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Abstract
N7-	methylguanosine	 (m7G)	 modification	 is	 closely	 related	 to	 the	 occurrence	
of	 tumors.	However,	 the	m7G	modification	of	circRNAs	 in	oral	 squamous	cell	
carcinoma	(OSCC)	remains	to	be	investigated.	Methylated	RNA	immunoprecipi-
tation	 sequencing	 (MeRIP-	seq)	 was	 used	 to	 measure	 the	 methylation	 levels	 of	
m7G	and	identify	m7G	sites	 in	circRNAs	in	human	OSCC	and	normal	tissues.	
The	host	genes	of	differentially	methylated	and	differentially	expressed	circRNAs	
were	analyzed	by	Gene	Ontology	(GO)	enrichment	and	Kyoto	Encyclopedia	of	
Genes	and	Genomes	(KEGG)	pathway	analyses,	and	circRNA–	miRNA–	mRNA	
networks	 were	 predicted	 using	 the	 miRanda	 and	 miRDB	 databases.	 The	 anal-
ysis	 identified	2348	m7G	peaks	 in	624	circRNAs	 in	OSCC	 tissues.	 In	addition,	
the	 source	 of	 m7G-	methylated	 circRNAs	 in	 OSCC	 was	 mainly	 the	 sense	 over-
lap	 region	 compared	 with	 normal	 tissues.	 The	 most	 conserved	 m7G	 motif	 in	
OSCC	 tissues	 was	 CCUGU,	 whereas	 the	 most	 conserved	 motif	 in	 normal	 tis-
sues	was	RCCUG	(R	=	G/A).	Importantly,	GO	enrichment	and	KEGG	pathway	
analysis	 showed	 that	 the	 host	 genes	 of	 differentially	 methylated	 and	 differen-
tially	 expressed	 circRNAs	 were	 involved	 in	 many	 cellular	 biological	 functions.	
Furthermore,	the	significantly	differentially	expressed	circRNAs	were	analyzed	
to	predict	the	circRNA–	miRNA–	mRNA	networks.	This	study	revealed	the	whole	
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1 	 | 	 INTRODUCTION

Oral	squamous	cell	carcinoma	(OSCC)	is	a	common	type	
of	 head	 and	 neck	 squamous	 cell	 carcinoma	 (HNSCC),	
and	at	least	90%	of	oral	cancers	are	squamous	cell	carci-
nomas.1	Patients	with	OSCC	have	a	5-	year	survival	rate	of	
less	than	50%2	and	high	recurrence	and	metastasis	rates.3	
According	to	the	latest	statistics,	there	were	377,000	cases	
of	OSCC	and	177,000	deaths	worldwide	in	2020.4	In	addi-
tion,	most	patients	are	usually	at	an	advanced	stage	when	
the	disease	is	discovered,	which	seriously	affects	the	qual-
ity	of	their	survival.5	Therefore,	it	is	important	to	investi-
gate	the	mechanisms	of	OSCC	pathogenesis.

Non-	coding	 RNAs	 (ncRNAs)	 include	 long	 noncod-
ing	RNAs	(lncRNAs),	small	nucleolar	RNAs	(snoRNAs),	
microRNAs	 (miRNAs),	 and	 circular	 RNAs	 (circRNAs).6	
CircRNAs	 are	 a	 class	 of	 ncRNA	 molecules	 that	 do	 not	
have	a	5′	 terminal	cap	or	a	3′	 terminal	poly	(A)	tail	and	
are	covalently	bonded	to	 form	a	closed	 loop	structure.7-	9	
CircRNAs	 can	 affect	 proliferation,	 invasion	 and	 metas-
tasis	 in	 OSCC.10,11	 Moreover,	 circRNAs	 are	 important	
regulators	 of	 cancer	 development	 that	 can	 function	 as	
transcription	 regulators,	 decoys	 to	 sponge	 miRNAs,	 and	
scaffolds	 for	 protein–	protein	 interactions	 and	 interact	
with	RNA-	binding	proteins	(RBPs).12-	16	For	instance,	cir-
cRNA_100290	regulates	the	expression	of	CDK6	through	
the	 sponge	 absorption	 of	 miRNA-	29b,	 thus	 promoting	
the	proliferation	of	oral	cancer.17	Studies	have	found	that	
circ_0000140	can	bind	to	miR-	31	and	upregulate	its	target	
gene,	LATS2,	affecting	epithelial-	mesenchymal	transition	
(EMT)	in	OSCC	cells.18	However,	the	role	of	circRNAs	in	
OSCC	has	not	been	 fully	elucidated,	and	 further	studies	
are	needed.

RNA	 methylation,	 which	 is	 one	 of	 the	 most	 common	
post-	transcriptional	 modifications,	 refers	 to	 the	 addition	
of	 a	 methyl	 group	 to	 RNA	 molecules	 after	 their	 tran-
scription	 from	 DNA.19	 RNA	 methylation	 plays	 an	 im-
portant	 role	 in	 transcriptional	 regulation	 and	 includes	
N6-	methyladenosine	 (m6A),	 5-	methylcytidine	 (m5C),	
N7-	methylguanosine	(m7G)	and	so	on.20,21	Recently,	m7G	
methylation,	 originally	 considered	 as	 messenger	 RNA	
(mRNA)	5′	caps	modifications,	has	been	detected	at	defined	
internal	positions	within	multiple	types	of	RNAs,	including	

transfer	 RNAs	 (tRNAs),	 ribosomal	 RNAs	 (rRNAs),	 miR-
NAs,	 lncRNAs	 and	 mRNAs	 by	 methylated	 RNA	 immu-
noprecipitation	 sequencing	 (MeRIP-	seq),22-	26	 which	 often	
affects	the	processing	and	maturation	of	some	ncRNAs,	ul-
timately	affecting	protein	synthesis.27	Chen	et	al.	reported	
that	the	m7G	methyltransferase-	like	1	(METTL1)	promotes	
m7G	 modification	 of	 tRNA,	 facilitating	 the	 translation	
of	 many	 vital	 oncogenes	 in	 HNSCC.28	 Numerous	 studies	
have	confirmed	that	m6A	is	common	in	circRNAs	and	that	
circRNAs	 influence	 disease	 progression	 via	 methylation	
regulation.29	However,	the	underlying	mechanism	of	m7G-	
circRNAs	is	unknown30	and	few	studies	have	investigated	
the	role	of	circRNAs	and	methylation	in	regulating	the	oc-
currence	and	development	of	oral	cancer.29	The	exploration	
of	m7G-	circRNAs	is	conducive	to	further	elucidation	of	the	
pathogenic	mechanisms	in	OSCC.

Through	 a	 comprehensive	 analysis	 of	 the	 m7G	 char-
acteristics	of	circRNA,	this	study	found	significant	differ-
ences	in	the	m7G	modification	level	of	circRNAs	and	the	
expression	of	circRNAs	between	OSCC	and	normal	tissues.	
The	 m7G	 peak	 length	 and	 the	 source	 of	 m7G-	modified	
circRNAs	 also	 differed	 between	 OSCC	 tissues	 and	 nor-
mal	tissues.	Furthermore,	Gene	Ontology	(GO)	and	Kyoto	
Encyclopedia	 of	 Genes	 and	 Genomes	 (KEGG)	 analysis	
showed	that	different	circRNA	methylation	and	expression	
levels	were	associated	with	different	biological	 functions.	
Furthermore,	the	significantly	different	circRNAs	were	an-
alyzed	 to	predict	 the	circRNA–	miRNA–	mRNA	networks.	
In	general,	a	comprehensive	analysis	of	circRNAs	for	m7G	
methylation	 modification	 can	 provide	 research	 value	 for	
future	studies	on	the	role	of	m7G	in	OSCC.

2 	 | 	 MATERIALS AND METHODS

2.1	 |	 Tissue collection and RNA 
preparation

Six	tissue	samples	from	three	OSCC	patients	were	collected	
from	the	Department	of	Stomatology	of	the	First	Affiliated	
Hospital	 of	 Weifang	 Medical	 University	 in	 this	 study.	
The	 study	was	conducted	according	 to	 the	guidelines	of	
the	Declaration	of	Helsinki,	and	approved	by	 the	Ethics	

profile	of	circRNAs	of	differential	m7G	methylation	in	OSCC	and	suggests	that	
m7G-	modified	circRNAs	may	impact	the	development	of	OSCC.

K E Y W O R D S

circular	RNA,	methylated	RNA	immunoprecipitation	sequencing	(MeRIP-	seq),		
N7-	methylguanosine	(m7G),	oral	squamous	cell	carcinoma	(OSCC),	RNA	methylation
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Committee	of	Weifang	Medical	University.	Informed	con-
sent	was	obtained	from	all	the	subjects.	Tissue	with	a	diam-
eter	of	0.5–	1	cm	was	taken	from	the	center	of	the	patient's	
OSCC	tissue.	Paired	normal	tissue	of	similar	size	was	ob-
tained	 from	 the	 patient	 at	 a	 distance	 of	 more	 than	 2	cm	
from	the	OSCC	tissue	edge.	The	samples	were	collected,	
rinsed	with	saline,	and	rapidly	cryopreserved	in	liquid	ni-
trogen.	The	tissues	were	stained	with	hematoxylin-	eosin	
(HE)	and	confirmed	by	the	professional	pathologists.	No	
patients	 had	 received	 preoperative	 radiation	 therapy	 or	
chemotherapy.	 Total	 RNA	 extraction	 was	 provided	 by	
Cloud-	seq	 Biotech	 Inc	 (Shanghai,	 China).	 A	 NanoDrop	
ND-	1000	instrument	(Thermo	Fisher	Scientific)	was	used	
to	 measure	 the	 RNA	 concentration	 of	 each	 sample,	 and	
the	OD	260/280	values	of	1.8–	2.1	were	considered	to	en-
sure	good	RNA	purity	(Table 1).

2.2	 |	 RNA library preparation  
and sequencing

CloudSeq	 Inc.	 (Shanghai,	 China)	 provided	 the	 high-	
throughput	 RNA	 sequencing	 service.	 rRNAs	 from	 total	
RNA	were	removed	with	the	GenSeq®	rRNA	Removal	Kit	
(GenSeq,	Inc.)	kit.	After	rRNAs	removal,	the	samples	were	
utilized	 to	 construct	 RNA	 sequencing	 libraries	 using	 the	
GenSeq®	Low	Input	Whole	RNA	Library	Prep	Kit	(GenSeq,	
Inc.).	The	constructed	sequencing	library	was	subjected	to	
quality	control	and	quantified	with	the	BioAnalyzer	2100	
system	 (Agilent	 Technologies,	 Inc.),	 high-	throughput	 se-
quencing	of	 the	 library	was	controlled	using	an	 Illumina	
NovaSeq	6000	instrument	with	150	bp	paired-	end	reads.

2.3	 |	 MeRIP library preparation  
and sequencing

CloudSeq	 Inc.	 (Shanghai,	 China)	 provided	 the	 m7G-	
MeRIP-	seq	service.	The	rRNAs	from	total	RNA	were	re-
moved	 with	 the	 GenSeq®	 rRNA	 Removal	 Kit	 (GenSeq,	
Inc.)	kit.	The	5′-	cap	was	removed	from	the	total	RNA	using	

an	 mRNA	 decapping	 enzyme	 (New	 England	 Biolabs).	
Immunoprecipitation	 (IP)	 was	 then	 performed	 with	 the	
GenSeq®m7G-	IP	 kit	 (GenSeq	 Inc.).	 Briefly,	 after	 rRNAs	
removal,	the	decapped	RNA	was	processed	into	fragments	
of	approximately	200	nt	using	the	 fragmentation	reagent	
supplied	in	the	kit.	Protein	A/G	magnetic	beads	and	m7G	
antibody	(RN017M,	MBL)	were	rotated	and	incubated	at	
room	temperature	for	1	h	to	bind	the	antibody	to	the	mag-
netic	 beads.	 The	 RNA	 fragments	 and	 the	 antibody	 cou-
pled	 with	 magnetic	 beads	 were	 then	 rotated	 at	 4°C	 and	
incubated	for	4	h	to	bind	the	RNA	to	the	antibody.	After	
incubation,	 the	 RNA/antibody	 complexes	 were	 washed	
several	 times,	 and	 the	 captured	 RNA	 was	 then	 eluted	
from	 the	complexes	and	purified.	The	RNA	 libraries	 for	
IP	and	input	samples	were	constructed	using	the	GenSeq®	
Low	Input	Whole	RNA	Library	Prep	Kit	 (GenSeq,	 Inc.).	
The	constructed	 library	was	 subjected	 to	quality	 control	
with	 an	 Agilent	 2100	 bioanalyzer,	 and	 high-	throughput	
sequencing	was	then	performed	on	the	NovaSeq	platform	
(Illumina;	Figure 1A).

2.4	 |	 Identification and analysis of the  
host genes of differentially 
expressed circRNAs

Paired-	end	reads	were	subjected	to	quality	control	based	
on	Q30	after	harvesting	with	an	Illumina	NovaSeq	6000	in-
strument.	Cutadapt	software31	(v1.9.3)	was	used	to	delete	
3′	adaptor	 trimming	and	 low-	quality	reads.	Then,	STAR	
software32	 (v2.5.1b)	 was	 used	 to	 align	 the	 high-	quality	
reads	 to	 the	 reference	 genome/transcriptome.	 After	 the	
detection	and	identification	of	circRNAs	using	DCC	soft-
ware33	 (v0.4.4),	 the	 circBase	 database	 (http://www.circb	
ase.org/)34	 and	 the	 Circ2Traits	 database	 (http://gyanx	
et-	beta.com/circd	b/)35	 were	 used	 to	 annotate	 the	 identi-
fied	circRNAs.	Data	normalization	and	differentially	ex-
pressed	circRNA	screening	were	performed	using	edgeR	
software36	(v3.16.5).	A	p	value	≤	0.05	and	fold	change	≥	
2.0	were	used	as	the	thresholds	to	screen	the	upregulated	
or	downregulated	circRNAs.

T A B L E  1 	 Detailed	data	on	the	quality	of	RNA	obtained	by	NanoDrop	ND-	1000.

Patient ID Sample OD 260/280 ratio Conc. (ng/μL) Volume (μL) Quantity (μg)
Q30 
(%)

1 OSCC 1.83 1254.64 18 22.58 92.40

2 OSCC 1.85 1544.31 18 27.80 92.53

3 OSCC 1.83 1445.83 18 26.02 92.84

1 Paired	nontumor 1.81 1319.98 18 23.76 89.77

2 Paired	nontumor 1.87 600.68 18 10.81 92.39

3 Paired	nontumor 1.88 1112.59 18 20.03 90.17

http://www.circbase.org/
http://www.circbase.org/
http://gyanxet-beta.com/circdb/
http://gyanxet-beta.com/circdb/
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2.5	 |	 Identification and analysis of  
the host genes of differentially 
methylated circRNAs

Raw	 reads	 (raw	 data)	 were	 generated	 after	 sequencing	
with	an	Illumina	NovaSeq	6000	instrument,	image	anal-
ysis,	 and	 base	 identification.	 First,	 quality	 control	 was	
achieved	based	on	Q30,	and	Q30	>	80%	indicated	high	se-
quencing	quality.	Cutadapt	software	(v1.9.3)	was	used	to	
separate	 high-	quality	 clean	 reads	 and	 delete	 low-	quality	
reads.	The	clean	reads	of	the	input	libraries	were	aligned	
to	the	reference	genome	using	STAR	software32	(v2.5.1b),	
and	circRNA	identification	was	then	performed	by	DCC	
software33	 (v0.4.4)	 using	 the	 STAR	 alignment	 results.	
The	clean	 reads	of	all	 libraries	were	 then	aligned	 to	 the	
reference	 genome	 using	 Hisat2	 software37	 (v2.0.4).	 The	

methylation	 sites	 in	 each	 sample	 were	 identified	 using	
MACS	software38	with	default	parameters.	Differentially	
methylated	 sites	 were	 recognized	 using	 diffReps	 soft-
ware39	(p	≤	0.00001	and	fold	change	≥	2.0).

2.6	 |	 GO and KEGG analysis

The	 host	 genes	 of	 differentially	 methylated	 and	 differen-
tially	expressed	circRNAs	were	analyzed	by	GO	enrichment	
analysis;	the	results	were	related	to	molecular	function	(MF),	
biological	 process	 (BP),	 and	 cellular	 component	 (CC),	 and	
GO	terms	with	p	≤	0.05	were	considered	to	indicate	that	the	
enrichment	results	were	reliable.	We	also	performed	KEGG	
pathway	analysis	of	these	host	genes.	We	presented	molecu-
lar	 data	 from	 genomics,	 transcriptomics,	 proteomics,	 and	

F I G U R E  1  Flow	chart	of	the	methylated	RNA	immunoprecipitation	sequencing	(MeRIP-	seq)	experiment	and	m7G	methylation	
distribution	characteristics.	(A)	After	the	extracted	RNA	was	fragmented,	the	5′-	cap	was	removed;	one	group	subsequently	pulled	down	the	
m7G-	rich	RNA	fragment	with	m7G-	antibody	enrichment,	and	another	group	was	used	as	input.	(B)	Venn	diagram	of	m7G	peaks	identified	
in	circRNAs	in	OSCC	and	normal	tissues.	(C)	Venn	diagram	of	m7G	target	genes	in	OSCC	and	normal	tissues.	C,	cancer;	N,	normal.
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metabolomics	on	KEGG	pathway	maps	to	infer	their	biologi-
cal	functions.	A	p	≤	0.05	represented	a	significant	difference.

2.7	 |	 Prediction and analysis of the  
circRNA– miRNA– mRNA 
interaction network

Competitive	endogenous	RNA	(ceRNA)	refers	to	the	ability	
of	molecules	(mRNA,	lncRNA,	circRNA,	etc)	to	compete	to	
bind	the	same	miRNA	through	the	miRNA	response	element	
to	 regulate	 each	 other's	 expression	 levels.40,41	 And	 ceRNA	
networks	 can	 link	 the	 function	 of	 protein-	coding	 mRNAs	
with	that	of	ncRNAs.	We	predicted	the	circRNA–	miRNA–	
mRNA	ceRNA	networks	by	miRanda42	and	the	miRDB	da-
tabase	 (http://mirdb.org).43	 The	 circRNA–	miRNA–	mRNA	
networks	were	mapped	using	Cytoscape	software44	(v3.8.0).

2.8	 |	 Statistical analysis of m7G data

The	peak	sequences	of	m7G	methylation	(50	bp	on	each	side	
of	the	midpoint)	in	each	group	were	scanned	with	Dreme45	
software.	Based	on	the	results	obtained,	the	motif	with	the	
smallest	 E	 value	 was	 selected	 to	 be	 the	 most	 significant.	
The	E	value	was	obtained	by	multiplying	the	enrichment	p	
value	by	the	number	of	candidate	patterns	tested.	Fisher's	
exact	test	was	used	to	calculate	the	enrichment	p	value	of	
the	 motifs	 in	 the	 positive	 sequences.	 We	 used	 GraphPad	
Prism	7.0	to	graph	the	data	and	SPSS	26.0	for	the	statistical	
analyses.	The	length	of	the	peaks	between	the	two	groups	
were	compared	by	a	t test	(two-	sample).	A	p	<	0.05	was	con-
sidered	to	indicate	a	significant	difference.

3 	 | 	 RESULTS

3.1	 |	 General characteristics of m7G 
methylation in OSCC and normal tissues

The	 analysis	 identified	 2348	 m7G	 peaks	 in	 OSCC	 tis-
sues,	whereas	3170	m7G	peaks	were	detected	in	normal	
tissues	(Figure 1B).	We	also	mapped	624	m7G-	modified	
genes	 in	 OSCC	 tissues	 and	 906	 annotated	 genes	 in	
normal	 tissues,	 respectively	 (Figure  1C).	 Compared	 to	
normal	tissues,	1276	unique	peaks	and	133	unique	m7G-	
modified	genes	were	identified	in	OSCC	tissues.	Among	
them,	1072	peaks	and	491	annotated	genes	were	identi-
fied	 both	 in	 OSCC	 tissues	 and	 normal	 tissues.	 On	 av-
erage,	there	were	approximately	9.59	m7G	methylation	
peaks	 per	 unique	 gene	 in	 OSCC	 tissues	 and	 approxi-
mately	5.05	m7G	methylation	peaks	per	unique	gene	in	
normal	tissues.

3.2	 |	 Characteristic analysis of the m7G 
peak length on circRNAs

To	investigate	the	characteristics	of	the	m7G	peaks	on	circR-
NAs	in	OSCC	tissues,	we	analyzed	the	length	of	the	meth-
ylation	RNA	sites	in	OSCC	and	normal	tissues.	A	significant	
difference	 was	 found	 between	 OSCC	 and	 normal	 tissues	
(p <	0.0001),	and	the	mean	length	in	OSCC	and	normal	tis-
sues	was	477.7	and	338.6	bp,	respectively	(Figure 2A).

3.3	 |	 Characterization of the distribution  
of m7G methylation sites on chromosomes

We	visualized	the	m7G	site	distribution	characteristics	of	
circRNAs	on	each	chromosome	corresponding	to	OSCC	
and	 normal	 tissues	 using	 the	 RCircos	 package.	 The	 re-
sults	 showed	 that	 the	 distribution	 of	 m7G	 modification	
sites	on	circRNAs	in	OSCC	tissues	was	different	from	that	
in	normal	 tissues.	Compared	with	autosomes,	 sex	chro-
mosomes	had	little	distribution	of	m7G	methylation	sites	
(Figure 2B).

3.4	 |	 Analysis on the source of  
m7G- methylated circRNAs in 
OSCC and normal tissues

The	 analysis	 of	 the	 source	 data	 of	 each	 methylated	 cir-
cRNA	 showed	 that	 the	 ratio	 of	 m7G-	modified	 circRNA	
classified	 according	 to	 the	 source	 region	 differed	 be-
tween	the	two	types	of	 tissues	and	we	plotted	pie	charts	
to	 analyze	 the	 corresponding	 composition	 in	 OSCC	 and	
normal	tissues	(Figure 2C,D).	Most	m7G-	modified	circR-
NAs	 in	OSCC	tissues	were	derived	 from	the	sense	over-
lapping	 regions	 (Cancer:65.67%,	 Normal:59.18%).	 The	
source	 ratio	 of	 m7G-	methylated	 circRNAs	 derived	 from	
exonic	regions	in	OSCC	tissues	was	less	than	that	in	nor-
mal	tissues	(Cancer:	21.73%,	Normal:	28.08%).	The	source	
of	 m7G-	methylated	 circRNAs	 derived	 from	 intronic	 re-
gions	(Cancer:	10.34%,	Normal:	10.50%),	antisense	regions	
(Cancer:	 1.99%,	 Normal:	 2.09%)	 and	 intergenic	 regions	
(Cancer:	0.27%,	Normal:	0.15%)	showed	almost	no	differ-
ence	between	the	two	groups.

3.5	 |	 Motif analysis of m7G methylation  
sites

The	m7G	methylation	peaks	were	analyzed	using	Dreme	
software	 to	 obtain	 motifs.	 We	 found	 that	 the	 most	 con-
served	 m7G	 motif	 in	 OSCC	 tissues	 was	 CCUGU	 with	 a	
p	 value	 of	 2.0e-	007	 and	 an	 E	 value	 of	 1.0e-	002,	 whereas	

http://mirdb.org
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F I G U R E  2  Common	features	of	m7G-	modified	circRNAs	in	OSCC	tissues.	(A)	Comparison	of	the	width	of	m7G	peaks	in	OSCC	
and	normal	tissues.	C:	cancer;	N:	normal.	****p <	0.0001	(B)	Visualization	of	chromosomes	in	OSCC	and	normal	tissues.	(C,	D)	Pie	chart	
of	the	source	composition	of	m7G-	modified	circRNA	classified	according	to	the	source	region	in	OSCC	and	normal	tissues.	(E,	F)	Most	
representative	motifs	in	OSCC	and	normal	tissues,	respectively.
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the	most	conserved	motif	in	normal	tissues	was	RCCUG	
(R	=	G/A),	 with	 a	 p	 value	 of	 2.7e-	008	 and	 an	 E	 value	 of	
1.6e-	003	 (Figure  2E,F).	 The	 results	 suggested	 that	 the	
motif	 with	 similar	 sequence	 may	 be	 necessary	 for	 m7G	
methylation	in	both	types	of	tissues.

3.6	 |	 GO analysis

To	 investigate	 the	 function	 of	 host	 genes	 of	 differentially	
methylated	circRNAs	in	OSCC,	we	performed	GO	analysis	
of	those	host	genes	based	on	BP,	CC,	and	MF.	For	host	genes	
with	upregulated	m7G-	methylated	circRNAs	in	OSCC,	GO	
analysis	revealed	that	those	genes	were	enriched	in	antigen	
processing	and	presentation	of	endogenous	peptide	antigen	

via	 MHC	 class,	 antigen	 processing	 and	 antigen	 presenta-
tion	of	endogenous	peptide	antigen,	and	cellular	response	
to	 prostaglandin	 E	 stimulus	 (GO	 term:	 BP),	 intracellular,	
cytoskeleton,	and	cytosol	 (GO	term:	CC),	peptide	antigen	
binding,	 cytoskeletal	 protein	 binding,	 and	 damaged	 DNA	
binding	(GO	term:	MF;	Figure 3A).	Genes	with	downregu-
lated	m7G-	methylated	circRNAs	in	OSCC	were	associated	
with	 antigen	 processing	 and	 presentation	 of	 endogenous	
peptide	 antigen	 via	 MHC	 class	 I,	 antigen	 processing	 and	
presentation	 of	 endogenous	 peptide	 antigen	 and	 antigen	
processing	 and	 presentation	 of	 endogenous	 antigen	 (GO	
term:	 BP),	 intracellular,	 cytoplasm,	 and	 MHC	 protein	
complex	(GO	term:	CC),	peptide	antigen	binding,	protein	
N-	terminus	binding,	and	cytoskeletal	protein	binding	(GO	
term:	MF;	Figure 3C).

F I G U R E  3  GO	enrichment	and	KEGG	pathway	analysis	of	host	genes	of	differentially	methylated	circRNAs.	(A)	GO	enrichment	
analysis	of	host	genes	of	upregulated	m7G	circRNAs	in	OSCC,	including:	biological	process	(BP),	cellular	component	(CC),	and	molecular	
function	(MF)	analysis.	(B)	KEGG	pathway	analysis	of	host	genes	of	upregulated	m7G	circRNAs	in	OSCC.	(C)	GO	enrichment	analysis	of	
host	genes	of	downregulated	m7G	circRNAs	in	OSCC,	including:	biological	process	(BP),	cellular	component	(CC),	and	molecular	function	
(MF)	analysis.	(D)	KEGG	pathway	analysis	of	host	genes	of	downregulated	m7G	circRNAs	in	OSCC.
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To	explore	the	impact	of	circRNA	expression	in	OSCC	
tissues,	we	performed	GO	analyses	on	genes	with	upregu-
lated	and	downregulated	circRNA	expression.	GO	analysis	
revealed	that	genes	with	upregulated	circRNA	expression	
in	 OSCC	 were	 mainly	 associated	 with	 cellular	 response	
to	radiation,	regulation	of	double-	strand	break	repair	via	
homologous	 recombination,	 and	 mRNA	 processing	 (GO	
term:	 BP),	 nuclear	 chromosome,	 chromosome,	 and	 nu-
clear	chromatin	(GO	term:	CC),	bHLH	transcription	fac-
tor	binding,	chromatin	binding,	and	RNA	polymerase	II	
transcription	 factor	 binding	 (GO	 term:	 MF;	 Figure  4A).	
Genes	 with	 downregulated	 circRNA	 expression	 were	
mainly	related	to	cardiac	muscle	cell	development,	cardiac	
cell	development,	and	cardiac	muscle	cell	differentiation	

(GO	term:	BP),	condensed	nuclear	chromosome,	nuclear	
lumen,	 and	 nucleus	 (GO	 term:	 CC),	 structural	 constitu-
ent	 of	 muscle,	 cytoskeletal	 protein	 binding,	 and	 DNA-	
dependent	ATPase	activity	(GO	term:	MF;	Figure 4C).

3.7	 |	 KEGG analysis

According	 to	 the	 KEGG	 pathway	 analysis,	 genes	 with	
upregulated	 m7G-	methylated	 circRNAs	 in	 OSCC	 tis-
sues	 were	 associated	 with	 homologous	 recombination,	
ubiquitin-	mediated	 proteolysis,	 and	 antigen	 processing	
and	 presentation	 pathways	 (Figure  3B),	 whereas	 those	
with	 downregulated	 m7G-	methylated	 circRNAs	 were	

F I G U R E  4  GO	enrichment	and	KEGG	pathway	analysis	of	host	genes	of	differentially	expressed	circRNAs.	(A)	GO	enrichment	analysis	
of	host	genes	with	upregulated	circRNAs	in	OSCC,	including:	biological	process	(BP),	cellular	component	(CC),	and	molecular	function	
(MF)	analysis.	(B)	KEGG	pathway	analysis	of	host	genes	with	upregulated	circRNAs	in	OSCC.	(C)	GO	enrichment	analysis	of	host	genes	
with	downregulated	circRNAs	in	OSCC,	including:	biological	process	(BP),	cellular	component	(CC),	and	molecular	function	(MF)	analysis.	
(D)	KEGG	pathway	analysis	of	host	genes	with	downregulated	circRNAs	in	OSCC.
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associated	with	antigen	processing	and	presentation,	viral	
myocarditis,	and	allograft	rejection	pathways	(Figure 3D).

The	results	from	the	KEGG	analysis	revealed	that	genes	
with	upregulated	circRNA	expression	were	involved	in	the	
cellular	senescence,	Kaposi	sarcoma-	associated	herpesvirus	
infection,	 and	 viral	 carcinogenesis	 pathways	 (Figure  4B),	
and	 that	 genes	 with	 downregulated	 circRNA	 expression	
were	involved	in	the	ubiquitin-	mediated	proteolysis,	prote-
asome,	and	Fanconi	anemia	pathways	(Figure 4D).

3.8	 |	 Differences in m7G peaks between 
OSCC and normal tissues

We	analyzed	the	differences	in	m7G	peaks	between	the	two	
sets	of	OSCC	and	normal	tissues.	The	analysis	of	different	
methylation	sites	revealed	860	upregulated	peaks	and	211	
downregulated	 peaks	 in	 OSCC	 tissues	 (p	≤	0.00001	 and	
fold	 change	 ≥	 2.0).	 From	 these	 peaks,	 we	 have	 selected	
and	listed	the	top	10	methylation	peaks	(upregulation	and	
downregulation)	 with	 the	 largest	 fold	 change	 values	 in	
Tables 2	and	3,	respectively.	We	selected	circRNAs	with	
upregulated	 m7G-	methylated	 peak	 (chr3:170079046-
	170099129,	 chr1:111690501-	111724893)	 and	 downregu-
lated	 m7G-	methylated	 peak	 (chr2:24799260-	24799540,	

chr1:91390201-	91390480),	 and	 the	 corresponding	 meth-
ylation	sites	were	visualized	using	Integrative	Genomics	
Viewer	(IGV)	software	(v2.14.1;	Figure 5A–	D).

3.9	 |	 Differential expression of circRNAs 
in OSCC and normal tissues

The	heatmap2	package	of	R	was	used	to	perform	a	clus-
tering	 analysis	 to	 identify	 differential	 circRNA	 expres-
sion	 profiling	 with	 normalized	 reads,	 and	 the	 heatmap	
showed	the	differential	expression	of	circRNAs	in	OSCC	
and	normal	tissues	(Figure 6A).	The	volcano	(Figure 6B)	
and	 scatter	 plots	 (Figure  6C)	 showed	 that	 a	 total	 of	 17	
circRNAs	had	elevated	expression	and	21	circRNAs	had	
reduced	 expression	 in	 OSCC	 tissues.	 From	 these	 cir-
cRNAs,	 we	 selected	 the	 top	 10	 circRNAs	 with	 elevated	
and	 decreased	 expression	 with	 the	 most	 significant	 fold	
change	 values	 in	 Tables  4	 and	 5,	 respectively.	 In	 our	
study,	 we	 screened	 the	 top	 three	 upregulated	 circRNAs	
(chr8:48192450-	48206619,	 chr17:28180406-	28182248	
and	 chr10:116590611-	116608496)	 and	 the	 top	 three	
downregulated	 circRNAs	 (chr3:99567139-	99569914,	
chr2:179516028-	179516243	and	chr2:24357989-	24369956)	
in	OSCC	tissues.	The	ceRNA	network	consisted	of	the	top	

chrom txStart txEnd GeneName Foldchange

chr12 53121321 53121800 KRT4 941.3

chr11 102338901 102339380 MMP7 701

chr11 102326821 102327200 MMP7 700.9

chr17 39708641 39709300 KRT9 591

chr1 744741 745100 RP11-	206L10.9 567.8

chr17 43594861 43595080 LRRC37A4P 564.6

chr2 210989581 210989960 KANSL1L 532.1

chr1 111695101 111695340 CEPT1 532.1

chr3 170088921 170089300 SKIL 509.8

chr3 176671341 176671780 G058758 500.6

T A B L E  2 	 Top	10	upregulated	
methylated	peaks.

chrom txStart txEnd Gene name Foldchange

chr15 32796421 32796640 WHAMMP1 908.5

chr2 24799261 24799540 NCOA1 516.3

chr16 1447541 1448140 UNKL 418.6

chr9 129788921 129789260 RALGPS1 283.9

chr9 110075361 110075560 RAD23B 206.7

chr1 91390201 91390480 ZNF644 177.8

chr17 10370021 10370280 MYH1 172.4

chr5 79024737 79024840 CMYA5 159.58272

chr7 130636201 130636400 LINC-	PINT 138.8

chr7 158591721 158591763 ESYT2 138.08219

T A B L E  3 	 Top	10	downregulated	
methylated	peaks.
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five	miRNAs	bound	to	the	screened	circRNAs	and	the	top	
five	mRNAs	bound	to	the	miRNAs.	Furthermore,	the	net-
work	map	included	six	differentially	expressed	circRNAs,	
30	miRNAs,	and	142	mRNAs	(Figure 6D,E).

3.10	 |	 Conjoint analysis of m7G 
methylation and circRNA expression

The	relationship	between	the	differentially	m7G-	modified	
circRNAs	 and	 the	 corresponding	 circRNA	 expression	

levels	 was	 analyzed	 by	 combining	 MeRIP-	seq	 and	 RNA	
sequencing	 data.	 The	 intersection	 of	 differentially	 meth-
ylated	 peaks	 and	 differentially	 expressed	 circRNAs	 was	
obtained.	The	results	showed	that	2	downregulated	circR-
NAs	 with	 hypermethylation	 (chr1:169947226-	170001116,	
chr1:35559515-	35578782)	 derived	 from	 sense	 over-
lap	 region	 of	 KIFAP3	 and	 ZMYM1	 respectively	 and	
1	 downregulated	 circRNA	 with	 hypomethylation	
(chr12:116668338-	116675510)	derived	from	sense	overlap	
region	of	MED13L	were	found.	We	predicted	the	circRNA–	
miRNA–	mRNA	 network	 map	 of	 these	 three	 circRNAs,	

F I G U R E  5  Visualization	of	methylation	peaks	on	differential	m7G	methylation	modifies	circRNAs	in	OSCC	tissues.	(A)	Methylation	
peaks	of	circRNA	“chr3:170079046-	170099129”	at	the	locus	(Start:	170088920;	End:	170089300).	(B)	Methylation	peaks	of	circRNA	
“chr1:111690501-	111724893”	at	the	locus	(Start:	111695100;	End:	111695340).	(C)	Methylation	peaks	of	circRNA	“chr2:	24799260-	24799540”	at	the	
locus	(Start:	24799260;	End:	24799540).	(D)	Methylation	peaks	of	circRNA	“chr1:	91390201-	91390480”	at	the	locus	(Start:	91390201;	End:	91390480).

F I G U R E  6  Analysis	of	circRNA	differential	expression	in	OSCC	tissues.	(A)	Heatmap	of	cluster	analysis	of	circRNA	expression	
in	OSCC	and	normal	tissues.	(B)	Volcano	plot	of	circRNA	expression	in	OSCC	tissues	compared	to	normal	tissues.	(C)	Scatter	plot	of	
circRNA	expression	in	OSCC	tissues	compared	to	normal	tissues.	C,	cancer;	N,	normal.	(D)	The	circRNA–	miRNA–	mRNA	network	of	
the	top	three	upregulated	circRNAs	(chr8:48192450-	48206619,	chr17:28180406-	28182248	and	chr10:116590611-	116608496).	(E)	The	
circRNA–	miRNA–	mRNA	network	of	the	top	three	downregulated	circRNAs	(chr3:99567139-	99569914,	chr2:179516028-	179516243,	and	
chr2:24357989-	24369956)	and	their	target	miRNAs	and	mRNAs	(Top	five	miRNAs	and	mRNAs	are	shown	on	the	map).
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including	the	top	five	miRNAs	that	bind	to	the	screened	
circRNAs	and	the	top	five	mRNAs	that	bind	to	the	miR-
NAs	(Figure 7A).	Furthermore,	the	network	map	included	
three	 differentially	 expressed	 circRNAs,	 15	 miRNAs,	
and	 70	 mRNAs.	 We	 used	 the	 circRNA	 (chr1:169947226-
	170001116,	 CircBase	 ID:	 hsa_circ_0111121)	 as	 an	 ex-
ample	 and	 visualized	 its	 four	 hypermethylation	 sites	
(chr1:169974141-	169974500,	 chr1:	 169956461-	169956900,		
chr1:	169957121-	169957340,	 chr1:169973641-	169974020)		
using	IGV	software	(v2.14.1;	Figure 7B–	E).

4 	 | 	 DISCUSSION

Studies	have	shown	that	RNA	modification	can	influence	
the	development	of	human	cancers.46	Notably,	numerous	
studies	have	shown	the	function	of	m7G	methyltransferases	
in	many	cancers.47	Methyltransferase-	like1-	WD	repeat	do-
main	4	(METTL1-	WDR4)	complex	is	known	to	be	a	meth-
ylase	of	m7G	 in	 tRNA,	which	plays	an	 important	 role	 in	
various	diseases.48,49	In	intrahepatic	cholangiocarcinoma,50	
reduced	METTL1	levels	and	aberrant	m7G-	modified	tRNA	
levels	 may	 lead	 to	 ribosomal	 collisions,	 which	 selectively	

reduce	 translation	 efficiency.	 In	 HNSCC,	 the	 reduction	
in	 METTL1	 reduces	 the	 m7G	 levels	 of	 16	 tRNAs,	 which	
prompts	the	development	and	progression	of	HNSCC.28	To	
date,	the	major	field	of	m7G	epitranscriptome	research	fo-
cused	on	mRNA	and	tRNA	m7G	modification	in	cancer.47	
CircRNAs	 are	 important	 involved	 in	 the	 development	 of	
OSCC.51	CircRNAs	regulate	the	expression	of	their	down-
stream	 genes	 by	 acting	 as	 miRNA	 sponge	 adsorbers.52,53	
Moreover,	circRNAs	modified	with	RNA	methylation	also	
emerge	as	important	players	in	cancer.	Ye	et	al.	bridged	the	
knowledge	gaps	between	m6A	modification	and	circRNAs	
fields	by	depicting	the	m6A-	circRNAs	genomic	landscape	
and	revealed	the	emerging	roles	played	by	m6A-	circRNAs	
in	pancreatic	cancer.54	He	et	al.	analyzed	the	relationship	
between	m6A	modification	and	the	expression	and	encod-
ing	potential	of	circRNAs	in	CRC.55	In	fact,	many	studies	
have	reported	 the	 functional	 roles,	cross-	talk	and	clinical	
implications	 of	 m6A	 modification	 and	 circRNA.56	 The	
study	from	Zhao	et	al.	utilized	the	data	of	MeRIP-	seq	and	
m6A-	circRNAs	 epitranscriptomic	 microarray	 analysis	 to	
investigate	 the	 epitranscriptome-	wide	 mapping	 of	 m6A-	
modified	 circRNA	 in	 OSCC.57	 However,	 more	 studies	 on	
the	m7G	modification	of	circRNAs	are	needed.

T A B L E  4 	 Top	10	upregulated	circRNAs	in	OSCC	tissues.

CircRNA ID log FC p value Regulation chrom GeneName

chr8:48192450-	48206619+ 5.607208389 0.000917717 Up chr8 SPIDR

chr10:116590611-	116608496+ 5.017313526 0.002649356 Up chr10 FAM160B1

chr17:28180406-	28182248-	 4.736787979 0.013949369 Up chr17 SSH2

chr6:4891947-	4892613+ 4.581622734 0.004255499 Up chr6 CDYL

chr1:85331068-	85331821-	 4.52738964 0.010705424 Up chr1 LPAR3

chr1:117944808-	117963271+ 4.390161403 0.010629364 Up chr1 MAN1A2

chr7:91924203-	91957214+ 4.057252902 0.029533416 Up chr7 ANKIB1

chr14:21698478-	21702388-	 3.851118235 0.022127257 Up chr14 HNRNPC

chr7:23015829-	23023664-	 3.62293183 0.034031938 Up chr7 FAM126A

chr1:23356962-	23377013+ 3.587671322 0.029043577 Up chr1 KDM1A

T A B L E  5 	 Top	10	downregulated	circRNAs	in	OSCC	tissues.

CircRNA ID logFC p value Regulation chrom GeneName

chr3:99567139-	99569914-	 −4.38792466 0.005397978 Down chr3 FILIP1L

chr2:179516028-	179516243-	 −4.304194789 0.00794201 Down chr2 TTN

chr2:24357989-	24369956+ −3.997337247 0.010924474 Down chr2 FAM228B

chr21:40578034-	40584633-	 −3.978976101 0.01362053 Down chr21 BRWD1

chr5:65284463-	65290692+ −3.967374591 0.030881657 Down chr5 ERBB2IP

chrM:8469-	8625+ −3.848112309 0.01266894 Down chrM OK/SW-	cl.16

chr2:179517444-	179517638-	 −3.798906596 0.016457501 Down chr2 TTN

chr6:170852689-	170858201-	 −3.639471148 0.044166724 Down chr6 PSMB1

chrM:8928-	9089+ −3.508243 0.042872255 Down chrM OK/SW-	cl.16

chr18:56246046-	56247780-	 −3.501974296 0.042150597 Down chr18 ALPK2
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By	 sequencing	 OSCC	 tissues	 and	 normal	 tissues,	 we	
found	a	large	difference	in	the	number	of	m7G	peaks	and	
m7G-	modified	genes	between	OSCC	and	normal	tissues.	

Most	m7G-	modified	circRNAs	were	derived	from	the	sense	
overlapping	region,	followed	by	the	exonic	region.	A	rela-
tive	decrease	in	the	ratio	of	exonic-	derived	circRNAs	with	

F I G U R E  7  Co-	analysis	of	m7G	methylation	and	transcriptome	in	OSCC.	(A)	The	circRNAs–	miRNAs–	mRNAs	networks	for	hyper-	
methylated	and	hypo-	methylated	downregulated	circRNAs.	(B)	Methylation	peaks	of	circRNA	“chr1:169947226-	170001116”	at	the	
locus	(Start:	169974141;	End:169974500).	(C)	Methylation	peaks	of	circRNA	“chr1:169947226-	170001116”	at	the	locus	(Start:169956461;	
End:169956900).	(D)	Methylation	peaks	of	circRNA	“chr1:169947226-	170001116”	at	the	locus	(Start:169957121;	End:169957340).	(E)	
Methylation	peaks	of	circRNA	“chr1:169947226-	170001116”	at	the	locus	(Start:169973641;	End:169974020).
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m7G	modification	was	observed.	Interestingly,	it	has	been	
reported	 that	 the	 reduced	 expression	 of	 exonic-	derived	
circRNAs	is	associated	with	the	mechanism	of	cancer	de-
velopment.	 A	 related	 study	 reported	 that	 circSMARCA5	
can	bind	to	its	parent	gene	to	form	an	R-	loop,	leading	to	
transcriptional	pauses	at	exon	15	of	SMARCA5,	which	af-
fects	drug	resistance	in	breast	cancer.58	We	hypothesized	
that	the	reduction	in	exonic-	derived	circRNAs	due	to	m7G	
methylation	may	affect	the	expression	of	some	key	regula-
tors	in	OSCC,	and	the	relevant	mechanism	needs	further	
study.

GO	 enrichment	 and	 KEGG	 pathway	 analysis	 showed	
that	 differentially	 methylated	 and	 expressed	 genes	 were	
mainly	 enriched	 in	 antigen	 processing	 and	 presentation,	
cellular	senescence	and	homologous	recombination.	Some	
of	 the	biological	 functions	and	pathways	were	closely	re-
lated	to	cancer.	We	observed	that	many	genes	were	related	to	
the	immune	response,	which	suggested	that	m7G-	modified	
circRNAs	were	involved	in	the	regulation	of	immune	pro-
cesses	in	OSCC.	Previous	studies	have	shown	that	cellular	
senescence	and	senescence-	associated	cytokines	are	major	
modulators	 in	 head	 and	 neck	 squamous	 cell	 carcinoma	
development.59,60	He	et	al.	 found	circRNAs	implicated	 in	
OSCC	 carcinogenesis	 and	 progression	 through	 RNA	 se-
quencing	 and	 assessed	 differentially	 expressed	 circRNAs	
by	 GO	 and	 KEGG	 analysis.61	 In	 their	 study,	 genes	 were	
mainly	enriched	in	cellular	senescence,	which	was	consis-
tent	 with	 our	 results.	 Moreover,	 homologous	 recombina-
tion	is	known	as	a	DNA	repair	pathway	of	clinical	interest	
in	cancer.62	Studies	have	shown	that	proteins	in	homolo-
gous	recombination	pathways	may	be	potential	biomark-
ers	in	OSCC.63	Therefore,	the	differentially	methylated	and	
expressed	 m7G-	modified	 circRNAs	 and	 these	 pathways	
might	 provide	 clues	 for	 further	 research	 on	 the	 mecha-
nism	 of	 OSCC.	 We	 analyzed	 the	 differentially	 expressed	
circRNAs	 to	 investigate	 the	 effect	 of	 differential	 m7G	
methylation	 on	 transcriptional	 expression.	 We	 identified	
hsa_circ_0111121,	 whose	 host	 gene	 is	 kinesin-	associated	
protein	 3	 (KIFAP3).	 Studies	 have	 found	 that	 KIFAP3	 is	
overexpressed	in	breast	cancer.64	Importantly,	KIFAP3	reg-
ulates	ciliary	function	important	 for	Hedgehog	signaling,	
and	its	mutation	may	induce	the	progression	of	basal	cell	
carcinoma.65	The	relationship	between	m7G	methylation	
modification	and	the	expression	level	of	hsa_circ_0111121	
needs	further	study.	We	need	to	further	explore	the	effect	of	
m7G	methylation	on	circRNA	expression.

Our	 present	 study	 showed	 some	 correlation	 between	
circRNA	expression	and	m7G	methylation.	In	our	study,	
to	 explore	 the	 effect	 of	 circRNA	 expression	 on	 genetic	
expression	 in	 OSCC,	 we	 constructed	 circRNA–	miRNA–	
mRNA	interaction	networks.	In	the	interaction	network,	
we	predicted	30	miRNAs	interacting	with	six	differentially	

expressed	circRNAs	and	142	target	mRNAs	of	these	miR-
NAs.	 Importantly,	 the	 study	 showed	 that	 the	 upregu-
lated	 circRNA	 chr8:48192450-	48206619	 (CircBase	 ID:	
hsa_circ_0084188)	 derived	 from	 exonic	 region	 of	 SPIDR	
may	bind	to	hsa-	miR-	1200	and	thus	affect	the	expression	
of	 hsa-	miR-	1200	 target	 gene	 ubiquitin-	like	 containing	
PHD	and	RING	finger	domains	1-	binding	protein	1	gene	
(UHRF1BP1).	Furthermore,	the	levels	of	UHRF1BP1	were	
overexpression	in	HNSCC	and	associated	with	prognosis	
in	patients	with	HPV-	negative	HNSCC.66	We	predicted	that	
the	 upregulated	 circRNA	 chr8:48192450-	48206619	 could	
play	 a	 sponge	 adsorption	 role	 to	 upregulate	 UHRF1BP1	
gene	 expression.	 From	 the	 network	 map,	 we	 found	 that	
circRNAs	 could	 act	 through	 sponge-	adsorbed	 miRNAs,	
which	 also	 provides	 a	 potentially	 effective	 target	 for	 the	
treatment	of	OSCC.

In	 conclusion,	 our	 study	 revealed	 the	 profile	 of	 cir-
cRNA	m7G	methylation	of	OSCC,	and	circRNAs	of	differ-
ential	m7G	methylation	and	differential	expression	were	
identified.	There	were	significant	differences	in	the	m7G	
methylation	 patterns	 of	 circRNAs	 between	 OSCC	 and	
normal	 tissues.	 Further	 bioinformatics	 analysis	 showed	
the	biological	significance	of	differentially	methylated	cir-
cRNAs	and	differentially	expressed	circRNAs,	and	the	net-
work	maps	of	circRNA–	miRNA–	mRNA	were	constructed	
to	find	the	key	gene	related	to	OSCC,	which	may	provide	a	
new	sight	for	the	diagnosis	and	treatment	of	OSCC.
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