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Abstract  
Long noncoding RNA (lncRNA) regulates the proliferation and migration of human retinal endothelial cells, as well as retinal neovas-
cularization in diabetic retinopathy. Based on similarities between the pathogenesis of retinopathy of prematurity (ROP) and diabetic 
retinopathy, lncRNA may also play a role in ROP. Seven-day-old mice were administered 75 ± 2% oxygen for 5 days and normoxic air for 
another 5 days to establish a ROP model. Expression of lncRNA and mRNA in the retinal tissue of mice was detected by high-throughput 
sequencing technology, and biological functions of the resulted differentially expressed RNAs were evaluated by Gene Ontology and Kyoto 
Encyclopedia of Genes and Genomes analyses. The results showed that compared with the control group, 57 lncRNAs were differentially 
expressed, including 43 upregulated and 14 downregulated, in the retinal tissue of ROP mice. Compared with control mice, 42 mRNAs 
were differentially expressed in the retinal tissue of ROP mice, including 24 upregulated and 18 downregulated mRNAs. Differentially 
expressed genes were involved in ocular development and related metabolic pathways. The differentially expressed lncRNAs may regulate 
ROP in mice via microRNAs and multiple signaling pathways. Our results revealed that these differentially expressed lncRNAs may be 
therapeutic targets for ROP treatment. This study was approved by the Medical Ethics Committee of Shengjing Hospital of China Medical 
University on February 25, 2016 (approval No. 2016PS074K).
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Graphical Abstract   

Retinopathy of prematurity (ROP) is related to the abnormal expression of long noncoding RNAs

Introduction 
Retinopathy of prematurity (ROP) is a retinal vascular pro-
liferation disease with neuronal degeneration (Mehdi et al., 
2014; Tsang et al., 2019). ROP occurs in premature infants 
with retinal vascular proliferation, especially those with very 
low birth weights (Gonski et al., 2019). The main clinical 
manifestations of ROP are retinal ischemia, retinal neovas-
cularization (RNV), and even retinal detachment, which can 
lead to childhood blindness (Aranda et al., 2019). Even with 
immediate and effective treatment, ROP may damage retinal 
nerves and blood vessels (Wang et al., 2005; Le, 2017); previ-

ous studies have shown this to be associated with a high den-
sity of microglia and retinal astrocytes in the central vascular 
area (Bucher et al., 2013; Xu et al., 2018). 

Long noncoding RNAs (lncRNAs) are involved in multiple 
diseases, including RNV. Increasing evidence indicates that 
lncRNAs are related to the development of tumors and neo-
vascular diseases (Xu et al., 2014; Chen et al., 2017a; Long 
et al., 2018). In addition, lncRNAs can regulate microglial 
polarization and inflammation (Wang et al., 2019; Yang et 
al., 2019; Zhang et al., 2019c). A few studies have shown that 
lncRNAs exhibit tissue-specific expression in the eye (Young 
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et al., 2005; Qiu et al., 2016). lncRNA has the function of 
competing with endogenous RNA or microRNA to regulate 
the proliferation and migration of human retinal endothelial 
cells, as well as RNV in diabetic retinopathy (Zhu et al., 2017; 
Fan et al., 2019). Based on its similarities with the pathogen-
esis of diabetic retinopathy, RNV in ROP may be explained 
by similar molecular mechanisms. As such, this study aimed 
to decipher the role of differential expressed lncRNA in 
oxygen-induced retinopathy (OIR) mice and explore how 
abnormal lncRNA expression affects the hypoxic process of 
ROP. We hope that our research on differentially expressed 
lncRNA can provide a theoretical basis for the identification 
of new clinical treatments for ROP.
  
Materials and Methods
Animals and OIR model
Seven-day-old C57BL/6J mice (n = 100; specific patho-
gen-free level) were purchased from Shenyang Changsheng 
Biological Technology Co, Ltd. [Shenyang, China; license 
No. SCXK(Liao)2015-0001]. Mice were bred at the specific 
pathogen-free Laboratory Animal Center of Shengjing Hos-
pital (Benxi, China) at 23 ± 2°C with 12-hour light-dark cy-
cles. The Medical Ethics Committee of Shengjing Hospital of 
China Medical University approved the animal experiments 
on February 25, 2016 (approval No. 2016PS074K).

Animals were randomly divided into two groups with 50 
mice in each group. Mice in the control group were kept in 
normoxic air with their mothers until the age of 17 days. 
In the experimental group, OIR was induced according to 
Smith’s method (Smith et al., 1994). Briefly, 7-day-old mice 
in the OIR group and their mother were placed for 5 days 
in a hyperoxia chamber provided by the Laboratory Animal 
Center of Shengjing Hospital, which was composed of glass 
feeding box, oxygen detector (8F-3AW; Yuwell, Suzhou, Chi-
na), and oxygen generator (OX-100A; Aipuins, Hangzhou, 
China) (75 ± 2%). Subsequently, these mice were maintained 
in normoxic air for another 5 days with their mothers (Smith 
et al., 1994; Heiduschka et al., 2019). Mice in both groups 
were sacrificed to collect retinas for total RNA extraction 
and pathology after deep anesthesia with ketamine at post-
natal day 17 (Park et al., 2009).

Retina isolation and fluorescein isothiocyanate-dextran 
angiography
Seventeen-day-old mice were anesthetized with ketamine, 
and 500 µL of fluorescein isothiocyanate-dextran (2 × 103 
kDa; 50 mg/mL; Sigma-Aldrich, St. Louis, MO, USA) was 
injected into the left ventricle; 2 minutes later, mice were 
sacrificed by cervical dislocation. Next, the eyes were enucle-
ated and fixed with 4% paraformaldehyde for 2 hours at 4°C. 
After removing the cornea, lens, and vitreous, retinas were 
peeled from the eyeball and cut into four quadrants with 
an ophthalmic scalpel under a stereomicroscope (SMZ18; 
Nikon, Tokyo, Japan). Images were captured under a fluo-
rescence microscope (Eclipse NI, Nikon) before applying 
SlowFade anti-fade reagent (Sigma-Aldrich) to retinas (Banin 
et al., 2006; Geng et al., 2018). The lasso tool of Adobe Pho-

toshop CS6 (Adobe, San Francisco, CA, USA) was used to 
manually select areas of non-perfusion and neovascular 
retinal tufts. ImageJ 1.37C (National Institutes of Health, 
Bethesda, MD, USA) was used to automatically calculate the 
percentage areas selected by Photoshop CS6 (Zhang et al., 
2000; Shi et al., 2013). All manual work was completed by 
three reviewers.

Hematoxylin-eosin staining
Ten randomly selected mice from each group were fixed for 
24 hours. The eyeball was cut along the sagittal plane parallel 
to the optic nerve and embedded in paraffin. Next, the eye-
ball was cooled to room temperature to prepare a 3.5-µm-
thick continuous slice, and 10 pieces from each eyeball 
were selected for hema-toxylin-eosin staining. Images were 
captured under a fluorescence microscope, and the average 
number of all neovascular nuclei present in the vitreous side 
were counted for each section by three independent review-
ers in a double-blind manner (Zhang et al., 2017).

RNA extraction and preparation
Total RNA from each retinal tissue sample was extracted 
using TRIzol reagent (Takara, Kusatsu, Japan) and quantified 
by Nanodrop ND-2000 (Thermo Scientific, Waltham, MA, 
USA). RNA integrity was detected by an Agilent Bioanalyz-
er 2100 (Agilent Technologies, Santa Clara, CA, USA). We 
selected samples with optical density260/280 = 1.8–2.0 for sub-
sequent experimental studies. Chip processing was subse-
quently performed according to Agilent’s standards, includ-
ing sample labeling, microarray hybridization, and washing.

Array analysis
Analysis of lncRNA and mRNA array data was achieved by 
Feature extraction (version 10.7.1.1; Agilent Technologies). 
Normalization of raw data by quantile and quality control 
was performed using GeneSpring (version 13.1; Agilent 
Technologies). The threshold set for screening of differential-
ly expressed genes was fold change ≥ 2 and P < 0.05. Gene 
Ontology (GO) and Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) analyses were used to determine the effect 
of differentially expressed genes. Numbers and significance 
of differentially expressed genes included in each GO entry 
were counted (http://geneontology.org/). The KEGG data-
base was used to analyze differentially expressed genes and 
calculate the significance of differences in gene enrichment 
for each pathway entry (http://www.genome.jp/kegg/).

Hierarchical clustering was used to verify differences in 
gene expression patterns between samples and calculate the 
distance between different samples to generate a distance 
matrix. Finally, String was used to constructing a protein 
interaction network using vascular endothelial growth factor 
(VEGF) and other dif-ferentially expressed mRNAs (Qu et 
al., 2017; Liu et al., 2018).

Quantitative real-time PCR
Total RNA extraction and quality control were performed 
as described above. Ten lncRNAs in retinal tissues were 
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measured by quantitative real-time PCR (qRT-PCR) using 
SYBR® Green assays (Takara) with the primers listed in Ta-
ble 1 (Sangon Biotech Co., Ltd., Shanghai, China). β-Actin 
was applied as an internal control. For quantitative analysis 
of differential expression, data were processed by the 2–ΔΔCt 
method, and expression of each lncRNA is expressed as the 
relative fold change to β-actin. 

Statistical analysis
All statistical data are expressed as the mean ± standard error 
of mean (SEM). Differences were analyzed by Mann-Whitney 
U test using SPSS 17.0 (Release 17.0; SPSS Inc., Chicago, IL, 
USA). P-values < 0.05 were considered statistically significant.

Results
Retinal neovascularization in OIR mice
Retinal vascular structures were examined by fluorescein 
isothiocyanate-dextran angiography. Expectedly, the retinal 
vasculature of control group mice was intact, with the main 
blood vessels and vessel branches arranged regularly (Figure 
1A and C). In the OIR group, the retina of mice showed se-
vere areas without perfusion, as well as neovascularization 
and distorted blood vessels with irregular dilation (Figure 
1B and D). Percentage areas of non-perfusion and neovascu-
larization in the OIR group were higher compared with the 
control group (Z = –2.882, P = 0.004; Z = –2.739, P = 0.006; 
Figure 1E and F).

Neovascular nuclei of the retina in OIR mice
We quantified retinal neovascular nuclei from 10 non-con-

tinuous paraffin sections of the retina, primarily by calculat-
ing the number of neovascular nuclei that broke through the 
inner limiting membrane of the retina. In the control group, 
retinal neovascular nuclei were rarely observed, with an av-
erage number of 2.70 ± 0.58 nuclei per cross-section (Figure 
2A). In the OIR group, an average of 20.70 ± 2.53 nuclei was 
observed for each retina cross-section (Figure 2B), which is 
significantly larger than observed in the control group (Z = 
–3.686, P < 0.01; Figure 2C).

Differentially expressed lncRNAs and mRNAs in the 
retinal tissue of OIR mice
In total, 62,028 distinct lncRNAs and 33,419 mRNAs were 
detected in the retinal tissue of experimental mice using 
high-throughput sequencing technology. Compared with the 
control group, 57 lncRNAs and 42 mRNAs were differential-
ly expressed, 43 lncRNAs and 24 mRNAs were significantly 
upregulated, and 14 lncRNAs and 18 mRNAs were signifi-
cantly downregulated in the OIR group (fold change ≥ 2, P < 
0.05). A volcano plot of differentially expressed genes reflects 
their trends (Figure 3A), while scatter plots indicate better 
data normalization (Figure 3B). Most genes were concen-
trated on chromosomes 4, 7, 11, and 14 (Figure 3C). Cluster 
analysis showed that lncRNA were differentially expressed in 
both control mice and the OIR group (Figure 3D).

We validated the top five upregulated and top five down-
regulated genes in the two sets of retina samples by qRT-PCR; 
information about these genes is listed in Table 1. For nine of 
the ten genes, qRT-PCR results were consistent with the se-
quencing results, not including AC142098.2 (Figure 3E).

Table 1 Primers used for quantitative real-time polymerase chain reaction

Gene Type Fold change Chromosome Primer (5′–3′)

LOC102637887 lncRNA 3.7505 7 F: CCC TGC TCC CTG TCG TGG TAG
R: GCC TGT GTC TCG GTG ACT GTT C

LOC102638971 lncRNA 2.1859 5 F: GGC AGG CAC CAA AGC AGA GAC
R: AGG AAC CGT GGA AGC CAG AGG

1700091H14Rik lncRNA 2.4564 6 F: TGA GCA GGA GAA GAG ACA CGA GAG
R: AGG AAC CGT GGA AGC CAG AGG

9030404E10Rik lncRNA 4.8791 9 F: CTC GCT CAC CTC TGG ACT CCT G
R: GCG TCA ATC CTC ACA GCC TTG G

1700026D11Rik lncRNA 4.9759 X F: CCT CGT CTT CCT GTT CAT CTG TGG
R: GTG TCC TGC TAG GCA TAG TCC ATG

AC142098.2 lncRNA 4.6893 14 F: AGG AAG ACA GGA GCG GCA GAC
R: TCC TCC ACC GAA CCG CAC TC

ENSMUST00000051401 mRNA 8.6844 5 F: TTA TGG TCA TCA GCA TCA TCG T
R: TGA TCA TGA TCT TGG CCT TGA C

ENSMUST00000047095 mRNA 4.627 14 F: TTC TCA ATG GGC AAA AAG TCT G
R: CTT GAA TGG CCT TGT TCT CTT C

ENSMUST00000005810 mRNA 29.8212 10 F: TGG CTT TCA TGT CAT TAA CGT G
R: GAT ATT GTG ACT GTG GCA TCA C

ENSMUSG00000019961 mRNA 24.3167 6 F: TGA ATC GAG ATC CTC TAC TCC T
R: GCT GTA TCT GTC AGA GTC GTT A

β-Actin Maker – – F: GTG CTA TGT TGC TCT AGA CTT CG
R: ATG CCA CAG GAT TCC ATA CC

F: Forward; lncRNA: Long noncoding RNA; R: reverse.
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Gene function analysis of differentially expressed genes in 
the retinal tissue of OIR mice
To analyze gene functions, GO, KEGG, and pathway cluster 
analyses were performed. Differentially ex-pressed genes 
were involved in more than 20 pathways and many process-
es, mainly associated with com-plement activation, the lectin 
pathway, nuclear factor-κB (NF-κB)-inducing kinase/NF-
κB signaling pathway, G protein-coupled receptor signaling 
pathway, and canonical Wnt signaling pathway, suggesting 
that lncRNAs regulate oxygen-induced retinal neovascular-
ization by various signaling pathways (Figure 4).

Protein interaction network of RNV
Based on differentially expressed mRNAs, VEGF mRNA was 
selected as the main mRNA in the protein interaction net-
work because most of the remaining differentially expressed 
mRNAs were associated with VEGF; thus, differentially ex-
pressed mRNAs may be related to RNV (Figure 5).

Discussion
Normal development of the retina provides nutrition for 
photoreceptor cells and has regenerative and repair functions 
(Ishikawa et al., 2015; Morken et al., 2019). ROP is a serious 
neurovascular disease. However, currently used drugs, which 
are administered be intravitreal injection, only control neo-
vascularization and have no effect on protecting nerve func-
tion (Kang et al., 2019; Tsang et al., 2019). Previous studies 
have shown that nerve growth factor, progenitor cells, and 
bone marrow mesenchymal stem cells can contribute to 
the recovery of OIR in mice (Li Calzi et al., 2019; Ma et al., 
2019; Troullinaki et al., 2019). Moreover, progenitor cells in 
combination with other treatments can normalize retinal 
vascular development (Li Calzi et al., 2019), and are associ-
ated with lncRNAs (Yao et al., 2019; You and You, 2019). An 
increasing number of studies have shown that lncRNAs exert 
essential functions in cancer cells, particularly during prolif-
eration, differentiation, and malignant transformation (Shen 
et al., 2016; Zhang et al., 2019a). Furthermore, lncRNAs 
are involved in choroidal neovascularization, proliferative 
vitreoretinopathy, and diabetic retinopathy (Yu et al., 2019; 
Zhang et al., 2019b). In addition, they contribute to retinal 
microangiopathy by regulating cell proliferation, apoptosis, 
inflammatory responses, and VEGF expression (Nieminen 
et al., 2018; Wei et al., 2019). Thus, they may regulate target 
gene expression in ROP; however, the specific molecular me-
cha-nisms underlying retinal vasculogenesis and angiogene-
sis in ROP have yet to be determined. In this study, the OIR 
mouse model and high-throughput sequencing were used to 
detect lncRNAs involved in the path-ogenesis of ROP.

GO and KEGG analyses were used to gain insight into the 
functions of lncRNAs in OIR. Abnormally ex-pressed genes 
were widely distributed in retinal tissues and found to be 
components of signaling pathways related to retinal develop-
ment and function, such as NF-κB, G protein-coupled recep-
tor, and canonical Wnt signaling pathways. Previous studies 
suggested that lncRNAs competitively block the binding of 
mRNAs to microRNAs to exert anti-oxidative and anti-in-
flammatory roles in retinal endothelial cells via the NF-κB 
sig-naling pathway, thereby inhibiting angiogenesis (Hui and 

Yin, 2018; Ruan et al., 2018; Chen et al., 2019). We speculate 
that the mechanisms by which lncRNAs regulate retinopathy 
in OIR mice are similar to those involved in diabetic reti-
nopathy. Indeed, previous studies verified abnormal expres-
sion of microRNA in the retina of OIR mice, which could 
regulate the formation of neovascularization (Chen et al., 
2017b; Rattner et al., 2019). Thus, lncRNAs regulate retinal 
neovascularization via microRNA.

VEGF plays a pivotal role in retinal neovascularization 
and, thus, was selected as the fulcrum of our network analy-
sis (Zhou et al., 2019). We found that differentially expressed 
genes were linked to VEGF expression by analysis of protein 
interactions and gene function. The claudin family gene 
claudin-4, which had the highest differential expression in 
the OIR group, encodes a vital tight junction protein mainly 
expressed in epithelial cells and endothelial cells. Claudin-4 
is highly expressed in breast, prostate, and ovarian cancers, 
and participates in angiogenesis of ovarian cancer (Li et al., 
2009; Rambabu and Jayanthi, 2018). In addition, claudin-4 
is highly expressed during neovascularization of the corneal 
endothelium (Chng et al., 2013), whereas claudin-1, -2, and 
-5 are highly expressed in OIR tissues of mice, consistent 
with our experimental results (Luo et al., 2011). However, 
further studies are needed to determine the specific up-
stream regulatory mechanism involved and its relationship 
to lncRNA.

In conclusion, bioinformatics methods can provide a 
practical approach to screen lncRNAs associated with ROP. 
However, this study still has significant limitations. First, as 
it is difficult to obtain clinical tissue samples of ROP, the cur-
rent experimental studies are based on OIR of mice. Second, 
the study lacked in-depth analysis of specific genes involved 
in ROP. As such, more investigations including analyses of 
larger sample sizes and clinical samples are required to de-
termine the biological functions and regulatory mechanisms 
of lncRNAs associated with ROP, thus providing a theoreti-
cal framework for clinical research and development of new 
treatments.
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Figure 1 Retinal neovascularization in oxygen-induced retinopathy (OIR) mice.
(A, B) Retinal angiography in mice of control (A) and OIR groups (B) (original mag-
nification 40×, scale bars: 50 µm). (C, D) Enlarged peripheral retina areas of normal 
vessels (C) and abnormal pathologic neovascularization (D) were observed in both 
groups (original magnification 100×, scale bars: 10 µm). Arrows indicate neovascu-
larization. (E, F) Quantitative results of the percentage area of non-perfusion (E) and 
percentage area of neovascularization (F). Data represent the mean ± SEM (n = 15). 
*P < 0.01, vs. control group (Mann-Whitney U test).

Figure 2 Neovascular nuclei of the retina 
in oxygen-induced retinopathy (OIR) 
mice.
(A, B) Hematoxylin-eosin staining of ret-
inal tissue in mice from control (A) and 
OIR groups (B) (original magnification 
200×, scale bars: 50 µm). Arrows indicate 
retinal neovascular nuclei. (C) Quantita-
tive results for the number of neovascular 
nuclei. Data represent the mean ± SEM 
(n = 10). *P < 0.01, vs. control group 
(Mann-Whitney U test).
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Figure 3 Differentially expressed lncRNAs and mRNAs in the retinal tissue of oxygen-induced retinopathy mice.
(A) Scatter plot of differentially expressed genes. X-axis represents the signal value of this point after standardization in the control chip. Y-axis rep-
resents the signal value of this point after standardization in the sample chip. (B) Volcano plot of differentially expressed genes. Gray dots indicate 
genes with P-values > 0.05. Green dots indicate genes with absolute values of fold change < 2 and P-value ≤ 0.05. Red dots indicate genes with fold 
change ≥ 2 and P-value ≤ 0.05, which were significantly upregulated differentially expressed genes. Blue dots indicate genes with fold change ≤ –2 
and P-value ≤ 0.05, which are significantly downregulated differentially expressed genes. (C) Chromosome distribution of differentially expressed 
genes. (D) Cluster analysis of differentially expressed genes. Color scale represents the change of gene expression from relatively low (green) to 
relatively high (red). The line name represents the probe name, while the column name represents the sample name. (E) Validation of differentially 
expressed genes by real-time polymerase chain reaction. The x-axis represents the gene name, and the Y-axis represents the relative expression of 
differentially expressed genes. lncRNA: Long noncoding RNA; OIR: oxygen-induced retinopathy.
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A B

C D

Figure 4 GO analysis and KEGG analysis of differentially expressed genes in the retinal tissue of oxygen-induced retinopathy mice.
(A–C) GO analysis suggests the function of differentially expressed genes, arranged according to P-value from small to large. (A) The top 20 bio-
logical processes. (B) The top 20 cellular components. (C) The top 20 molecular functions. (D) KEGG analysis: the top 20 pathways. It is suggested 
that differentially expressed genes may be involved in changes of cellular pathways. GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and 
Genomes.

Figure 5 Differentially expressed gene-related 
protein network of retinal neovascularization.
The yellow area is the center of the network, the blue 
area represents differentially expressed genes, and the 
short lines represent interactions between differential-
ly expressed mRNAs; darker lines indicate a stronger 
interaction. This network suggests an interaction 
between differentially expressed mRNAs, thus provid-
ing the basis for exploring the biological functions of 
these genes. 
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