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Background: The chronic lung condition known as bronchopulmonary dysplasia (BPD), which primarily
affects newborns, especially preterm neonates, is brought on by prolonged oxygen consumption and
mechanical ventilation. This case-control study sought to investigate the pathogenesis of BPD in preterm
neonates by RNA sequencing (RNA-seq).

Methods: First, RNA-seq samples were collected from 3 BPD and 3 healthy preterm neonates. Based on
the sequencing data and microarray data sets, MERGE.57185.1, the key long non-coding RNA (IncRNA),
was identified from the differentially expressed IncRINAs and the key module by a weighted gene co-
expression network analysis (WGCNA), a Venn diagram, and an expression analysis. Next, the differendally
expressed messenger RNAs (mRNAs) and microRNAs (miRNAs) that were strongly correlated to
MERGE.57185.1 were identified in the protein-protein interaction networks and underwent a functional
enrichment analysis and Spearman correlation analysis. Finally, the mRNA [i.e., eukaryotic translation
initiation factor 5A (EIF5A)] and miRNA (i.e., hsa-miR-6833-5p) with the strongest correlations to
MERGE.57185.1 were identified as the downstream targets.

Results: Among the 32 genes in the dark-red module and the 158 differentially expressed IncRINAs, 21
overlapping genes were identified. In the gene expression analysis, MERGE.57185.1 (an oncogene) was
identified as the key IncRNA in BPD. The results of the multiple bioinformatics analysis showed that
the mRNA and the miRNA with the strongest correlations to MERGE.57185.1 were hsa-miR-6833-5p (a
suppressor gene) and EIFSA (an oncogene), respectively. Hsa-miR-6833-5p was lowly expressed in the BPD
group, while EIF5A was highly expressed in the BPD group.

Conclusions: This study identified 1 key upregulated IncRNA (i.e., MERGE.57185.1) in preterm neonatal
BPD, and revealed the MERGE.57185.1/bsa-miR-6833-5p/EIFSA mechanism in preterm neonatal BPD
from the IncRNA-miRNA-mRNA network. This key IncRNA gene could serve as a promising diagnostic

biomarker for prenatal examinations.

Keywords: Preterm neonatal bronchopulmonary dysplasia (preterm neonatal BPD); RNA sequencing (RINA-seq);
MERGE.57185.1; hsa-miR-6833-5p; eukaryotic translation initiation factor SA (EIF5A)
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Introduction

The chronic lung condition known as bronchopulmonary
dysplasia (BPD) is most commonly found in preterm
infants, and individuals with respiratory distress syndrome
and other conditions that require prolonged mechanical
ventilation (1). The occurrence of BPD is complicated,
but it is essentially caused by injury to the developing lung
due to oxygen toxicity, inflammation, and other factors
(2,3). Since the first report of BPD, its phenotype has
evolved from a fibrocystic disease that initially affected late
preterm infants to parenchymal development impairment
and vascular growth disorder, mainly affecting infants born
before 29 weeks of gestation (4). BPD is mainly caused by
genetic predispositions, lung hypoplasia, acute lung injury,
and deviant post-injury repair (5,6). Recently, the incidence
of BPD has been increasing year by year, mainly due to
chronic respiratory diseases in infancy (1,7). The incidence
of BPD in premature infants <28 weeks of gestation is
estimated to be 48-68% (1). The molecular mechanism of
BPD remains unclear, and as a result, it has become a major
problem for neonatologists worldwide. Thus, exploring the
molecular mechanism and the clinical biomarkers of BPD is
of great significance in improving the survival and treatment
of BPD neonatal infants.

Recent years, the potential of RNAs as disease markers
and as powerful innovative therapeutics has been widely
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recognized. RNA sequencing (RNA-seq) is quantitative
to be used to determine RNA expression levels, allowing
for a robust comparison between diseased and healthy
tissues (8). Long non-coding RNAs (IncRNAs) are present
in all mammalian cells (9). They are crucial in controlling
molecular processes, such as gene expression, transcription,
and RNA processing (10). There is increasing evidence that
IncRNAs are essential for cell growth and development,
and in the onset and development of many disorders (11).
Decade-long research on the crosstalk between IncRINAs
and mRNAs has revealed multiple layers of regulatory
circuits in cells, including protein stability and messenger
RNA (mRNA) turnover (12).

LncRNAs and microRNAs (miRNAs) mutually regulate
their levels, and commonly affect mRNAs (13). Conversely,
mRNAs also affect the expression of IncRNAs in multiple
ways (14). For example, the muscle-specific IncRNA /inc-
MD1 enhances the production of MAMLI and MEF2C
mRNA by inhibiting the binding of 72iR-133 and miR-135 to
their targets. This interaction is called the IncRNA-miRNA-
mRNA triplet, and its aberration can disrupt gene expression
patterns and lead to the development of disease (15).

In this study, we performed RNA-seq on peripheral
blood samples collected from the enrolled preterm neonatal
BPD patients. We also conducted a series of bioinformatics
analyses to determine the key IncRNA in BPD, and
preliminarily explored a blood-based BPD diagnosis and
prediction model. The differentially expressed mRNAs and
miRNAs that were strongly correlated with the key IncRINA
were examined to determine the molecular mechanism.
We sought to comprehensively explore the potential
mechanism and clinical biomarkers of BPD. Finally, we
demonstrated for the first time that MERGE.57185.1 is
involved in the progression of BPD by regulating hsz-m2iR-
6833-5p and eukaryotic translation initiation factor SA
(EIF5A4). We present the following article in accordance
with the STREGA reporting checklist (available at https://
tp.amegroups.com/article/view/10.21037/tp-22-590/rc).

Methods
Blood sample collection

The data of 3 preterm neonates with BPD and 3 age-
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matched preterm neonates without BPD were collected
for RNA-seq. BPD was diagnosed based on the National
Institute of Child Health and Human Development
guidelines at Dongguan Children’s Hospital Affiliated
to Guangdong Medical University from June 2020 to
September 2020. The following diagnostic criteria were
used: (I) oxygen therapy is still required after 36 weeks
corrected gestational age; and (II) imaging scans show
typical features of BPD, such as texture enhancement,
decreased permeability, emphysema, and cystic changes.
Any neonates with congenital heart disease, infectious
disease, pneumothorax, or other lung diseases were excluded
from the study. The study was conducted in accordance
with the Declaration of Helsinki (as revised in 2013). This
study was approved by the Clinical Ethics Committee of
Dongguan Children’s Hospital Affiliated to Guangdong
Medical University (No. LL2022083101). The neonates’
families signed the written informed consent form.

RNA-seq and Identification of differentially expressed
IncRNAs, mRNAs, and miRNAs

RNA extraction from 3 BPD and 3 age-matched neonates
without BPD was used for transcriptomic profiling by
RNA-seq. RNA was transcribed into cDNA using the
SMARter Ultra Low Amplification kit (Clonetech,
Mountain, CA, USA). The quality of cDNA was assessed
using Agilent Bioanalyzer 2100 (Santa Clara, CA, USA)
and quantity was determined with the Qubit Flourometer
(Life Technologies, Grand Island, NY, USA). Libraries
were pooled and sequenced on the Illumina HiSeq 2500
machine (Illumina, San Diego, CA, USA) to generate
reads/sample. Reads generated from the sequencer were
aligned using the TopHat algorithm and expression values
were summarized using HTSeq. Based on the bulk RNA-
seq data, the differentially expressed IncRNAs, mRNAs,
and miRNAs were identified, and a correction for the
multiple comparisons was performed using the limma
method. The thresholds for screening were as follows:
P<0.05, fold change (FC) >2 for upregulation and FC <0.5
for downregulation. Volcano plots of the gene expression
profiles were plotted by R package ggplots to present the
results.

Weighted gene co-expression network analysis WGCNA)

Next, we conducted a WGCNA with the R program to
create co-expression networks using the IncRNAs from the
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RNA-seq data. A soft threshold power with a scale-free R’
value of 0.85 and a slope close to 1 was used to transform
the adjacency matrix into a topological overlap matrix. To
create a compact network, we integrated the modules with
a high degree of similarity by setting the soft threshold
power for module recognition and network development to
18. Correlations between modules and disease states were
used to assess the module-trait connections. The Pearson
coefficients between the module eigengenes and disease
status were calculated for each module to identify the
modules significantly associated with BPD (P<0.05). The
modules significantly correlated with the disease states were
considered modules of interest. The dark-red module was
considered the key module.

The identification of the key IncRNA

Venn diagrams of the dark-red module genes and
differentially expressed IncRNAs were generated using the
Venn diagram package in R software to select the candidate
genes. Next, the Sangerbox 3.0 website was used (http://vip.
sangerbox.com/home.html) to perform the gene expression
analysis on the candidate genes. The IncRNA with the
most significant result was considered the key IncRNA.
Finally, the co-expression network of the key IncRNA
and differentially expressed mRNAs and miRNAs was
constructed using Cytoscape software, and the correlated
genes then underwent a Gene Ontology [GO; biological
process (BP), molecular function (MF), cellular component
(CC)] annotation analysis and a Kyoto Encyclopedia of
Gene and Genome (KEGG) pathway enrichment analysis.

Gene set envichment analysis (GSEA)

We performed a Spearman correlation analysis on the
key IncRNA and its correlated miRNAs and mRNAs to
identify the key miRINA and mRINA using the Sangerbox 3.0
website (http://vip.sangerbox.com/home.html). Next, their
correlations with the key IncRNA and expression levels in
BPD and normal tissues were investigated. The biological
pathways of the key mRNA were also explored by a GSEA.

Statistical analysis

The study was carried out independently and repeatedly
for at least three times. The data were analyzed by SPSS
19.0 and represented by mean = standard deviation. The
differences of the data were analyzed by student #-test.
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Figure 1 Screening of differentially expressed IncRINAs, miRINAs, and mRNAs. (A,B) Volcano plots and heatmaps of differendally expressed
IncRNAs. (C,D) Volcano plots and heatmaps of differentially expressed miRNAs. (E,F) Volcano plots and heatmaps of differentially
expressed mRINAs. FC, fold change; BPD, bronchopulmonary dysplasia; IncRINA, long non-coding RNA; miRNA, microRNA; mRNA,

messenger RNA.

P<0.05 was considered to have statistical differences.

Results

The differentially expressed IncRNAs, miRNAs, and
mRNAs

RNA-seq was attempted and successfully completed in 3
preterm neonates with BPD and 3 age-matched preterm
neonates without BPD. There was no significant difference
in the mean gestational age at birth and the corrected
gestational age at the time of blood sample collection

© Translational Pediatrics. All rights reserved.

between the two groups (28.6x2.1 vs. 31.4£0.2 weeks,
P=0.147; 39.6+2.4 vs. 36.6+2.3 weeks, P=0.195). We
applied limma to screen for reliable differently expressed
genes (DEGs) based on the RNA-seq data. In total,
158 significantly differentially expressed IncRNAs were
identified, including 53 upregulated and 105 downregulated
IncRNAs (Figure 14,1B). In terms of the miRNAs, 5
upregulated and 8 downregulated differentially expressed
miRNAs were identified (Figure 1C,1D). As for the mRNAs,
21 upregulated and 20 downregulated differentially
expressed mRNAs were identified (Figure 1E,1F). In the
volcano maps, the upregulated genes are represented by red
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plots, and the downregulated genes are represented by blue
plots. In the heatmaps, blue represents the BPD group, and
red represents the control group.

The dark-red module was identified as the key module by
the WGCNA of the IncRNA genes in the RNA-seq data

The WGCNA software package was used to identify the key
module. A scale-free network was generated by setting the
soft threshold power to 18 (scale-free R’=0.85) (Figure 2A).
The gene clustering dendrogram and module-trait
relationship are shown in Figure 2B-2D. Ultimately, 22
modules were identified, of which, the dark-red module
had the strongest correlation with BPD. Thus, the dark-red
module was considered the key module (Figure 2E).

MERGE.57185.1 is the key IncRNA in BPD

From the Venn diagram in Figure 34, a total of 21
overlapping genes were identified from the key module
and differentially expressed IncRNAs. These overlapping
genes were all highly expressed in the BPD group, but
lowly expressed in the control group (Figure 3B,3C). Among
them, MERGE.57185.1 had the most significant P value
(P=0.00067), and thus was selected as the key IncRNA in
this study. Next, we combined the differentially expressed
miRNAs and mRNAs to construct a MERGE.57185.1-
miRNAs-mRNAs co-expression network (P<0.05;
Figure 3D). The genes connected by the red lines represent
the mRNAs and miRNAs co-expressed with the IncRNAs.

Biological and functional envichment analyses of the co-
expressed mRNAs and miRNAs

To examine the biological roles of the co-expressed mRINAs
and miRNAs, we conducted GO functional and KEGG
pathway analyses. The GO analysis results showed that the
co-expressed mRNAs were mainly related to the cellular
protein metabolic process (BP), ribosome (CC), and
RNA binding (MF) (Figure 44-4C). The KEGG pathway
analysis results showed that the co-expressed mRNAs were
mainly related to ribosome, Coronavirus disease, tight
junction, fatty acid biosynthesis, and protein processing
in the endoplasmic reticulum (Figure 4D). Additionally,
the co-expressed miRNAs were mainly involved in the
BPs of organophosphate metabolic process and thymus
epithelium morphogenesis (Figure 4E), and the MF of
phosphatidylinositol-4,5-bisphosphate 5-phosphatase

© Translational Pediatrics. All rights reserved.
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activity (Figure 4F).

Hsa-miR-6833-5p and EIFSA are the key miRNA and
mRNA, respectively, of MERGE.57185.1 in BPD

A Spearman correlation analysis was then performed on the
MERGE.57185.1 and co-expressed mRNAs and miRNAs
(Figure 5A). The results showed that hsa-miR-6833-5p
and EIF5A4 (a mRNA and miRNA, respectively) had the
strongest correlations with MERGE.57185.1. In terms of
the correlation results, MERGE.57185.1 was negatively
correlated with hsa-miR-6833-5p (r=-0.96; Figure 5B), but
positively correlated with EIF5SA (r=0.99; Figure 5C). We
also analyzed the levels of hsa-miR-6833-5p and EIF5A in
BPD. The expression level of hsa-miR-6833-5p was lower
in BPD (Figure 5D), but the expression level of EIF5A was
higher in BPD (Figure 5E). Moreover, the EIF5A-enriched
GSEA pathways included pyruvate metabolism, focal
adhesion, beta alanine metabolism, the mechanistic target
of rapamycin (mTOR) signaling pathway, the transforming
growth factor-p (T'GF-B) signaling pathway, and the
chemokine signaling pathway (Figure SF).

Discussion

Lung hypoplasia due to BPD may lead to respiratory
insufficiency, which is the main cause of perinatal mortality
in neonates (16). Currently, BPD is an overwhelming
problem for preterm infants, but its exact mechanism at
the molecular level is still unclear (4,17). Thus, exploring
the molecular mechanisms and clinic biomarkers of BPD is
of great value in improving the diagnosis and treatment of
BPD. In this study, we took blood samples from 3 neonates
with BPD and 3 controls for RNA-seq and performed a
series of bioinformatics analyses to explore the mechanism
of BPD in a IncRNA-miRNA-mRNA network.

LncRNAs play a number of roles in the emergence and
progression of human illnesses (18,19). LncRNAs also play
significant regulatory roles in the pathophysiology and
progression of the lung (20,21). For example, in chronic
obstructive pulmonary disease, the maternally expressed
gene 3 is significantly overexpressed, which further
promotes the apoptosis of human lung microvascular
endothelial cells by upregulating the expression of pro-
apoptotic proteins (22). Recently, it was reported that
882 IncRNAs were upregulated and 887 IncRNAs were
downregulated in lung tissues from a mouse model of BPD
compared to controls, which suggests that IncRNAs play
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Figure 2 The dark-red module was identified as the key module by the WGCNA of the IncRNA genes in the RNA-seq data. (A) The effect

of different soft threshold powers on the scale independence of the IncRNA co-expression modules and the average connectivity of IncRNA

co-expression modules. (B) Sample clustering to detect outliers. In the case group, the red square represents that the samples above belong

to the case group, and the white square represents that the samples above belong to the control group. In the control group, the red square

represents that the samples above belong to the control group, and the white square represents that the samples above belong to the case

group. (C) Clustering dendrogram of all IncRNAs. (D) Dendrogram of module eigengenes and heatmap of module adjacency. The color bar

represents the correlation between each module: the red indicates that the correlation between each module is high, and the blue indicates

that the correlation between each module is low. (E) Heatmap showing the relationship between various modules and clinical features.

WGCNA, weighted gene co-expression network analysis; IncRNA, long non-coding RNA; RNA-seq, RNA sequencing.
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crucial roles in the progression of BPD (23). In the current
investigation, we discovered that infants with BPD had
considerably higher expression levels of MERGE.57185.1
in their peripheral blood samples than infants without
BPD. Thus, similar to a few recent studies, we identified
MERGE.57185.1 as the key IncRNA. But there is no
relevant report on the function of IncRNA-MERGE.
57185.1 in the current literature.

Next, we constructed the MERGE.57185.1 co-expression
network of differentially expressed miRNAs and mRNAs,
and then performed robust biological enrichment analyses
of the co-expressed genes. The enrichment results indicated
that these co-expressed mRNAs were mainly associated
with GO terms, such as membrane-targeted co-translation
proteins and membrane-targeted signal recognition particle
(SRP)-dependent co-translation proteins, and KEGG
pathways, such as cadherin binding and oligosaccharide
transferase activity. This suggests that these mRNAs are
closely related to the translation of proteins. In addition,
the main enrichment pathways of the miRNAs included
phosphoinositide metabolism, the retinoic acid receptor
signaling pathway and inositol-1,3,4,5-tetraphosphate
5-phosphatase activity.

Spengler et al. showed that inositol derivatives
maintained alveolar-capillary barrier functions, reduced
alveolar epithelial cell apoptosis, and pulmonary edema
in a neonatal piglet acute respiratory distress syndrome
(ARDS) model (24). In recent research, an experimental
emphysema rat model was used to stimulate alveolar
regeneration when exogenous retinoic acid, a bioactive
derivative of vitamin A, was administered (25). Fernandes-
Silva er al. showed that retinoic acid plays a crucial role
during lung developmental phases and pulmonary vascular
development (26). Both human infant and animal studies
have demonstrated that myo-inositol may play a critical
role in development of both the central and peripheral
respiratory neural control system (27).

The results of the Spearman correlation analysis
showed that hsa-miR-6833-5p and EIF5A had the strongest
correlation with MERGE.57185.1. There are few reports
on hsa-miR-6833-5p; however, Lan er al. conducted a
transcriptome analysis and showed that bsz-miR-6833-5p
was a key mediating miRNA in type 2 diabetes (28). In our
study hsa-miR-6833-5p was lowly expressed in BPD and
negatively correlated with MERGE.57185.1.

EIF5A is an unique amino acid of the well-known EIF
family and is related to translation factor initiation and
elongation, which is necessary for cell proliferation (29,30).
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Li et al. investigated the relationship between hepatocellular
carcinoma (HCC) and EIF5A, and found that EIFSA was
abundant in HCC cell lines (31). In our study, EIF5A4
was upregulated in BPD and positively correlated with
the expression of MERGE.57185.1. Further, we showed
that EIF5A was the key factor of BPD, and our results are
consistent with those of previous research results on severe
sepsis and acute lung injury (32).

We also specifically examined the enrichment pathways
of EIF5A in GSEA, which mainly included the TGF-B and
the chemokine signaling pathways. The TGF-p signaling
pathway has an important function in pulmonary vascular
development (33,34). The findings of Jin ez a/. suggest that
disrupting the relationship between the TGF-B-ALK1-
Smad1/5 and TGF-B-ALKS5-Smad2/3 pathways in lung
endothelial cells may result in the occurrence of BPD (35).
Taken together, we conclude that the MERGE.57185.1/hsa-
miR-6833-5p/EIFSA axis is present in the progression of
BPD.

Our study had some limitations. First, our sample
size was small. However, the clinical manifestations of
the selected subjects are very typical and representative.
Second, our findings have not yet been verified in animal
experiments, but we intend to conduct supplementary
research in the future.

Conclusions

In conclusion, our research shows that MERGE. 57185.1
may play an important role in the pathogenesis of BPD,
mainly in the stage of lung and pulmonary vascular
developmental phases, through IncRNA-miRNA-mRNA
network. Thus, MERGE.57185.1 can be used as a diagnostic
biomarker for the screening and prediction of neonatal
BPD. Our findings may help to elucidate the mechanisms of
BPD and identify a new clinical biomarker for the diagnosis
and therapy of BPD neonates.
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