	in	mice.	A	total	of	100	CRC	tissue	
samples,	as	well	as	the	paired	adjacent	tissues,	were	collected,	and	qRT-PCR	assay	
was	used	to	detect	the	expression	of	hsa_circ_0000826	in	these	samples.
Results: Hypoxia-induced	 hsa_circ_0000826	overexpression	 can	 increase	 the	ma-
lignant	phenotypes,	tumor	formation,	and	metastasis	capability	of	CRC	cells	in	vitro.	
mmu_circ_0000826	levels	were	significantly	increased	in	the	CRC	tissues	from	AOM-
DSS	and	APC	mice	model	under	hypoxia	conditions.	Further,	 the	hypoxia-induced	
upregulation	of	mmu_circ_0000826	can	also	promote	CRC	tumorigenesis	and	liver	
metastasis	 in	vivo.	The	expression	of	hsa_circ_0000826	in	serum	was	significantly	
increased	 in	CRC	tissues	 in	100-pair	of	CRC	and	according	to	the	adjacent	normal	
tissues	by	qRT-PCR	assays.	Moreover,	the	expression	levels	of	hsa_circ_0000826	in	
serum of patient with liver metastasis were significantly increased than those with-
out metastasis.
Conclusion: Our	results	suggested	that	hsa_circ_0000826	was	 induced	by	the	hy-
poxia	in	CRC,	which	can	be	a	potential	biomarker	of	CRC	liver	metastasis.
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1  | INTRODUC TION

Colorectal	 cancer	 (CRC)	 is	 the	 third	 common	 malignant	 tumor	
and	one	 leading	cause	of	cancer-related	morbidity	and	mortality.	
According	to	the	Global	Cancer	Statistics,	half	a	million	people	die	
and 1.4 million new cases occurred due to CRC annually.1 The in-
cidence	and	mortality	 rates	of	CRC	are	10.2%	and	9.2%,	 respec-
tively.2	 After	 being	 diagnosed,	 the	 5-year	 survival	 rate	 of	 CRC	
patients	 is	about	65%.3	Further,	 the	progression	of	CRC	 is	a	pro-
cess from adenoma to carcinoma and leads to metastasis eventu-
ally,	preferentially	(more	than	70%	patients)	to	the	liver.4 Patients 
with liver metastasis respond to chemotherapy resistance and have 
the	median	survival	is	only	6-9	months.5	Many	risk	factors	are	as-
sociated	with	CRC,	such	as	lifestyle,	age,	and	genetic	factors,	and	
over 40 years old.6,7

Chemotherapy,	radiation,	and	surgery	are	the	common	CRC	con-
ventional treatments strategy.8	However,	chemotherapy	and	radio-
therapy	have	obvious	side	effects,	which	seriously	affect	the	quality	
of life of CRC patients.8	Part	of	the	mild	patients	(at	stage	I	or	II)	will	
develop	 to	distal	organ	metastasis	 rapidly,	even	CRC	 lesion	 in	situ	
has been resected.3	Thus,	investigation	of	the	prognostic	biomarkers	
is necessary for CRC.

CircRNAs	can	be	divided	into	non-coding	and	coding	circRNAs,9 
which are highly stable and hard to be degraded in circulation; there-
fore,	more	proper	to	be	biomarker	candidates	than	microRNA	and	
lncRNAs.10	Several	circRNAs	have	been	linked	to	CRC	through	two	
different	mechanisms.	A	recent	study	reported	that	circPTK2	regu-
lated the metastasis of CRC via the physical binding to vimentin on 
sites	Ser38,	Ser55,	and	Ser82.11	In	addition,	competing	endogenous	
RNA	network	(hsa_circ_00001666/hsa-miR-1229/CXCR5)	has	been	
reported	 to	 be	 an	 underlying	 mechanism	 of	 hsa_circ_00001666	
involved metastasis and recurrence of CRC.12 Xu et al found that 
circRNA_0001178	and	circRNA_0000826	may	serve	as	a	potential	
biomarker	 for	metastasis	of	CRC.12	All	 these	 studies	 reported	 the	
association	between	elevated	circRNA	expressions	 in	CRC	tissues;	
however,	what	is	the	cause	of	increase	in	circRNA	expression	levels	
remains	unknown.

As	a	solid	tumor,	hypoxia	microenvironment	in	CRC	is	very	com-
mon.	 Cancer	 cells	 change	 their	 gene	 expression	 patterns	 for	 ad-
aptation	and	survival	under	hypoxic	 stress;	 therefore,	 the	hypoxic	
microenvironment plays an important role in changing cancer cells’ 
phenotype and behavior.13	For	example,	 tumors	become	more	ag-
gressive,	 invasive,	and	resistant	to	chemo-	and	radiotherapy	under	
hypoxic	conditions.14	In	addition,	the	non-coding	RNAs	profile	in	tu-
mors	could	also	be	altered	by	hypoxia.15	Therefore,	we	hypothesized	
that	hypoxia	microenvironment	in	CRC	tissues	is	an	upstream	trigger	
of	circRNA	expression.

In	 this	 study,	 we	 aim	 to	 further	 clarify	 the	 association	 among	
hypoxia,	hsa_circ_0000826,	CRC,	and	its	metastasis	by	in	vivo	and	
in	vitro	models.	We	find	that	hypoxia	led	to	overexpression	of	hsa_
circ_0000826,	 which	 subsequently	 promoted	 tumorigenesis	 and	
liver	metastasis	of	CRC	cell	in	tumor-bearing	nude	mice,	AOM-DSS,	

and	APC	mice	models.	Besides,	hsa_circ_0000826	could	be	a	poten-
tial	biomarker	for	prediction	of	CRC	metastasis.

2  | MATERIAL S AND METHODS

2.1 | Cell culture and in vitro experiments

Human	CRC	cell	lines	(HCT116	and	SW620)	and	293T	cells	were	pur-
chased	from	American	Type	Culture	Collection	(ATCC).	All	the	CRC	
cells	were	authenticated,	and	no	mycoplasma	contamination	was	de-
tected.	Cell	was	cultured	at	DMEM	containing	10%	FBS,	100	units	
penicillin and streptomycin per m in a humidified atmosphere of and 
95%	air	 at	37°C.	For	hypoxia	 treatments,	CRC	cells	were	cultured	
in	a	hypoxia	chamber	(with	1%	O2	at	37°C)	(I-Glove,	BioSpherix)	for	
24 hours.

2.2 | RNAscope

Expression	of	Hsa_circ_0000826	in	CRC	cells	was	assayed	with	the	
BaseScopeTM	Reagent	Kit	v2-RED	(Advanced	Cell	Diagnostics)	ac-
cording	to	the	manufacturer's	instructions.	Briefly,	samples	were	in-
cubated	with	Hsa_circ_0000826	probes	at	40°C	for	2	hours.	After	
hybridization,	a	series	of	single	amplification	procedures	were	per-
formed	and	finally	visualized	with	Fast	Red.11 The number of puncta 
was calculated in 200 cells/group.

2.3 | Lentivirus stable transduction

Hsa_circ_0000826	 KO	 and	 Hsa_circ_0000826	 OEX	 adenovirus	
particles with luciferase labeling were thawed at room tempera-
ture,	mixed	gently,	 and	added	 to	2	×	105	HCT116	or	SW620	cells	
per	well.	After	 gently	mixing,	 cells	were	 incubated	overnight.	And	
cells	 treated	with	 negative	 control	 lentivirus	 (LV-NC)	were	 as	 the	
control.	After	12	hours,	culture	medium	was	replaced	with	2	mL	of	
complete	medium	containing	10	µg/mL	blasticidin	S	(Cat.	No.	ant-bl,	
Invitrogen)	and	replaced	every	3-4	days	until	resistant	cells	can	be	
identified.	The	remaining	cells	were	collected,	expanded,	and	then	
frozen	 down	 until	 usage.	 For	 experiments,	 cells	were	 thawed	 and	
allowed to grow for three passages before use.

2.4 | Cell migration and cell invasion assays

HCT116	and	SW620	cells	were	serum-starved	by	cultivation	in	0.5%	
FBS/DMEM	 media	 for	 24	 hours.	 To	 analyze	 migration	 capability,	
1.5	×	105	HCT116	or	SW620	cells	were	seeded	in	the	upper	cham-
ber	in	serum-free	medium.	To	analyze	invasion	capability,	chamber	
membranes	were	first	coated	with	Matrigel	(BD	Bioscience)	at	a	di-
lution	of	3.3	ng/mL	in	medium	without	serum.	Then,	1.5	×	105 cells 
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were	 seeded	on	 the	Matrigel	 in	 the	 upper	 chamber	 in	 serum-free	
medium.	 10%	FBS	was	 placed	 as	 a	 chemo-attractant	 in	 the	 lower	
chamber.	 For	 cells	 cultured	 under	 normoxia,	 cells	 were	 incubated	
with	complete	media	and	exposed	to	21%	oxygen	for	4	hours.	For	
cells	 cultured	 under	 hypoxia,	 cells	 were	 incubated	 with	 complete	
media	and	exposed	to	1%	oxygen	for	4	hours.	After	 that,	cell	was	
detected in triplicate for each treatment after crystal violet staining. 
The	absorbance	was	recorded	at	560	nm	with	a	microplate	reader.

2.5 | Animals

All	animal	protocols	were	conducted	in	accordance	with	the	guid-
ing principles for the care and use of animals approved by the ani-
mal	ethics	committee	of	Nanjing	Medical	University.	The	APCMin/+ 
mice,	5-week-old	C57BL/6J	mice,	and	nude	mice	were	purchased	
from	 the	 Model	 Animal	 Research	 Center	 of	 Nanjing	 University.	
The	 animals	 were	 housed	 in	 standard	 pathogen-free	 (SPF)	 con-
ditions	 at	 24	 ±	 2°C,	 with	 40%-70%	 relative	 humidity,	 and	 on	 a	
12-hours/12-hours	 light/dark	cycle.	Water	and	a	basal	diet	were	
given ad libitum.

2.6 | Tumor-bearing nude mice model

SW620	cells	or	HCT116	cells	(1	×	106	cells/100	µL	PBS)	were	subcu-
taneously	injected	into	the	flanks	of	nude	mice	(3	mice/group),	and	
the	mice	were	 sacrificed	4	weeks	 later.	 The	 tumor,	 liver,	 and	 lung	
tissues were then harvested for further analysis.

2.7 | AOM-DSS models

To	 induce	 colitis-associated	 colon	 cancer,	 5-week-old	 C57BL/6J	
mice	received	a	single	treatment	of	mutagen	azoxymethane	(AOM,	
Sigma-Aldrich)	 (10	mg/kg	body	weight)	 through	 intraperitoneal	 in-
jection	and	then	administered	three	cycles	of	2%	dextran	sulfate	so-
dium	(DSS)	in	drinking	water	for	5	days,	followed	by	regular	drinking	
water	for	14	days.	For	hypoxia	treatment,	mice	were	placed	into	an	
animal	hypoxia	model	box	and	subjected	 to	10%	O2	 from	8:00	am 
to	8:00	pm every day during the model construction.16,17 Mice were 
killed	after	11	weeks.

2.8 | APC mice models

APCMin/+	mice	were	exposed	to	normoxia	or	hypoxia.	For	hypoxia	
group,	 APCMin/+	 mice	were	 placed	 into	 an	 animal	 hypoxia	model	
box	and	subjected	to	10%	O2	 from	8:00	am	 to	8:00	pm every day 
for	6	consecutive	weeks.	For	normoxia	group,	APCMin/+ mice were 
placed	into	an	animal	hypoxia	model	box	and	subjected	to	clean	air	
from	8:00	am	to	8:00	pm	every	day.	A	total	of	1	×	107	PFU	mmu_
circ_0000807	KD	adenovirus	were	 injected	by	 tail	vein	per	mice	

every	 week	 during	 the	 model	 construction.	 All	 mice	 were	 killed	
after	6	weeks.

2.9 | HE staining and miRNA in situ hybridization 
(RNA-ISH)

HE	staining	was	performed	by	using	Hematoxylin	and	Eosin	Staining	
Kit	 (Beyotime)	 according	 to	 the	 manufacturer's	 protocol.	 Briefly,	
after	deparaffinization	and	rehydration,	tissue	sections	were	stained	
with	 hematoxylin	 solution	 for	 5	minutes	 followed	 by	 5 dips	 in	 1%	
ethanol	hydrochloride	 (1%	HCl	 in	70%	ethanol)	and	 then	 rinsed	 in	
distilled	water.	Then,	the	sections	were	stained	with	eosin	solution	
for 3 minutes and followed by dehydration.

The	 RNA-ISH	 was	 conducted	 as	 described.18,19	 Briefly,	 tissue	
sections	were	deparaffinized,	rehydration,	and	treated	with	10	µg/
mL	proteinase	K	at	37°C	for	20	minutes.	Slides	were	hybridized	with	
20-60	nmol/L	double-DIG-labeled	circRNA	probes	(Focofish)	over-
night	at	42°C.	Slides	were	washed	in	5	×	SSC,	1	×	SSC,	and	0.2	×	SSC	
for	10	minutes	at	room	temperature.	Staining	was	performed	with	
DAB	 Substrate	 kit	 (Thermo)	 for	 30	minutes	 at	 room	 temperature	
according	 to	 the	 manufacturer's	 protocol,	 and	 then,	 nuclear	 was	
staining	 by	 hematoxylin	 for	 10	minutes	 at	 room	 temperature.	 An	
NC-circRNA	probe	with	scrambled	sequence	was	used	as	a	negative	
control.

2.10 | Liver metastasis mice model

A	total	of	5	×	105	WT	or	hsa_circ_0000826	overexpressed	SW620	
cells	 were	 injected	 through	 sub-spleen	 to	 male	 C57BL/6	 mice	 to	
construct	 liver	 metastasis	 model.	 For	 hypoxia	 group,	 mice	 were	
placed	into	an	animal	hypoxia	model	box	and	subjected	to	10%	O2 
from	8:00	am	to	8:00	pm	every	day.	For	normoxia	group,	mice	were	
placed	into	the	same	model	box	but	supplied	with	filtered	room	air.	
21	days	later,	mice	were	sacrificed	for	macroscopic	examination,	and	
liver sections were subjected to H&E staining.

2.11 | Patients and specimens

All	of	the	samples	used	in	this	study	were	in	compliance	with	the	in-
formed consent and agreement of patients as well as the institution's 
ethical regulations. The serum specimens and corresponding medi-
cal	record	 information	were	obtained	from	CRC	patients	 (n	=	100)	
undergoing	surgery	in	the	Jiangsu	Tumor	Hospital	in	2009.	And	sex-	
and	age-matched	healthy	donors	(n	=	100)	enrolled	from	the	Nanjing	
Hospital	of	Chinese	Medicine	from	2016	to	2017	as	control	subjects,	
and each healthy donor had a negative diagnosis of any malignancy 
tumors and infectious diseases. Tumor stage was defined according 
to	the	criteria	of	the	sixth	edition	of	the	American	joint	Committee	
on	Cancer	(AJCC).	Detailed	information	of	healthy	donors	and	CRC	
patients is presented in Table 1.
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2.12 | Tissue/serum RNA isolation

Serum	was	separated	from	the	venous	blood	within	1	hour	by	cen-
trifugation at 3000 g	 for	 10	 minutes,	 followed	 by	 a	 15-minutes	
high-speed	centrifugation	at	12	000	g to completely remove the cell 
debris.	The	total	RNA	from	tissues	and	serum	was	extracted	using	
TRIzol	 reagent	 (Invitrogen)	 and	 an	 miRNeasy	 Serum/Plasma	 Kit	
(Qiagen)	according	to	the	manufacturers’	instructions.

2.13 | Quantitative real-time PCR analysis

For	circRNA	expression	analysis,	1	µg	total	RNA	was	reverse-tran-
scribed	 into	 cDNA	 using	 Quantitect	 RT	 Kits	 (Qiagen).	 And	 then,	

cDNA	was	analyzed	using	either	a	SYBR	green-based	quantitative	
fluorescence	method	(Invitrogen).	GAPDH	was	used	as	a	normaliza-
tion control for all of the samples.

2.14 | Statistical analysis

Results	 are	 represented	 as	 mean	 ±	 SEM.	 RT-qPCR	 results	 were	
analyzed	by	2−ΔΔCt	method.	Differences	in	miRNA	expression	levels	
were	analyzed	by	Wilcoxon	rank-sum	test.	Probability	of	difference	
in	overall	survival	(OS)	was	ascertained	by	Kaplan-Meier	curves,	and	
the	 significance	was	detected	by	a	 log-rank	 test.	Multivariate	Cox	
regression	 analysis	was	 used	 to	 estimate	 the	 crude	HRs,	 adjusted	
HRs,	and	corresponding	95%	CI.	Statistical	analyses	were	performed	
using	R,	GraphPad	Prism,	or	Stata	software,	and	significance	was	set	
at P < .05.

3  | RESULTS

3.1 | Expression of hsa_circ_0000826 is upregulated 
in CRC cells under hypoxia condition

According	to	the	previous	study,	we	further	analyzed	the	sequence	
of	hsa_circ_0000826	and	indicated	its	generation	from	back-splicing	
of	exons	2	and	8	of	its	pre-mRNA	ANKRD12	(Figure	1A).	In	addition,	
a	murine	circRNA	mmu_circ_0000807	has	been	identified	with	91%	
homology	to	hsa_circ_0000826	(Figure	1B).

To	 explore	 the	 role	 of	 hypoxia	 condition	 on	 the	 hsa_
circ_0000826	expression,	the	WT	and	hsa_circ_0000826	knock-
out	(KO)	SW620	and	HCT116	cells	were	exposed	to	normoxia	and	
hypoxia	conditions,	respectively.	As	shown	in	Figure	1C,	hypoxia,	
a	common	tumor	microenvironment,	can	significantly	increase	the	
hsa_circ_0000826	expression	 in	HCT116	NC	cells.	Once	 the	ex-
pression	 of	 hsa_circ_0000826	was	 ablated,	 the	 hypoxia	 did	 not	
exert	 any	 effects	 on	 it.	 The	 similar	 condition	 has	 also	 been	 ob-
served	in	SW620	cells	 (Figure	1D).	Thus,	 it	 is	found	that	hypoxia	
could	 induce	 the	 expression	 levels	 of	 hsa_circ_0000826	 in	 CRC	
cells.

3.2 | Hypoxia promotes the migration and 
invasion capacities of CRC cells in vitro through hsa_
circ_0000826 induction

The	 migration	 and	 invasion	 capabilities	 of	 HCT116	 and	 SW620	
cells	were	evaluated	by	Transwell	assays.	As	shown	in	Figure	2A,	
hypoxia	 condition	 significantly	 increased	 the	migration	 and	 inva-
sion	 of	 HCT116	 cells	 in	 NC	 group.	 However,	 hsa_circ_0000826	
KO	 could	 block	 the	 effects	 of	 hypoxia	 and	 rescue	 the	migration	
and	invasion	of	HCT116	cells	to	control	 levels.	Besides,	the	same	
results	were	also	confirmed	by	the	results	of	SW620	cells	in	vitro	

TA B L E  1   Demographic information of healthy donors and 
colorectal	cancer	(CRC)	patients

Variables

Healthy donors 
(n = 100)

CRC patients 
(n = 100)

n % n %

Age

≤55 50 50 48 48

>55 50 50 52 52

Gender

Male 58 58 61 61

Female 42 42 39 39

Location

Colon 45 45

Rectum 55 55

Grade

Low 32 32

Intermediate/High 68 68

Depth of invasion

T1 3 3

T2 18 18

T3 20 20

T4 59 59

Lymph	node	metastasis

N0 60 60

N1 40 40

Distant metastasis

M0 85 85

M1 15 15

TNM

I 13 13

II 40 40

III 32 32

IV 15 15
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F I G U R E  1  Hypoxia	significantly	induced	expression	levels	of	hsa_circ_0000826	in	CRC	cells.	The	circular	structure	of	(A)	hsa_
circ_0000826	and	(B)	mmu_circ_0000807.	(C)	SW620	cells.	(D)	HCT116	cells.	(Two-way	ANOVA,	n	=	200/group,	***P	<	.001)

F I G U R E  2  Hypoxia	is	associated	with	CRC	malignant	phonotype	in	vitro.	Equal	numbers	of	HCT116	(A)	or	SW620	(B)	cells	were	
subjected	to	migration	and	invasion	assays.	Representative	images	and	the	quantification	of	penetrated	cells	calculated	from	five	random	
fields	are	shown	(two-way	ANOVA,	n	=	5/group,	***P	<	.001)
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(Figure	 2B).	 These	 results	 suggested	 hypoxia	 can	 increase	 the	
malignant phenotypes of CRC cells in vitro via induction of hsa_
circ_0000826	expression.

3.3 | Hypoxia upregulated hsa_circ_0000826 
expression is associated with tumorigenesis and 
metastasis of CRC cells

To	 further	 evaluate	 the	 function	 of	 hsa_circ_0000826	 in	 vivo,	 lu-
ciferase-labeled	 HCT116	 cells	 were	 subcutaneously	 injected	 into	
nude	mice.	As	shown	in	Figure	3A,	xenografts	in	the	hypoxia-treated	
group	showed	higher	tumorigenesis	capability	than	those	in	the	NC	
group.	Notably,	 this	 effect	was	markedly	 reversed	upon	 the	 dele-
tion	 of	 hsa_circ_0000826.	 Further,	 the	 luciferase	 signals	 in	 tumor	
from	the	hypoxia-treated	group	were	the	highest	among	the	three	
groups	(Figure	3B).	Besides,	the	luciferase	in	the	liver	and	lung	tis-
sues	was	also	detected	to	explore	the	metastasis	capacities	of	CRC	
cells.	Compared	with	the	NC	group,	significantly	higher	and	signifi-
cantly lower luciferase activities were observed in the liver tissues 
from	mice	 bearing	 the	 hypoxia-treated	 HCT116	 cells	 and	 bearing	
the	 hsa_circ_0000826	KO	HCT116	 cells,	 respectively	 (Figure	 3C).	
However,	 there	 was	 no	 obvious	 difference	 in	 luciferase	 activ-
ity	was	 found	 in	 lung	 tissues	among	 the	 three	groups	 (Figure	3D).	
Meanwhile,	the	same	results	were	also	confirmed	by	the	results	of	
SW620	cells	in	vivo	(Figure	3E-H).	Taken	together,	our	results	sug-
gest	that	hypoxia	treatment	of	CRC	cells	can	promote	tumorigenesis	
and liver metastasis.

3.4 | Hypoxia-induced mmu_circ_0000807 
expression was linked to CRC development in AOM-
DSS model

To	 investigate	 the	 relationship	 between	 hypoxia	 and	 CRC	 in	 vivo,	
we	firstly	established	a	pharmacological	model	 that	C57BL/6J	mice	
were	subjected	to	azoxymethane-dextran	sulfate	sodium	(AOM-DSS)	
treatment	and	hypoxia	treatment.	As	shown	in	Figure	4A,	hypoxia	and	
AOM-DSS	treatment	can	significantly	decrease	the	overall	survival	of	
mice and increase colon tumor formation ratio and the number of tu-
mors	each	mouse,	relative	to	the	normoxia	condition.	Further,	hypoxia	
accelerated the pathological grade of tumors in murine colon than 
normoxia	 (Figure	 4B).	 The	 expression	 levels	 of	mmu_circ_0000807	
in	 tumor	 tissues	 were	 also	 increased	 following	 hypoxia	 treatment	
(Figure	 4C).	 Further	 analysis	 revealed	 that	 hypoxia	 condition	mark-
edly	 promoted	mmu_circ_0000807	 expression	 in	 colorectal	 tissues	
and	serum	and	liver	tissues	in	control	and	AOM-DSS	murine	models	
(Figure	4D).	Taken	together,	our	results	suggest	that	the	hypoxia	mi-
croenvironment	upregulated	expression	levels	of	mmu_circ_0000807,	
which	is	involved	in	colitis-associated	colon	cancer	formation.

3.5 | Hypoxia upregulated expression of mmu_
circ_0000807, which promote CRC tumorigenesis in 
APCMin/+ mice

To	further	explore	the	relationship	among	hypoxia,	mmu_circ_0000807	
expression,	 and	CRC	 development	 in	 vivo,	 a	 spontaneous	 colorectal	

F I G U R E  3  Hypoxia	is	associated	with	tumorigenesis	and	metastasis	of	CRC	cells	in	nude	mice.	A,	Representative	images	of	xenografts	
formed	by	HCT116	cells	in	nude	mice.	The	activities	of	luciferase	in	(B)	tumor,	(C)	liver,	and	(D)	lung	tissues	of	the	HCT116	cells	injected	nude	
mice.	E,	Representative	images	of	xenografts	formed	by	SW620	cells	in	nude	mice.	The	activities	of	luciferase	in	(F)	tumor,	(G)	liver,	and	(H)	
lung	tissues	of	the	SW620	cells	injected	nude	mice	(one-way	ANOVA,	n	=	6/group;	*P	<	.05,	**P	<		.01,	***P	<	.001)
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adenoma	murine	model	was	used	in	our	study.	APC	mutant	(APCMin/+)	
mice develop spontaneous CRC due to mutation in a tumor suppres-
sor	gene	encoding	adenomatous	polyposis	coli	 (APC).20,21 The mmu_
circ_0000807	knockdown	or	control	virus	was	injected	through	the	tail	
vein	of	APCMin/+	mice	to	inhibit	the	expression	of	mmu_circ_0000807	
in	vivo.	As	shown	in	Figure	5A,	the	incidence	of	intestinal	tumors	and	
the	number	of	tumors	in	each	APCMin/+	mouse	were	markedly	increased	
upon	hypoxic	 treatment.	Figure	5B	showed	 the	 images	of	pathology	
of	 colonic	 tumor	 and	 hypoxia	 with	 mmu_circ_0000807	 NC-treated	
group	showed	severe	pathological	alteration.	The	expression	levels	of	
mmu_circ_0000807	 in	tumor	tissues	were	 induced	 in	hypoxia	group,	
but	reduced	by	mmu_circ_0000807	KD	(Figure	5C).

The	 qPCR	 analysis	 revealed	 that	 the	 tail	 vein	 injection	 of	
mmu_circ_0000807	 KD	 adenovirus	 significantly	 decreased	
mmu_circ_0000807	 expression	 both	 under	 normoxic	 and	 hypoxic	
conditions	(Figure	5D).	Furthermore,	the	relative	abundance	of	mmu_
circ_0000807	in	the	colorectal	tissues	and	serum	and	liver	tissues	of	
APCMin/+	mice	under	hypoxic	conditions	was	significantly	increased	
compared	 to	 normoxic	 condition	 (Figure	 5D).	 Taken	 together,	 our	
results	 suggest	 that	 the	hypoxia-induced	mmu_circ_0000807	pro-
moted	CRC	development	in	APCMin/+ mice.

3.6 | hsa_circ_0000826 is a potential biomarker of 
CRC metastasis to liver

To	 investigate	 the	 relationship	 among	 hypoxia,	 hsa_circ_0000826	
expression	 and	 CRC	 liver	 metastasis,	 we	 constructed	 the	 liver	

metastasis	 mice	 model	 by	 sub-spleen	 injection.	 Results	 showed	
that	hypoxia	 treatment	can	 facilitate	 the	colonization	of	CRC	cells	
in	 liver,	 by	 showing	 increased	macroscopic	 neoplasm	 in	 liver	 than	
normoxia	 group.	 Based	 upon	 the	 pathological	 evaluation	 by	 H&E	
staining	verified	tumor	formation	in	liver	(Figure	6A).	However,	hsa_
circ_0000826	KD	in	SW620	cells	can	block	this	effect	(Figure	6A).	
Therefore,	elevated	hsa_circ_0000826	plays	a	role	in	the	liver	me-
tastasis of CRC cells.

Given	the	association	between	hsa_circ_0000826	and	liver	me-
tastasis	of	CRC	 revealed	by	 in	 vitro	 and	 in	 vivo	 studies,	we	next	
sought	 to	 determine	 its	 potential	 role	 in	 human.	 Serum	 samples	
of	 CRC	 patients	 and	 healthy	 donors	were	 used	 to	 verify	 the	 ex-
pression	 levels	 of	 the	 hsa_circ_0000826.	 The	 qPCR	 results	 con-
firmed	 serumal	 hsa_circ_0000826	 levels	 were	 extremely	 higher	
in	CRC	patients	 (n	=	100)	 compared	 to	healthy	donors	 (n	=	100)	
(Figure	6B,	P	<	.001).	Meanwhile,	ROC	analysis	results	showed	that	
hsa_circ_0000826	 can	 accurately	 discriminate	CRC	 from	healthy	
donors	 (Figure	 6B,	 P	 <	 .0001,	 AUC	 =	 0.7778,	 95%	 Cl:	 0.7157-
0.8399).	Furthermore,	stratified	analysis	according	to	the	medical	
record	information	of	patients	showed	that	hsa_circ_0000826	lev-
els	in	serum	samples	from	CRC	patients	with	liver	metastasis	(n	=	8)	
are significantly high than CRC patients without liver metastasis 
(n	=	92)	 (Figure	6C,	P	<	 .001).	And	hsa_circ_0000826	could	be	a	
potential	biomarker	for	CRC	liver	metastasis	(Figure	6C,	P	<	.001,	
AUC	=	0.9035,	95%	Cl:	0.8123-0.9948).	According	to	those	results,	
we	found	that	the	expression	level	of	hsa_circ_0000826	could	use	
for	auxiliary	diagnosis	and	prognosis	prediction	of	CRC	and	its	liver	
metastasis.

F I G U R E  4  Hypoxia	renders	AOM-DSS-induced	colonic	tumorigenesis.	A,	Representative	images	of	the	colons	from	C57BL/6J	mice	
received	the	indicated	treatments.	Kaplan-Meier	curves	depict	the	OS	of	C57BL/6J	mice	with	the	indicated	treatments.	P values were 
calculated	by	the	log-rank	test.	The	rate	of	colorectal	tumor	formation	as	well	as	the	tumor	counts.	B,	Representative	images	of	H&E	staining	
on	colonic	tissue	sections.	C,	RNA-ISH	analysis	was	applied	to	detect	the	expression	of	mmu_circ_0000807	in	colonic	tissues	from	mice	with	
the	indicated	treatments.	D,	The	expression	levels	of	mmu_circ_0000807	in	the	colorectal,	serum,	and	liver	tissues	from	the	indicated	mice.	
Data are presented as –ΔΔCt	(one-way	ANOVA,	n	=	3	biological	replicates/group,	***P	<	.001)
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4  | DISCUSSION

Liver	metastasis	is	a	common	outcome	and	one	of	the	critical	prog-
nostic	factors	for	CRC.	Current	clinical	treatments,	including	chemo-
therapy,	radiotherapy,	and	surgery,	are	widely	used	to	CRC	patients	
in	 early	 stages,	 but	 there	 is	 limited	 efficiency	 in	 the	 treatment	 of	
CRC patients in related advanced stage.22 It is necessary to identify 
novel	biomarkers	that	can	be	used	for	early	diagnosis	and	prognosis	
prediction	of	CRC.	 In	the	present	study,	we	had	verified	that	hsa_
circ_0000826	 can	 promote	CRC	 tumorigenesis	 and	 liver	metasta-
sis	 in	vivo	and	vitro.	 In	addition,	hypoxic	 tumor	microenvironment	
played	a	vital	role	to	induce	the	expression	of	hsa_circ_0000826	in	
CRC	tissues.	We	 indicated	 that	hsa_circ_0000826	might	be	a	bio-
marker	for	CRC	and	its	liver	metastases.

Relative	 to	 other	 non-coding	 RNAs,	 such	 as	miRNAs	 and	 ln-
cRNAs,	 circRNAs	 are	 novel	 cancer	 biomarker	 candidates	 due	 to	
its	characteristics.	The	structure	of	circRNAs	lacking	5′	or	3′	ends	

is	 highly	 resistant	 to	 RNase	 and	 therefore	more	 stable	 than	mi-
croRNA	 or	 lncRNAs.10	 The	 expression	 of	 circRNAs	 is	 highly	 tis-
sue-	 or	 disease-specific,	 reflecting	 the	 physiologic	 or	 pathologic	
conditions of tissues.23	It	has	been	showed	that	circRNAs	partic-
ipated	to	variety	biological	process	through	interacting	with	RNA	
binding proteins.24	Du	et	al	 research	showed	that	circ-Foxo3	re-
pressing cell cycle progression through interacting with both cy-
clin-dependent	 kinase	 inhibitor	 1A	 (p21)	 and	 cyclin-dependent	
kinase	 2	 (CDK2)	 in	 the	 mouse	 fibroblast	 NIH3T3	 cell	 line.25 In 
addition,	 they	 also	 found	 that	 circ-Foxo3	promoted	MDM2	pro-
to-oncogene	 (MDM2)-induced	 tumor	protein	P53	 (p53)	 ubiquiti-
nation	and	subsequent	degradation	by	binding	to	p53	and	MDM2	
in breast cancer cell lines.26	Through	a	computational	tool,	it	was	
suggested	that	hsa_circ_0000826	might	bind	with	argonaute	RISC	
component	1,	2,	3	 (AGO1,	2,	3),	 eukaryotic	 translation	 initiation	
factor	 4A3	 (EIF4A3),	 insulin-like	 growth	 factor	 2	MRNA	binding	
protein	2,	3	(IGF2BP2,	3),	and	Lin-28	homolog	A	(LIN28A),27 all of 

F I G U R E  5  mmu_circ_0000807	
triggers colorectal cancer formation 
in	APCMin/+	mice.	A,	Representative	
images	of	colons	from	APCMin/+ mice that 
received the indicated treatments. The 
number of tumors/mouse were calculated 
(*P	<	.05,	**P	<	.01	by	two-way	ANOVA).	B,	
Colon sections from mice were subjected 
to	H&E	staining.	C,	mmu_circ_0000807	
expression	in	the	sections	was	determined	
by	RNA-ISH	analysis.	D,	The	expression	
levels	of	hsa_circ_0000826	in	the	CRC,	
serum,	and	liver	tissues	from	APCMin/+ 
mice.	Data	are	presented	as	−ΔΔCt. 
*P	<	.05,	**P	<	.01,	***P	<	.001	by	one-way	
ANOVA
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which	are	vital	functional	proteins.	Taken	together,	we	speculate	
that	hsa_circ_0000826	might	contribute	to	tumorigenesis	and	me-
tastasis	of	CRC	through	 interacting	with	 the	above	RNA	binding	
proteins.

In	a	recent	study,	Xu	et	al	have	reported	that	hsa_circ_0000826	
is	a	potential	biomarker	of	CRC	metastasis;	however,	this	conclusion	
was	drawn	based	on	the	RNA-seq	assays	and	bioinformatic	analy-
sis.12 The detailed mechanism study and biological assays to validate 

this	notion	remained	 lack.	Therefore,	 in	the	present	study,	we	fur-
ther	investigated	the	function	of	hsa_circ_0000826	and	our	results	
supported	 the	 notion	 that	 hsa_circ_0000826	 induction	 promoted	
tumorigenesis and metastasis of CRC both in vivo and in vitro.

Hypoxia,	a	common	tumor	microenvironment,	is	a	hallmark	for	
solid	tumors	including	CRC.	Tumor-hypoxia	 leads	to	dysfunction	
of	 vascularization	 and	 promotion	 of	 epithelial-to-mesenchymal	
transition	(EMT),	which	resulted	in	cell	mobility	and	metastasis.	In	

F I G U R E  6  Serum	hsa_circ_0000826	is	
a	possible	marker	of	CRC	liver	metastasis.	
A,	Representative	images	of	murine	liver	
and H&E staining on liver sections from 
SW620	cells	sub-spleen	injection	models.	
Hypoxia	accelerated	the	liver	metastasis	
of	SW620	cells	in	vivo,	but	hsa_
circ_0000826	KD	decelerated	it.	B,	Levels	
of	hsa_circ_0000826	in	serum	samples	
from	healthy	donors	and	CRC	patients,	
as well as according receiver operating 
characteristic	(ROC)	curves.	C,	Levels	of	
hsa_circ_0000826	in	serum	samples	from	
CRC patients without metastasis vs CRC 
patients	with	liver	metastasis,	as	well	as	
according	ROC	curves(two-tailed	t	test,	
***P	<	.001)
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addition,	hypoxia	can	alter	cancer	cell	metabolism	and	stimulates	
multiple	 signaling	 networks	 in	 cancer	 cells.	 All	 these	 promoted	
the malignant phenotypes of cancer cells.28	Recently,	non-coding	
RNAs	 have	 been	 reported	 to	 play	 critical	 roles	 in	 the	 response	
to	hypoxia	in	various	cancers.	Studies	have	shown	that	miR-10b,	
miR-181b,	 miR-155,	 miR-210,	 miR-372/373,	 and	 miR-424	 were	
found	 to	 be	 upregulated	 under	 hypoxia.29-34	 As	 for	 circRNAs,	
the	study	on	the	links	between	hypoxia	and	their	expression	re-
mains	limited.	One	study	reported	that	the	expression	of	has_cir-
cRNA_403658	 was	 induced	 by	 hypoxia	 and	 promotes	 bladder	
cancer	cell	growth	through	activation	of	LDHA.35	 circPTK2	was	
upregulated	under	hypoxia	condition,	which	also	associated	with	
development of CRC.11	Here,	we	 supported	 the	notion	 that	hy-
poxia	was	an	critical	upstream	trigger	of	hsa_circ_0000826	and	
subsequently	contributed	to	the	tumorigenesis	and	metastasis	of	
CRC.

Together	with	 the	 previous	 study,	 our	 study	 shed	 light	 on	 the	
application	of	hsa_circ_0000826	 to	predict	 the	prognosis	of	CRC,	
which is also a potential therapeutic target of CRC.
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