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Background: Despite decades of intense research, the pathophysiology and

pathogenesis of acute respiratory distress syndrome (ARDS) are not adequately

elucidated, which hamper the improvement of effective and convincing therapies for

ARDS patients. Mechanical ventilation remains to be one of the primary supportive

approaches for managing ARDS cases. Nevertheless, mechanical ventilation leads

to the induction of further aggravating lung injury which is known as leading to

ventilator-induced lung injury (VILI). It has been reported that lncRNAs play important

roles in various cellular process through transcriptional, posttranscriptional, translational,

and epigenetic regulations. However, to our knowledge, there is no investigation of the

expression profile and functions of transcriptome-level endothelium-related lncRNAs in

VILI yet.

Methods: To screen the differential expression of lncRNAs and mRNAs in Human

pulmonary microvascular endothelial cells (HPMECs) subjected to cyclic stretch,

we constructed a cellular model of VILI, followed by transcriptome profiling using

Affymetrix Human Transcriptome Array 2.0. Bioinformatics analyses, including functional

and pathway enrichment analysis, protein–protein interaction network, lncRNA-mRNA

coexpression network, and cis-analyses, were performed to reveal the potential functions

and underlying mechanisms of differentially expressed lncRNAs.

Results: In total, 199 differentially expressed lncRNAs (DELs) and 97 differential

expressed mRNAs were screened in HPMECs subjected to 20% cyclic stretch

for 2 h. The lncRNA-mRNA coexpression network suggested that DELs mainly

enriched in response to hypoxia, response to oxidative stress, inflammatory

response, cellular response to hypoxia, and NF-kappa B signaling pathway.

LncRNA n335470, n406639, n333984, and n337322 might regulate inflammation

and fibrosis induced by cyclic stretch through cis- or trans-acting mechanisms.
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FIGURE 3 | PPI network of 65 DEGs with 140 interaction pairs.

in Figure 5A. GO functional enrichment analysis suggested
that 82 DEGs in the network were significantly enriched
in oxidation-reduction process, angiogenesis, inflammatory
response, response to hypoxia, response to oxidative stress,
integral component of plasma membrane, extracellular space,
cell surface, protein homodimerization activity, and transcription
cofactor activity (Figures 5B–D). LncRNA n333984 and n337322
were significantly coexpressed with MMP1 mRNAs in the
lncRNA-mRNA coexpression network.

Cis-Analyses of DELs
To identify the cis-target genes of DELs, we searched coding
genes within 10 kb upstream and downstream of these lncRNAs.

Cis-analyses showed that 93 DELs were adjacent to or overlapped
with 60 genes in sense or antisense direction, 10 of which were
differentially expressed: SESN3, SLC3A2, MGP, TLR4, TNFAIP3,
MMP1, G6PD, ITGA11, CNKSR3, and TXNRD1 (Table 1).

DISCUSSION

As one of the primary supportive therapeutic methods for
ARDS, mechanical ventilation could increase pulmonary
microvascular permeability and inflammatory response, which
further aggravates lung injury and leads to VILI (Moraes et al.,
2014; Bates and Smith, 2018). The majority of “omic” studies of
VILI have been carried out in lung microvascular endothelial

Frontiers in Physiology | www.frontiersin.org 5 April 2021 | Volume 12 | Article 655971



Wang et al. LncRNAs in HPMECs Subjected to CS

FIGURE 4 | Coexpression network of 149 DELs and 82 interacting DEGs. The diamonds represent lncRNAs; the circles represent their correlated mRNAs. Blue dots

and red dots indicate downregulated and upregulated lncRNAs or mRNAs, respectively. Circle size indicates the node degree.

cells or other lung cells (Frye et al., 2005; Woods et al., 2015),
or in tissues from preclinical models of VILI (Ma et al., 2005;
Wang et al., 2018). To study the effects of mechanical ventilation
on endothelial cell function, we stimulated HPMEC with 20%
cyclic stretch for 2 h, which was an established model of VILI to
generate amechanical-based lung injury via excessivemechanical
stress (Birukov, 2009; Abiko et al., 2015; Meliton et al., 2015;
Tian et al., 2016). Previously, the lncRNA expression profile was
analyzed using transcriptomics of the “one-hit” mouse model of
VILI (Wang et al., 2018). Different from the previous literatures,
our study focused on the expression profile and transcriptional
functions of endothelium-related lncRNAs associated with VILI.
This is the first study to reveal the expression profile and potential
roles of lncRNAs in HPMECs subjected to cyclic stretch. We

have identified 199 DELs and 97 DEGs in HPMECs subjected to
cyclic stretch. Integrated bioinformatics analysis demonstrated
that DELs might be involved in response to hypoxia, response
to oxidative stress, inflammatory response, pentose biosynthetic
process, and cellular response to hypoxia. LncRNA n335470,
n333984, n337322, and n406639 may regulate inflammation and
fibrosis induced by cyclic stretch through cis- or trans-acting
mechanisms. These results provide novel perspectives of the
potential molecular mechanisms underlying VILI, as well as
implement fundamental evidence for future research.

Long non-coding RNA (lncRNA), whose expression is
regulated by various mechanisms, such as chromatin regulation,
epigenetic modifications, promoter activity modulation, and
post-transcriptional mechanisms, is usually defined as transcripts
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FIGURE 5 | GO functional and KEGG enrichment analyses of 82 DEGs in the coexpression network. (A) Significantly enriched KEGG pathways. GO functional

enrichment analysis includes BP (B), CC (C), and MF (D). Red to blue colors indicate low to high levels of p-value. Point size indicates the number of DEGs in the

corresponding pathway.

longer than 200 nucleotides with no protein-coding function
(Rinn and Chang, 2012; Batista and Chang, 2013; Quinn and
Chang, 2016; Tao et al., 2016). It has been reported that
lncRNA could regulate gene expression in cis or trans regulatory
manner (Elcheva and Spiegelman, 2020; Rinn and Chang,
2020). For cis acting manner, lncRNA loci exerts function to
control the expression of neighboring or overlapping genes. This
occurs through a variety of mechanisms including, cis-acting
DNA-regulatory elements, the promoter region, or the act of
transcription. For trans acting manner, lncRNAs regulate gene
expression through binding with proteins, DNA, or other RNA,
far away from the site of primary locus of transcription.

In this study, n335470 and TNFAIP3 were upregulated
in the HPMECs in response to mechanical ventilation, with
n335470 location overlapping the TNFAIP3 gene on the

same chromosome. The same pattern holds for n406639 and
TLR4. TNFAIP3, which is a ubiquitin-editing enzyme, could
restrict inflammatory responses by negatively regulating NF-
κB and MAPK signaling pathways (Yu et al., 2014). It has
been reported that TNFAIP3 may stabilize the endothelial
barrier by regulating the expression of VE-cadherin in acute
lung injury (ALI) (Soni et al., 2018). Previous studies have
also indicated that endothelial cells-expressed TLR4 increased
vascular permeability and inflammatory responses in the early
stages of ALI and/or ARDS (Tauseef et al., 2012; Wu et al.,
2017; Peng et al., 2019). Its mechanism of action was likely
to be that TLR4 induced the immune response by activating
NF-κB signaling pathway via phosphorylating IRAK1 and
IRAK2. We suggest that n335470 and n406639 may act as cis-
acting factors of TNFAIP3 and TLR4, respectively, and play
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TABLE 1 | Cis-Analysis of differentially expressed lncRNAs.

DELs Cis-DEGs

Accession number Database p-value Fold change Feature Gene symbol p-value Fold change Feature

n381758 NONCODE 0.00036 −1.830061 down SESN3 0.002252 −1.608661 down

n410329 NONCODE 0.00569 1.636504 up SLC3A2 0.013663 1.382277 up

n335562 NONCODE 0.006288 −1.667897 down MGP 0.016323 −1.463823 down

n406639 NONCODE 0.014825 1.313714 up TLR4 0.035155 1.297185 up

n335470 NONCODE 0.016481 1.988396 up TNFAIP3 0.044094 1.525564 up

n337322 NONCODE 0.016943 1.897594 up MMP1 0.01301 1.87386 up

n334213 NONCODE 0.018357 1.521873 up G6PD 0.015567 1.335835 up

n336648 NONCODE 0.024504 1.622163 up ITGA11 0.014963 1.496772 up

n344931 NONCODE 0.033057 1.348436 up CNKSR3 0.008027 1.550478 up

ENST00000549807 ENSEMBL 0.028716 1.598337 up TXNRD1 0.03917 1.490883 up

important roles in regulation of inflammatory responses and
endothelial barrier.

Our results indicated that MMP1, n333984, and n337322
were significantly differentially expressed in HPMECs stimulated
with mechanical ventilation, while n333984 and n337322
location overlapped withMMP1 gene on the same chromosome.
Moreover, lncRNA-mRNA coexpression networks analysis
results showed that n333984 and n337322 were significantly
coexpressed with MMP1 mRNA. MMP-1 played an important
role in early pulmonary fibrosis through inducing the
degradation of collagen type I and collagen type III (Rosas
et al., 2008; Yang et al., 2020). It has been reported that
MMP-1 could also decrease ROS production, and contribute
to a proliferative, migratory, and anti-apoptotic phenotype,
suggesting its therapeutic potential (Herrera et al., 2013). Thus,
lncRNA n333984 and n337322 might be involved in fibrosis,
proliferative, migratory, and anti-apoptotic by regulating the
expression ofMMP1 through multiple potential mechanisms.

There were several limitations of this study. First, the in vitro
model had its limitations in fully reflecting biological conditions
in patients, even if this VILI model was used and validated in
many studies. Therefore, bias in comparison to what occurs in
humans may develop. Second, our findings were mainly based on
the integrated bioinformatics analysis of a relatively small sample
size. Future studies containing sizable sample may be employed
to validate the results both in vivo and in vitro at both protein and
RNA level.

In the present study, we screened 199 DELs and explored
the potential functions and underlying mechanisms of these
lncRNAs through integrated bioinformatics analysis in HPMECs
subjected to cyclic stretch. The DELs were mainly involved
in NF-kappa B signaling pathway. LncRNA n335470, n406639,
n333984, and n337322 might play important regulatory roles
through multiple potential mechanisms. Taken together, this

study provides the first transcriptomic landscape of differentially
expressed lncRNAs in HPMECs subjected to cyclic stretch, which
lays the groundwork for future basic and clinical research of VILI.
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