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Abstract
Background: Bronchopulmonary dysplasia (BPD) has long been considered the most 
challenging chronic lung disease for neonatologists and researchers due to its com-
plex pathological mechanisms and difficulty in prediction. Growing evidence indicates 
that	BPD	is	associated	with	the	dysregulation	of	circular	RNAs	(circRNAs).	Therefore,	
we	aimed	to	explore	the	expression	profiles	of	circRNAs	and	investigate	the	underly-
ing molecular network associated with BPD.
Methods: Peripheral	blood	was	collected	from	very-	low-	birth-	weight	(VLBW)	infants	
at	5–	8 days	of	 life	 to	extract	PBMCs.	Microarray	analysis	 and	qRT-	PCR	 tests	were	
performed	to	determine	the	differentially	expressed	circRNAs	(DEcircRNAs)	between	
BPD	and	non-	BPD	VLBW	infants.	Simultaneous	analysis	of	GSE32472	was	conducted	
to	obtain	differentially	expressed	mRNAs	(DEmRNA)	from	BPD	infants.	The	miRNAs	
were	predicted	by	DEcircRNAs	and	DEmRNAs	of	upregulated,	respectively,	and	then	
screened	for	overlapping	ones.	GO	and	KEGG	analysis	was	performed	following	con-
struction	of	the	competing	endogenous	RNA	regulatory	network	(ceRNA)	for	further	
investigation.
Results: A	total	of	65	circRNAs	(52	upregulated	and	13	downregulated)	were	identi-
fied	as	DEcircRNAs	between	the	two	groups	 (FC >2.0 and p.adj <0.05).	As	a	result,	
the	ceRNA	network	was	constructed	based	on	three	upregulated	DEcircRNAs	vali-
dated	 by	 qRT-	PCR	 (hsa_circ_0007054,	 hsa_circ_0057950,	 and	 hsa_circ_0120151).	
Bioinformatics	analysis	indicated	these	DEcircRNAs	participated	in	response	to	stim-
ulus,	IL-	1	receptor	activation,	neutrophil	activation,	and	metabolic	pathways.
Conclusions: In	VLBW	infants	with	a	high	risk	for	developing	BPD,	the	circRNA	ex-
pression	profiles	 in	PBMCs	were	significantly	altered	in	the	early	post-	birth	period,	
suggesting immune dysregulation caused by infection and inflammatory response al-
ready existed.
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1  |  INTRODUC TION

Bronchopulmonary dysplasia (BPD) is the most common chronic lung 
disease in neonates, especially with a high incidence rate of approx-
imately 45% in preterm infants with a gestational age of less than 
29 weeks,1	leading	to	severe	complications	and	poor	long-	term	out-
comes, including impaired pulmonary function and neurodevelop-
mental disorders.2,3 The main pathological changes of BPD include 
simplified alveolar structures and pulmonary capillary dysplasia. In 
addition to barotrauma and volutrauma, oxygen toxicity, fluid over-
load, and genetic factors, the immature lung may also suffer damage 
due to infection or inflammatory response.4,5	 A	 complex	 etiology	
and perplexing pathogenesis have led to an absence of specific bio-
markers for prediction and precision therapy of BPD.6

The	rapid	advancement	of	high-	throughput	microarray	technol-
ogies	 and	 genome-	wide	 sequencing	 techniques	 offers	 the	 poten-
tial for prediction, diagnosis, therapy, and pathologic insights into 
human diseases.7– 9	Mounting	evidence	has	 revealed	 that	 lncRNAs	
and	circRNAs	are	critical	regulators	of	gene	expression.	In	addition	
to	encoding	protein,	circRNAs	could	act	as	sponges	for	miRNAs	to	
regulate	 the	 expression	 of	 downstream	mRNAs.10– 12	 A	 significant	
advantage	of	circRNAs	over	other	RNAs	is	their	more	stable	struc-
ture13	and	a	longer	half-	life	in	various	tissues	and	body	fluids,	making	
them more amenable to being specific biomarkers and therapeutic 
targets.14,15 Considering this, mounting studies have focused initially 
on	 the	epigenetic	 perspective	 and,	more	 recently,	 on	 circRNAs	 to	
explore the molecular mechanisms of BPD.16 Several studies have 
discovered	that	aberrant	expression	of	circRNAs	is	associated	with	
the pathogenesis of BPD.17– 19	First,	Zou	Z	et	al	constructed	a	mice	
model	of	LPS-	induced	 lung	 injury	 to	 identify	 the	different	expres-
sion	 profiles	 of	 circRNAs.	 This	 study	 observed	 numerous	 signifi-
cantly	upregulated	circRNAs	accompanied	by	abnormally	increasing	
TNF-	α	 and	 IL-	1β	 in	 the	 serum.	 Astonishingly,	 after	 applying	 P2X7	
receptor	 antagonists,	 the	 expression	 of	 circRNAs	 (circ_0001679	
and	circ_0001212)	and	the	cytokine	mRNA	levels	were	restrained,	
alleviating lung damage caused by sepsis.20	Another	study	demon-
strated	that	circRNAs	could	act	as	miRNA	sponges	and	subsequently	
regulate target gene expression correlated with lung injury. In neo-
dymium	 oxide-	treated	 human	 bronchial	 epithelial	 (16HBE)	 cells,	
hsa_circ_0000638	 inhibited	 the	 activation	 of	 NF-	κB by competi-
tively	binding	to	miR-	498-	5p	and	further	downregulated	the	expres-
sion	of	IL-	8	and	IL-	1β.18	Additionally,	in	the	pulmonary	hypertension	
mice	models,	Zhang	J	et	al	identified	the	ceRNA	network	and	further	
verified	that	the	circ-	calm4/miR-	337-	3p/Myo10	signal	transduction	
axis could modulate the proliferation of pulmonary artery smooth 
muscle cells.21	Although	partially	circRNAs	have	been	implicated	in	
the pathogenesis of BPD, further research is necessary to confirm 
these findings.19

Due to the difficulty of obtaining human lung tissues, peripheral 
blood is one of the most common substitution sources.22	A	growing	
number of studies have recently employed gene expression profiles 
obtained from peripheral blood mononuclear cells (PBMCs) as both 
a method for pathogenesis research and a diagnostic tool for several 

lung diseases.23	As	part	of	this	study,	we	used	microarray	technol-
ogy	 to	detect	 the	circRNA	expression	profiles	 in	PBMCs	between	
BPD	and	normal	VLBW	 infants.	Based	on	 the	circRNA	expression	
profiles,	DEcircRNAs	were	identified,	and	a	portion	with	significant	
upregulation	was	 further	validated	with	qRT-	PCR.	Simultaneously,	
we	 obtained	 the	 DEmRNA	 expression	 profiles	 between	 BPD	 and	
non-	BPD	 VLBW	 infants	 from	 GEO	 databases.	 Potential	 miRNAs	
binding	 to	 circRNAs	 and	mRNAs	were	 predicted	 for	 further	 con-
struction	 of	 circRNA–	miRNA	 pairs	 and	 miRNA–	mRNA	 pairs,	 re-
spectively.	 Finally,	 we	 constructed	 the	 circRNA–	miRNA–	mRNA	
regulatory	 network	based	on	 screening	 circRNA-	miRNA	pairs	 and	
miRNA–	mRNA	pairs	with	overlapped	miRNAs.	Gene	Ontology	(GO)	
and	 Kyoto	 Encyclopedia	 of	 Genes	 and	Genomes	 (KEGG)	 analyses	
were performed to investigate the molecular function and signaling 
pathways	affecting	BPD	progression.	These	identified	DEcircRNAs	
and	DEmRNAs	obtained	from	moderate	to	severe	BPD	infants	may	
provide novel insights for early disease prediction and management. 
The flowchart of this study is shown in Figure 1.

2  |  METHODS AND PATIENTS

2.1  |  Ethical compliance

This study was funded by the Jiangsu Commission of Health (ref-
erence	number:	F201936)	and	the	Suzhou	Science	and	Technology	
Bureau	 (reference	number:	SKJYD2021112),	with	permission	from	
the	 ethics	 office	 of	 the	 Suzhou	Municipal	 Hospital.	 As	 guardians	
of each infant, both parents signed an informed consent form, and 
there was no harm to the infants.

2.2  |  Specimen collection

PBMCs were derived from peripheral blood samples obtained from 
VLBW	infants	(birth	weight	<1500 g	and	gestational	age < 32 weeks)	
born	in	Suzhou	Municipal	Hospital	from	May	to	December	2020.	For	
each	VLBW	infant,	0.5	ml	peripheral	blood	specimen	was	collected	
5–	8 days	after	birth.	The	PMBCs	were	separated	using	lymphocyte	
isolation	solution	and	transferred	into	enzyme-	free	1.5	ml	EP	tubes.	
Samples	were	immediately	frozen	at	−80°C	after	adding	the	appro-
priate amount of TRlzol reagent (Invitrogen, United States). The en-
tire	manipulation	process	was	completed	within	2 h.

The categorized grade of BPD was defined based on the infant's 
requirement for oxygen and different respiratory support modali-
ties	at	36 weeks	corrected	gestational	age	(moderate	BPD:	oxygen	
requirement <30%	 FiO2; severe BPD: oxygen requirement >30% 
FiO2	 or	 continuous	 positive	 airway	 pressure	 (CPAP)/mechanical	
ventilation).24–	26

Exclusion criteria were (1) infants with chromosomal abnormali-
ties, (2) significant congenital deformities, and (3) treated with corti-
costeroids	in	the	first	week	of	birth.	Finally,	three	VLBW	infants	with	
moderate to severe BPD were selected as the BPD group, and three 
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VLBW	infants	with	a	matched	gestational	age	of	non-	BPD	were	cho-
sen as the control group. Basic information about these infants is 
shown in Table 1.

2.3  |  CircRNA microarray analysis

Total	 RNA	 was	 extracted	 using	 the	 TRLzol	 reagent	 (Invitrogen,	
United	States).	The	quality	and	quantity	of	the	RNA	samples	were	
detected	with	a	NanoDrop	ND-	1000	spectrophotometer	and	aga-
rose	gel	electrophoresis.	Only	samples	with	OD260/280	ratios	be-
tween 1.80 and 2.0 were selected for examination in the subsequent 
step.	The	linear	RNA	was	digested	using	RNase	R	(Epicenter,	Inc.)	for	
isolating	enriched	circular	RNAs.

The	 enriched	 circular	 RNAs	 were	 amplified	 and	 transcribed	
into	 fluorescent	 cRNAs	 using	 a	 random	 primer	 according	 to	 the	
Arraystar	Super	RNA	Labeling	protocol	(Arraystar,	Inc.).	The	labeled	
cRNAs	were	hybridized	onto	the	Arraystar	Human	circRNA	Arrays	
V2	(8	× 15K,	Arraystar)	and	incubated	for	17 h	at	65°C	in	an	Agilent	
Hybridization	Oven.	 After	washing,	 slides	were	 scanned	with	 the	
Agilent	Scanner	G2505C.

Data	 from	microarrays	were	obtained	 through	Agilent	Feature	
Extraction	software.	Gene	Spring	V12.0	(Agilent)	was	used	to	sum	

up data from the two groups. The data were quantile standardized 
and further processed using the R software limma package. The 
final	normalized	intensity	in	the	analysis	was	derived	from	the	log2-	
transformed normalized data (Figure S1A).	Employing	Benjamin	and	
Hochberg's technique, p-	Values	were	adjusted	to	decrease	false	dis-
covery	rates.	CircRNAs	with	a	fold	change	of	more	than	2.0	and	a	
p-	Value	of	less	than	0.05	were	selected	as	differentially	expressed	
genes	(DEcircRNAs).

2.4  |  Quantitative real- time RT- PCR validation

We	 selected	 five	 significantly	 upregulated	 DEcircRNAs	 (hsa_
circ_0007054,	 hsa_circ_0057950,	 hsa_circ_0050386,	 hsa_	
circ_0057953,	 and	 hsa_circ_0120151)	 for	 quantitative	 real-time-	
PCR	 (qRT-	PCR)	 validation.	 The	 complementary	 DNA	 (cDNA)	 was	
reverse-	transcribed	using	SuperScriptTM	 III	Reverse	Transcriptase	
(Invitrogen,	 United	 States).	 The	 20 μl reaction system contained 
250 ng	 template	 RNA,	 1	 μl	 Random,	 1.6	 μl	 dNTPs	 Mix	 (2.5 mM),	
5 × First-	Strand	Buffer	4	μl, 1 μl DTT (0.1 M), 0.5 μl Ranse Inhibitor, 
1 μl	SuperScript	III-	RT	(Invitrogen:	18080–	044),	and	added	to	20.0	μl 
with	RNase-	free	water.	QRT-	PCR	 analyses	were	 carried	 out	 using	
2 × PCR	Master	Mix	(Arraystar:	AS-	MR-	006-	5).	NCBI	Primer-	BLAST	

F I G U R E  1 Flowcharts	for	study	subjects.
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and Generay Biotech were utilized to design and manufacture all 
primers.	 The	 20 μl	 reaction	 system	 consisted	 of	 2 × Master	 Mix,	
0.5 μM	forward	and	reverse	primers,	respectively,	100 ng	template	
DNA,	and	added	 to	20.0	μl	with	RNase-	free	water.	The	 real-	time-	
qPCR	cycling	protocol	was	initiated	at	95°C	for	10	min,	followed	by	
40 cycles	of	95°C	for	10	s	and	60°C	for	1	min,	and	finally	95°C	for	
10	s,	60°C	for	1	min,	95°C	for	15 s.	The	relative	expression	levels	of	
gene	were	calculated	using	the	comparative	Ct	method	 (2 − ∆∆Ct).	
All	 measurements	were	 performed	 in	 triplicate,	 and	 the	 gene	 ex-
pression levels were standardized to β-	actin.	The	primers	were	syn-
thesized by Genscript Corporation, and the primer sequences are 
listed in Table 2.

2.5  |  Microarray Data acquisition from publicly 
available database

We screened the GEO database for microarray sequencing analy-
sis data that met the following criteria: (1) studies containing pre-
term	infants	of	less	than	32 weeks	gestational	age	and	birth	weight	
≤1500 g,	 (2)	 studies	 with	 blood	 samples	 that	 were	 drawn	 from	

infants on the 4th to 10th day of life for the assessment of gene 
expression in peripheral blood leukocytes, and (3) studies with a 
clarification of BPD severity grading (none, mild, moderate, and 
severe). Based on the above criteria, one data set (GSE32472)27 
was obtained from the GEO database. The platform used for 
GSE32472	is	the	Affymetrix	Human	Genome	1.0	ST	Array.	A	total	
of 111 preterm infants were included in this prospective study, 
conducted	between	September	1,	2008,	and	November	30,	2010,	
in	Norway	and	Poland.

2.6  |  Identification of DEmRNAs and DEmiRNAs

First,	 data	 downloaded	 from	 the	 GEO	 were	 preprocessed	 and	
normalized	using	the	preprocess	Core	package	in	R	version	3.6.2	
(Figure S2). Then, between the moderate to severe BPD group 
and	 non-	BPD	 group,	 mRNAs	 with	 a	 fold	 change	 >2.0 and ad-
justed	 p-	value	<0.05 were identified as differentially expressed 
(DEmRNAs).

We	 integrated	 the	 Circular	 RNA	 Interactome	 database	 to	
identify	 the	 downstream	 target	miRNAs	 for	 each	DEcircRNA	 and	

TA B L E  1 Clinical	characteristics	of	the	Control	and	BPD	group.

Control group (n = 3) BPD group (n = 3)

p- Value1# 2# 3# 1# 2# 3#

Gestational age (w) 27 + 1 28 28 + 5 27 + 6 26 27 + 2 0.28

Birth weight (g) 1050 970 850 770 680 950 0.13

Sex gender male female female female male female −

PROM + − + + − − −

Preeclampsia − + + − − + −

Antenatal	steroids + + + + + + −

Apgar	1	min 8 6 7 4 8 8 0.82

Apgar	5	min 9 9 9 8 8 9 0.11

RDS > stage	2 + − − + − + −

Surfactant treatment + + + + + + −

Days with ventilator (d) 2 0 1 31 36 26 0.05

Days	with	CPAP	(d) 10 21 12 42 38 39 0.05

Hospitalization days 60 73 82 92 84 74 0.13

PDA + − − − − − −

IVH > stage	2 − − + − + + −

NEC > II	B − − − − + − −

EOS − − − − − + −

LOS − − + − + + −

VAP − − − − + + −

ROP − + − − + − −

Discharge weight (g) 1950 2010 2030 1980 1670 2000 0.28

Outcome discharge discharge discharge discharge dead discharge −

Abbreviations:	EOS,	early-	onset	neonatal	sepsis;	IVH,	intraventricular	hemorrhage;	LOS,	late-	onset	neonatal	sepsis;	NEC,	necrotizing	enterocolitis;	
PDA,	patent	ductus	arteriosus;	PROM,	premature	rupture	of	membranes;	RDS,	respiratory	distress	syndrome;	ROP,	retinopathy	of	prematurity.VAP,	
ventilator-	associated	pneumonia.
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calculated	the	minimum	free	energy	(MFE)	via	the	RNAhybrid	pro-
gram.	 Simultaneously,	 the	 target	miRNAs	of	DEmRNAs	were	 pre-
dicted based on the miRWalk database,28 the miRDB database,29 
and the mirDIP database.30	 Following	 that,	 we	 used	 Venny	 2.1	
(https://bioin fogp.cnb.csic.es/tools/ venny/)	to	make	a	Venn	diagram	
and	screened	for	overlapping	miRNAs	common	to	these	data	sets.

2.7  |  Construction of ceRNA network

Based	 on	 the	 DEcircRNAs	 identified	 after	 qRT-	PCR	 validation,	
the	 overlapped	 prediction	 miRNAs,	 and	 the	 DEmRNAs,	 we	 con-
structed	 the	 circRNA–	miRNA	 pairs	 and	 the	 miRNA–	mRNA	 pairs.	
Subsequently,	a	novel	circRNA–	miRNA–	mRNA	regulatory	network	
based	on	the	ceRNA	hypothesis	was	constructed	using	Cytoscape	
3.7.1.

2.8  |  GO and KEGG functional enrichment and 
statistical analysis

To investigate the molecular interaction and mechanism underlying 
the	ceRNA	regulatory	network,	we	performed	GO	and	KEGG	func-
tional enrichment analysis based on g: Profiler.31	For	GO	enrichment	
analysis, three components were employed for demonstrating dif-
ferent	levels	of	biological	functions:	the	molecular	function	(MF),	the	
biological process (BP), and the cellular component (CC). In addition, 
the	 KEGG	 enrichment	 analysis	 was	 applied	 to	 assess	 the	 level	 of	
gene enrichment in various pathways. Based on the most significant 
adjusted	p-	value,	the	top	five	GO	terms	and	KEGG	pathways	were	
selected.

In	 the	 primary	 demographic	 continuous	 data	 analysis,	 non-	
normally distributed data were expressed as median (M) and 
range (P25 –  P75); normally distributed data were described as 
mean ± standard	 deviation.	 In	 contrast,	 categorical	 data	were	 pre-
sented	as	 frequency	 (%).	Wilcoxon	signed	rank	tests	or	chi-	square	

tests were used to compare the different features between the BPD 
and the control groups. Data analyses were performed using Stata 
version	17.0	and	R	version	3.6.2.

3  |  RESULTS

3.1  |  General clinical data

Among	the	six	VLBW	infants,	there	was	no	significant	difference	
in birth weight or gestational age between the BPD and control 
groups.	 For	 the	 BPD	 group,	 the	median	 gestational	 age	 at	 birth	
was	27.3	(26–	27.9)	weeks,	and	the	non-	BPD	group	was	28	(27.1–	
28.7) weeks, and no evidence of a significant difference was found 
(p = 0.28); similarly, the median birth weight of the BPD group was 
770	(680–	950)	g,	and	the	non-	BPD	group	was	970	(850–	1050)	g,	
and the distribution was still not significantly different (p = 0.13). 
Additional	 clinical	 character	 details	 of	 the	 six	VLBW	 infants	 are	
shown in Table 1.

From	 the	GEO	database	of	GSE32472,	we	 screened	 a	 total	 of	
28	VLBW	infants	with	moderate	 to	severe	BPD	and	35	VLBW	in-
fants	with	non-	BPD	based	on	the	time	of	blood	collection	and	the	
diagnostic grading criteria for BPD. However, the BPD group's gesta-
tional age and birth weight were significantly lower than the control 
group, except for gender. BPD group, the median gestational age at 
birth	was	25.5	(24.5–	27)	weeks,	and	the	non-	BPD	group	was	2928– 30 
weeks; similarly, the median birth weight of the BPD group was 705 
(600–	910)	g,	and	the	control	group	was	1200	(1150–	1400)	g,	reveal-
ing the uneven distribution of both gestational age and birth weight 
(p-	Value	= 0).

3.2  |  CircRNA expression profiles

Among	 all	 the	 expression	 dysregulation	 circRNAs	 of	 the	 BPD	
group,	65	circRNAs	were	confirmed	to	be	significantly	differentially	

Gene Sequence (5′- 3′) Length (bp)

β- Actin F:	5'GTGGCCGAGGACTTTGATTG3' 73

R:	5'CCTGTAACAACGCATCTCATATT3'

hsa_circ_0007054 F:5'GACAAGTCCGAGGTGATAGTTACA3' 118

R:	5'CTTTTCCCCCCAGTCAATG3'

hsa_circ_0057953 F:5''GGTCCGTCTAATGAAGAACAGATTT3' 89

R:	5'CGCTTTTGGGAATCAGTTACAC3'

hsa_circ_0050386 F:	5'TCCACCGAGATCCAGAACAGA3' 123

R:	5'GAGTGGCGTATTCCCATTGTT3'

hsa_circ_0057950 F:	5'GTCCGTCTAATGAAGAACAGGTAA3' 71

R:	5'CATCTCCACTCTGCTGGTTCTC3'

hsa_circ_0120151 F:	5'GGAGCCAGAAGGAAGAGTGTAT3' 140

R:	5'CCCCAAGAGTCCATGATTTTA3'

Note: The circRNA ID is in circBase (http://circb ase.org).

TA B L E  2 Sequences	of	forwarding	and	
reverse primers

https://bioinfogp.cnb.csic.es/tools/venny/
http://circbase.org
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expressed	 (FC >2.0 and p.adj <0.05), with 52 upregulated and 13 
downregulated.	We	compared	 the	samples'	post-	normalization	ex-
pression value distributions using a box plot. Each sample's log2 
ratio followed the same pattern. We noticed that most dysregulated 
circRNAs	were	generated	by	exons;	 the	others	were	derived	from	
introns and intergenic regions. In the stacked bar plot, the distribu-
tion	 of	 circRNAs	 on	 different	 human	 chromosomes	 was	 revealed	
(Figure 2).	Volcano	plots,	heatmap	of	hierarchical	clustering	analysis,	
and scatter plots (Figure S1B) were used to illustrate the differences 
in	circRNA	expression	between	the	 two	groups.	The	 top	10	up	or	
downregulated	circRNAs	are	summarized	in	Table 3A,B.

3.3  |  Quantitative Real- time RT- PCR validation

Results	 indicated	that	more	upregulated	circRNAs	were	expressed	
in the BPD group than downregulated ones. Thus, to confirm the 
findings	of	 the	 circRNA	microarray	analysis,	 qRT-	PCR	was	utilized	

to validate the expression of five significantly upregulated circR-
NAs.	Finally,	four	circRNAs	(hsa_circ_0007054,	hsa_circ_0050386,	
hsa_circ_0057950,	and	hsa_circ_0120151)	were	consistent	with	the	
microarray data (Figure 3);	nevertheless,	hsa_circ_0057953	did	not	
amplify by qPCR.

3.4  |  Identification of DEmRNAs and DEmiRNAs

Based	on	the	Circular	RNA	Interactome	database	and	the	RNAhybrid	
program,	we	predicted	146	potential	target	miRNAs	associated	with	
the	 four	DEcircRNAs.	 Simultaneously,	 55	 (46	 upregulated	mRNAs	
and	 9	 downregulated	 mRNAs)	 DEmRNAs	 were	 identified	 from	
GSE32472 (Figure 4A,B). By taking advantage of the miRWalk data-
base, miRDB, and mirDIP databases, we identified 208 target miR-
NAs	associated	with	the	46	upregulated	DEmRNAs.	Eventually,	we	
gained	 22	 overlapped	DEmiRNAs,	 and	 16	 targeted	DEmRNAs	 for	
the	following	research,	as	shown	in	the	Venn	plot	and	bar	plot.

F I G U R E  2 Differentially	expressed	circRNA	between	the	BPD	and	control	groups.	(A)	Stacked	bar	plot.	The	horizontal	coordinates	
represent	the	different	circRNA	distribution	on	different	chromosomes;	the	different	colours	represent	the	different	origins	of	circRNA.	
(B)	Volcano	figure.	The	circRNAs	of	significance	upregulated	were	shown	with	the	red	dots;	the	significance	downregulated	circRNAs	were	
shown	with	the	green	dot.	Fold-	change	>2.0 and adjusted p-	Values	<0.05 was significantly different. (C) Heatmap of hierarchical clustering 
analysis.	CircRNAs	with	differential	expression	between	the	two	groups	were	analyzed	via	hierarchical	clustering.
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3.5  |  Construction of ceRNA network

Based	 on	 the	 DEcircRNAs	 with	 qRT-	PCR	 validation	 and	 the	
DEmRNAs	 detected	 in	GSE32472,	 a	 novel	 ceRNA	 regulatory	 net-
work was established and visualized. With the identified 48 edges 
(22	 circRNA–	miRNA	 edges	 and	 26	 miRNA–	mRNA	 edges)	 and	
the	41	 identified	nodes	 (3	circRNAs,	22	miRNAs,	and	16	mRNAs),	
Cytoscape	3.7.1	software	constructed	the	final	ceRNA	network	as	
described in Figure 5.

3.6  |  GO and KEGG functional enrichment analysis

GO	and	KEGG	pathway	analyses	were	used	to	annotate	the	function	
of	DEmRNAs	in	the	ceRNA	network.	A	total	of	408	GO	terms	and	
9	KEGG	pathways	were	significantly	enriched	(p.adj <0.05), and the 
top 20 most significantly enriched terms and pathways are listed in 
Figure 6. GO biological process (BP) was mainly enriched in “immune 
system process,” “response to external stimulus,” “myeloid leukocyte 
activation,” “response to biotic stimulus,” and “neutrophil activation.” 

circRNA ID chromosome
circRNA 
type

Gene 
Symbol

Fold 
change P- value

(A)

hsa_circ_0003574 chr20 exonic GID8 2.354 <0.0001

hsa_circ_0064986 chr3 exonic NKTR 2.093 0.0035

hsa_circ_0006752 chr22 exonic NF2 2.045 0.0042

hsa_circ_0050386 chr19 exonic ANKRD27 3.19 0.0048

hsa_circ_0043138 chr17 exonic TAF15 3.065 0.0069

hsa_circ_0030448 chr13 exonic LMO7 2.089 0.0072

hsa_circ_0057950 chr2 exonic CREB1 2.266 0.0105

hsa_circ_0007054 chr1 exonic TMEM50A 4.853 0.0155

hsa_circ_0045234 chr17 exonic DDX42 2.052 0.019

hsa_circ_0043820 chr17 exonic PTRF 2.125 0.022

(B)

hsa_circ_0002210 chr8 exonic ZNF706 2.847 0.03623

hsa_circ_0075819 chr6 exonic CASC15 3.505 0.0318

hsa_circ_0001656 chr6 antisense ARID1B 2.152 0.0295

hsa_circ_0000830 chr18 exonic CEP192 2.518 0.0456

hsa_circ_0003608 chr1 exonic YY1AP1 2.596 0.0485

hsa_circ_0084666 chr8 exonic CSPP1 2.022 0.0432

hsa_circ_0020076 chr10 exonic ABLIM1 2.32 0.0234

hsa_circ_0043815 chr17 exonic STAT3 2.963 <0.0001

hsa_circ_0003520 chr16 exonic NETO2 2.698 0.0377

hsa_circ_0040481 chr16 exonic RFWD3 2.48 0.0136

TA B L E  3 The	top	10	(A)	upregulated	(B)	
downregulated	circRNAs.

F I G U R E  3 The	expression	levels	of	the	circRNAs	validation	by	qRT-	PCR	Gene	expression	was	assessed	using	ΔCt values, normalized to 
β-	actin	levels.	Means	± SEM was presented in the table. *p < 0.05.
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According	 to	Cellular	Component	 (CC),	 these	DEmRNAs	were	pri-
marily associated with “specific granules,” “tertiary granules,” “se-
cretory granules,” “cytoplasmic vesicles,” and “intracellular vesicles.” 
Molecular	 function	 (MF)	analyses	 indicated	these	DEmRNAs	were	
mainly	 involved	 in	 “interleukin-	1,	 type	 I,	 activating	 receptor	 activ-
ity,”	“protease	binding,”	“interleukin-	1	receptor	activity,”	“hydrolase	
activity,”	 and	 “signalling	 receptor	 binding”.	 Besides,	 KEGG	 path-
way analysis indicated a strong correlation with “metabolic path-
ways,”	“renin-	angiotensin	system,”	“fatty	acid	biosynthesis,”	“starch	
and sucrose metabolism,” and “amino sugar and nucleotide sugar 
metabolism.”

4  |  DISCUSSION

Over the past several decades, neonatal health care workers and 
related researchers devoted themselves to numerous treatments for 
reducing morbidity and improving the prognosis of BPD, including 

increased prenatal corticosteroids, surfactant replacement, and 
less intrusive breathing support. Unfortunately, none of these tech-
niques could significantly contribute to the reduction of the sub-
stantial increases in morbidity or mortality of the disease.32 The 
failure to unravel the molecular mechanisms behind the pathogen-
esis is the foremost hurdle to the lack of specific therapies. With 
the	 mounting	 discovery	 of	 several	 non-	coding	 RNAs,	 including	
miRNAs,	 lncRNAs,	 and	 circRNAs,	 more	 spotlights	 have	 been	 fo-
cused on exploring their relationship with BPD. Recent data show 
that	circRNAs	and	 the	downstream	target	genes	play	crucial	 roles	
in various biological processes associated with damage repair after 
immaturity lung injury.7,33,34 Therefore, it is essential to investigate 
the	interactions	and	regulatory	mechanisms	of	the	ceRNA	network	
in	the	development	and	progression	of	BPD.	As	the	primary	goal	of	
this	study,	we	employed	microarray	profiling	to	identify	the	circRNA	
expression	profiles	in	the	PBMCs	in	VLBW	infants	with	moderate	to	
severe	BPD	at	5–	8 days	after	birth.	We	constructed	a	novel	circRNA-	
miRNA-	mRNA	network	(composed	of	3	circRNA	nodes,	22	miRNA	

F I G U R E  4 Identification	of	DEmRNAs	and	DEmiRNAs.	(A)	Volcano	figure.	The	mRNAs	of	significance	upregulated	were	shown	with	
the	red	dots;	the	significance	downregulated	mRNAs	were	shown	with	the	green	dot.	Fold-	change	>2.0 and adjusted p-	Values	<0.05 was 
significantly	different.	(B)	mRNAs	with	differential	expression	between	the	two	groups	were	analyzed	via	hierarchical	clustering.	(C)	Venn	
plot.	Prediction	and	screening	for	overlapped	miRNA.	(D)	Box	plot.	Differentially	upregulated	expressed	mRNA	between	the	BPD	and	non-	
BPD group.
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nodes,	16	mRNA	nodes,	and	48	edges)	based	on	the	ceRNA	theory.	
With the performance of functional enrichment analysis, this aber-
rant	expression	of	circRNAs	indicated	the	significant	correlation	be-
tween lung damage caused by infection and inflammatory responses 
in the prenatal and early postnatal period and BPD. These crucial 
clues may provide potential molecular targets for early prediction 
and intervention in BPD to improve disease prognosis and reduce 
mortality.

To elucidate the molecular processes and pathways that underlie 
complex	 diseases,	 ceRNA	 regulation	 network	 analysis	 is	 a	 power-
ful	approach.	A	recent	study	revealed	that	in	the	LPS-	induced	lung	
injury	model,	circRNA	was	functional	as	miRNA	sponges	that	inter-
acted	with	hsa-	miR-	4688	and	hsa-	miR-	3192-	5p	in	the	inflammation	
process	 of	 Human	 bronchial	 epithelial	 (BEAS-	2B)	 cell	 damage.35 
According	 to	our	 ceRNA	network,	 hsa_circ_0057950	may	directly	
interact	 with	 hsa-	miR-	4688	 and	 hsa-	miR-	3192-	5p	 to	 regulate	 the	
expression	 of	 downstream	 target	 genes—	ERG	 and	 CHIT1.	 As	 re-
searchers demonstrated, ERG is a primary member of the erythro-
blast	transformation-	specific	(ETS)	family	of	transcriptions	factors.36 

All	members	of	this	 family	are	critical	 regulators	of	embryonic	de-
velopment, cell proliferation, differentiation, angiogenesis, inflam-
mation, and apoptosis.37	Moreover,	CHIT1	is	a	protein-	coding	gene	
of chitotriosidase secreted by activated human macrophages in the 
inflammation process.38 Conformingly, molecular interactions within 
the	ceRNA	regulatory	network	are	an	essential	 component	of	 the	
insights that will further unravel the pathogenesis of BPD.

Gene Ontology enrichment analysis revealed that the genes in-
volved	 in	 our	 ceRNA	 network	were	mainly	 enriched	 in	 the	 process	
of immune system activation, primarily associated with the response 
to	biotic	 stimulus,	 leukocyte	and	neutrophil	 activation,	 IL-	1	 receptor	
activity	and	protease	binding.	Among	the	numerous	independent	risk	
factors that drive the progression of BPD, beyond supraphysiological 
oxygen and invasive mechanical ventilation,39 inflammatory condi-
tions in utero appear to be the first step in the pathogenesis of the 
disease. The chorioamnionitis condition causes irreversible damage to 
the immune development and maturation of the fetal lung.40 Infants 
with early onset sepsis confirmed by positive blood culture (pathogens 
including	 coagulase-	positive	 staphylococci,	 gram-	negative	 bacteria,	

F I G U R E  5 A	ceRNA	regulator	network	A	ceRNA regulatory network with the identified 48 edges (22 circRNA– miRNA edges and 26 miRNA– 
mRNA edges) and the 41 identified nodes (3 circRNAs, 22 miRNAs, and 16 mRNAs) was constructed via utilizing the Cytoscape 3.7.1 software.
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and fungi) were demonstrated with a significantly higher risk of BPD 
compared with those without sepsis, with the relative risk (RR) ranging 
from	2.6	 (95%	CI:	1.5–	4.6)	 to	9.40	 (95%	CI:	3.83–	23.08)	 among	dif-
ferent studies.41,42	All	 these	suggest	that	the	 inflammation	response	
initially triggered by diverse pathogens could contribute to BPD pro-
gression	and	lead	to	long-	term	adverse	outcomes.

Alternatively,	 receptor	 binding	 may	 activate	 many	 signaling	
pathways	and	critical	downstream	effector	molecules.	Numerous	
studies have confirmed that lung injury is closely associated with 
the	inflammatory	factor	IL-	1β. Bry et al illustrated this point clearly 
through	the	transgenic	mouse;	the	overexpressed	IL-	1β in the lung 
caused	a	BPD-	like	phenotype	in	infant	mice,	including	lung	inflam-
mation, alveolar hyperplasia, and airway remodeling during both 
perinatal and postnatal periods.43 This phenomenon is further ex-
emplified	when	recombinant	IL-	1RA	blocks	IL-	1	interaction	with	its	

receptor	and	attenuates	lung	injury.	This	also	suggests	that	IL-	1RA	
should be pursued as a potential target for treating BPD.44,45 Liao 
et	al	provided	additional	evidence	that	recombinant	IL-	1RA	could	
protect the lungs from injury in a neonatal mouse hyperoxia model 
of BPD.46	 Increased	 IL-	1β led to abnormal alveolar development; 
on	the	other	hand,	recombinant	IL-	1RA	blocked	inflammation	ac-
tivation and protected alveolar tissue from structural damage. 
According	to	our	results,	for	moderate	to	severe	BPD	infants,	the	
significant	upregulation	of	hsa_circ_0057950	and	the	activation	of	
its downstream target gene— IL1R1 (encoding a cytokine receptor 
for	IL-	1α,	IL-	1β,	and	IL-	1	receptor	antagonist)	could	be	an	important	
molecule and a potential therapeutic target for the pathogenesis 
of BPD.

Additionally,	we	employed	KEGG	pathway	analysis	to	explore	
notable	 signaling	 pathways	 in	 the	 ceRNA	 network.	 Aside	 from	

F I G U R E  6 GO	and	KEGG	functional	enrichment	analysis	For	GO	enrichment	analysis,	three	components	were	employed	for	
demonstrating	different	levels	of	biological	functions:	the	molecular	function	(MF),	the	biological	process	(BP),	and	the	cellular	component	
(CC).	In	addition,	the	KEGG	enrichment	analysis	was	applied	to	assess	the	level	of	gene	enrichment	in	various	pathways.	Based	on	the	most	
significant adjusted p-	Value,	the	top	5	GO	terms	and	KEGG	pathways	were	selected	(p.adj <0.05).
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the	 fact	 that	 the	 renin-	angiotensin	 system	was	 involved	 in	 pul-
monary fibrosis and the development of BPD under hyperoxia ex-
posure,47 another interesting finding was the enriched metabolic 
pathway. We inferred these were linked to lung microbes due to 
more recent data revealing that the abnormal distribution of the 
microbiota in the lung is inextricably linked to the progression of 
BPD.40,48 Different prenatal and postnatal factors, for instance, 
chorioamnionitis, antibiotic treatment, mechanical ventilation, 
the	microbial	population	of	the	NICU	environment,	and	feeding,	
could contribute to the abnormal distribution of lung microbi-
ota	 in	preterm	 infants.	 Short-	chain	 fatty	 scids	 (SCFA)	 and	other	
microbiome-	derived	 metabolites	 could	 stimulate	 the	 activation	
and differentiation of immune cells and regulate the host immune 
system.48,49

Different signaling pathways that affect the formation and 
progression of BPD have been confirmed by current research, in-
cluding	the	VEGF	signaling	pathways,47 p53 signaling pathways,50 
TGF-	β signaling pathway,51	MAPK	signaling	pathways,52	and	PI3K-	
Akt	signaling	pathway.53 In contrast to earlier results, however, no 
evidence of these signaling pathways was detected in our study. 
We inferred two main factors might be responsible for this devi-
ation.	First,	the	development	of	BPD	is	multidimensional,	and	the	
progression of the disease is also dynamic.39 In this study, we col-
lected	samples	during	the	infant's	first	5–	8 days	postnatally,	which	
were the early stages of BPD development. During the entire 
postnatal period, various intrinsic factors and external environ-
ments	can	 result	 in	stage-	specific	differences	 in	metabolites	and	
gene expression profiles depending upon the progression of the 
disease. These factors include intrauterine inflammatory exposure, 
anti-	inflammatory	treatment,	hyperoxia	exposure,	and	various	late	
complications.	As	demonstrated	in	previous	studies,	the	mRNA	ex-
pression profile and the enriched pathways changed on the 28th 
day compared with those on the 5th day postnatally in peripheral 
blood.27 In our study, the significantly enriched pathways during 
the	 early	 stage	were	most	 inflammation-	related,	 consistent	with	
the	disease	progression	pattern	of	BPD.	Another	 reason	 for	 this	
discrepancy was the difficulty obtaining human pulmonary tissue 
other than peripheral blood samples. The gene expression profiles 
of peripheral blood leucocytes cannot entirely replace those of 
lung tissue. However, some studies demonstrated that proinflam-
matory cytokines in peripheral blood were associated with the 
phenotype of BPD.54	Numerous	recent	studies	have	already	used	
this approach as an alternative to lung tissues to identify novel bio-
markers for BPD.27

We	 acknowledge	 the	 limitations	 of	 our	 research.	 First,	 in	 this	
study,	 differentially	 expressed	 circRNAs	 were	 identified	 in	 a	 lim-
ited number of infants and should be confirmed in a larger cohort. 
Additionally,	many	biological	processes'	crucial	changes	are	not	only	
manifested	by	changes	 in	RNA	levels	but	also	at	DNA	and	protein	
levels.55 These molecular alterations need to be validated further. 
Even	 so,	 the	exact	 role	 and	molecular	mechanism	of	 circRNAs	 af-
fecting the progression of BPD are yet to be determined.

5  |  CONCLUSION

We performed microarray technology to identify different ex-
pression	 profiles	 of	 circRNAs	 in	 peripheral	 blood	 from	 moderate	
to	 severe	 BPD	 infants	 5–	8 days	 after	 birth.	 Hsa_circ_0007054,	
hsa_circ_0057950,	hsa_circ_0050386,	and	hsa_circ_0120151	were	
verified	by	qRT-	PCR	to	be	differentially	expressed	between	the	two	
groups. Based on mining data from public databases, we constructed 
a	ceRNA	regulatory	network,	including	3	circRNAs,	22	miRNAs,	and	
16	mRNAs.	Gene	ontology	enrichment	and	KEGG	pathway	analysis	
revealed that these genes were associated with immune cell activa-
tion and cytokine receptor activation, which promote the inflamma-
tory response and lung injury.56 Our findings suggest that during the 
progression	 of	 BPD,	 the	 substantially	 altered	 circRNA	 expression	
profiles in PBMCs are linked to immune dysregulation from infec-
tion and inflammation in the early stage, further supporting the im-
portance	of	anti-	inflammatory	treatment	for	VLBW	infants	at	high	
risk	of	developing	BPD.	These	circRNAs	detected	from	PBMCs	were	
novel ones that differed from previous results in this field. They may 
be functional as potential biomarkers for diagnosis and targets for 
treating BPD in the early stages of the disease. With the support of 
our	 received	municipal	 funds	 (reference	number:	SKJYD2021112),	
further exploration of these genes and exceptionally functional re-
search will contribute to our deepening understanding of BPD in the 
future.
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