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Background and aims: Aortic dissection (AD) is a cardiovascular emergency
with degeneration of the aortic media. Mounting evidence indicates
obstructive sleep apnea (OSA) as an independent risk factor for AD
development with unknown mechanisms. This study aims to establish a
stable murine model of OSA-related AD (OSA-AD) and uncover the potential
changes in gene transcripts in OSA-AD.

Materials and methods: ApoE~/~ mice were exposed to the chronic
intermittent hypoxia (CIH) system combined with Ang Il administration
to establish the OSA-AD model. Pathological staining was performed
to exhibit the physiological structure of the mouse aorta. The SBC
mouse ceRNA microarray was used to identify significantly differentially
expressed (DE) mRNAs, DE long-non-coding RNAs (DEIncRNAs), and DE
circular RNAs (DEcircRNAs) in OSA-AD tissues. Subsequently, bioinformatics
analysis, including Gene Ontology (GO), Kyoto Encyclopedia of Genes
and Genome (KEGG), and protein—protein interaction (PPI) analyses, were
performed to evaluate the function of the significantly differentially expressed
transcripts (DETs). The hub genes were confirmed using quantitative real-time
polymerase chain reaction (QRT-PCR).

Results: ApoE~/~ mice exposed to CIH and Ang Il showed a high
ratio of aortic accident (73.33%) and significant aortic diameter dilatation
(1.96 £+ 0.175 mm). A total of 1,742 mRNAs, 2,625 IncRNAs, and 537 circRNAs
were identified as DETs (LogFC > 1.5 or < -1.5, P < 0.05). GO and KEGG
analyses demonstrated that the differentially expressed mRNAs (DEmMRNAs)
were most enriched in cell proliferation, migration, apoptosis, inflammation,
and hypoxia-related terms, which are closely related to aortic structural
homeostasis. The PPl network contained 609 nodes and 934 connections,
the hub genes were highlighted with the CytoHubba plugin and confirmed by
gRT-PCR in AD tissues. KEGG pathway analysis revealed that the cis-regulated
genes of DEINcRNAs and circRNAs-host genes were enriched in aortic
structural homeostasis-related pathways.
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Conclusion: Our findings help establish a de novo OSA-AD animal model
using ApoE~/~ mice. Many DEmRNAs, DEIncRNAs, and DEcircRNAs were
screened for the first time in OSA-AD tissues. Our findings provide useful
bioinformatics data for understanding the molecular mechanism of OSA-AD
and developing potential therapeutic strategies for OSA-AD.

aortic dissection, obstructive sleep apnea, hypoxia, bioinformatics, aortic structure,
apoptosis, inflammation

Introduction

Aortic dissection (AD) is a highly fatal cardiovascular
emergency that is characterized by the formation of an intimal
flap within the aortic wall, causing blood to flow between the
aortic layers and creating a false lumen with a narrow true lumen
(1). Epidemiological studies have shown that the true incidence
of AD may range from 2.6 to 3.5 cases per 100,000 annually
in 65-75-year-old individuals (2, 3). Histopathological studies
have revealed that cystic medial necrosis, elastic fiber loss, and
interconnecting elastic fiber loss are the main changes associated
with AD (2). Etiological studies have shown that obstructive
sleep apnea (OSA), genetic mutations, hypertension, true aortic
aneurysms, inflammatory aortic diseases, pregnancy and steroid
use, and atherosclerosis are important causes of AD (2).

Obstructive sleep apnea is considered an independent
risk factor for cardiovascular disease (4, 5), which is closely
related to hypertension, pulmonary hypertension, stroke, heart
failure, atrial fibrillation, and coronary heart disease (4, 6).
Additionally, OSA is relevant to increased all-cause mortality
and cardiovascular mortality (4). In the last two decades,
epidemiological studies have confirmed that OSA is an
independent risk factor for AD, indicated by the higher OSA
index in patients with AD (7-10). Notably, the aortic diameter
was substantially larger in patients with OSA than healthy
individuals (11, 12). Nevertheless, the molecular mechanism of
OSA-AD remains largely unknown. According to a hypothesis,
the negative intrathoracic pressure in OSA may increase the
transmural pressure of the aortic wall, resulting in vascular
damage. An increase in blood pressure may be necessary to
initiate the presence of an entry tear (13). A recent study
reported that OSA facilitates the production of reactive oxygen
species (ROS), which activate HIF-a to promote the expression
of matrix metalloproteases that destroy the aortic structure
(14). Recent studies demonstrated that long-non-coding RNAs
(IncRNAs) and circular RNAs (circRNAs) play crucial roles in
diverse cellular and physiological functions (15, 16). Although a
few IncRNAs and circRNAs have been implicated in AD (17-19),
the expression and function of a large number of differentially
expressed (DE) IncRNAs and DEcircRNAs in AD have not been
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explained. Additionally, the expression and function of IncRNAs
and circRNAs in OSA-AD have not been reported. Given the
difficulty of understanding how OSA affects the development
of AD, there are currently no effective therapeutic strategies
for OSA-AD intervention or prevention. Therefore, evaluating
the molecular mechanism is urgently needed for establishing
therapeutic strategies against OSA-AD.

In this study, we first established a stable OSA-AD
mouse model. We induced OSA-AD in ApoE~/~ mice
using the chronic intermittent hypoxia (CIH) system and
Ang IT administration. Subsequently, the SBC mouse ceRNA
microarray was used to investigate significant DEmRNAs,
DEIncRNAs, and DEcircRNAs in OSA-AD tissues. Then, we
performed bioinformatics analyses to identify the potential roles
of DEmRNAs, DEIncRNAs, and DEcircRNAs in OSA-AD.

Materials and methods

Human samples

Aortic tissues were obtained from patients with thoracic
aortic dissection (AD samples) and patients undergoing heart
transplantation (normal controls). All samples were stored
in liquid nitrogen or paraformaldehyde. All protocols using
human specimens were approved by the Human Research
Ethics Committees of Tongji Hospital, Tongji Medical College,
Huazhong University of Science and Technology, and informed
consent was obtained from patients or their family members.

Animals

All animal experiments were conducted according to the
Guide for the Care and Use of Laboratory Animals published
by the US National Institutes of Health (NIH Publication No.
85-23, revised 1996) and the Public Health Service Policy on
Humane Care and Use of Laboratory Animals. Animals were
anesthetized with 1% pentobarbital before experiments were
conducted. Five mice unexpectedly died before the exposure
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endpoint. Mice were raised in temperature-controlled cages in
a 12-h light-dark cycle with a normal diet. This study was
approved by the animal care facility of Tongji Medical College,
Wuhan, China. ApoE~/~ (C57BL/6 background) mice were
provided by the Charles River Laboratories (MA, USA) and were
housed at the animal care facility of Tongji Medical College
under specific pathogen-free conditions. All animal work was
approved by the Institutional Animal Research Committee of
Tongji Medical College.

Mice obstructive sleep apnea model

The OSA mice model was established as follows. In brief,
ApoE™/~ mice were treated in the CIH system; room air
(RA) condition was used as a control. The flow of oxygen
and nitrogen was regulated by the gas control system into
the chamber at a specified time and concentration. During
an intermittent hypoxia cycle, nitrogen was transferred to the
chamber to achieve 6% O2 for 60 s. Then, oxygen was delivered
into the chamber to achieve 21% O, concentration for 60 s.
Mice were housed in the chamber for 30 cycles/h, 8 h/day for
7 day/week and 4 weeks. In the control group, mice were placed
in a chamber with 21% O; for the same time cycle. All mice were
euthanized at the end of the experiment.

Establishment of the aortic dissection
model

Eight-week-old ApoE~/~ mice were implanted with
a microosmotic pump (Model 2004, Durect Corporation,
Cupertino, CA, USA), which was filled with 2.5 pg/kg/min Ang
IT (Sigma-Aldrich). Saline was used as a control for Ang II. The
mice were given the treatment for 14 days. Forty-eight 8-week-
old ApoE~/~ mice were randomly grouped as follows: saline
infusion with RA (n = 6); Ang II infusion with RA (n = 17);
Ang IT infusion plus CIH (n = 16); and saline infusion plus CIH
(n=9). Two weeks after CIH, mice were infused with Ang II for
another 2 weeks in the CIH groups.

Aortic dissection and aortic rupture
evaluation in mice

Animals were anesthetized at the end of all interventions.
For AD quantification, we evaluated the maximum width
of the aorta (ascending arch, descending thoracic, and
abdominal aortic segments) with the Image Pro Plus software
(Media Cybernetics, Bethesda, MD, USA). AD in mice was
defined as the presence of hematoma or the presence of
layer separation within the aortic wall detected on gross or
histological appearance.
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Immunohistochemical staining

Aortas were fixed in 4% paraformaldehyde and embedded
with paraffin for histological analysis. Then the aortas
were sectioned into 3-pwm cross-sections and stained with
hematoxylin and eosin and Verhoeff-Van Gieson (EVG).
Negative controls were used to validate the specificity of
each immunostaining.

Immunofluorescence staining

After incubating with 10% FBS, the sections were incubated
with primary antibodies overnight at 4°C, then, the primary
antibodies were replaced by secondary antibody labels and cell
nuclei were stained with DAPI. Primary antibodies: a-SMA (cat.
no. Ab5694; dilution: 1:50; Abcam), CASP3 (cat. no. ab32351;
dilution: 1:50; Abcam), IL-1f (cat. no. ab254360; dilution: 1:50;
Abcam). Secondary antibodies: Alexa Fluor® 568-conjugated
goat anti-rabbit immunoglobulin G (cat. no. A-11034; dilution,
1:250; Thermo Fisher Scientific), and Alexa Fluor® 488-
conjugated goat anti-mouse immunoglobulin G (cat. no.
A32727; dilution, 1:250; Thermo Fisher Scientific). Images were
obtained by E2000U microscope (Nikon Corporation, Tokyo,
Japan).

RNA extraction, SBC-ceRNA
microarray, and data preprocessing of
differentially expressed transcripts

Total RNA from mouse aortic tissues, including three
normal tissues (induced by RA + saline) and 3 AD tissues
(induced by CIH + Ang II), was extracted using TRIzol
reagent (Invitrogen, CA, USA) according to the manufacturer’s
protocol. The NanoDrop ND-2000 (Thermo Scientific, MA,
USA) was used to quantify total RNA, and the Agilent
Bioanalyzer 2100 (Agilent Technologies) was used to evaluate
the integrity of the total RNA. The total RNA was hybridized
to SBC mouse (4 x 180 K) ceRNA microarray by SHBIO! to
identify significant differentially expressed transcripts (DETs),
including mRNAs, IncRNAs, and circRNAs. Sample labeling,
microarray hybridization, and washing were performed
following the standard protocols of the manufacturer. The
extraction software (version10.7.1.1, Agilent Technologies) was
used to analyze array images to get raw data. GeneSpring was
used to complete the basic analysis of the raw data. Significant
DETs between normal and AD tissues were identified and
retained by screening for a log (fold change) > 1.5 or < -1.5
and P < 0.05. To visually display the DETs, volcano and

1  http://www.shbio.com/
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heatmap analysis was performed for significant DETs using
imageGP.2

Gene ontology and kyoto
encyclopedia of genes and genome
pathway enrichment analysis

Gene ontology (GO) analysis was performed using
DEmRNAs, which involve cell composition (CC), biological
process (BP), and molecular function (MF). The kyoto
encyclopedia of genes and genomes (KEGGs) pathway
analysis offers biological pathways of DEmRNA genes in
AD tissues induced by CIH and Ang II. The GO and KEEG
analysis and enrichment plots were constructed using the
online biological function database bioinformatics® and
DAVID.# The enrichment index with P < 0.05 was considered
statistically significant.

Protein—protein interaction network
construction and hub gene
identification

To explore possible protein—protein interaction (PPI)
network interactions, the DEmRNAs were mapped to the Search
Tool for the Retrieval of Interacting Genes/Proteins database
(STRINGS®). PPI pairs were extracted with a high required
interaction score > 0.9. The interactions were downloaded from
STRING and used to construct a PPI network by Cytoscape
software platform (3.9.0). Nodes with a higher degree of
connectivity were considered important in maintaining the
stability of the PPI network; therefore, the CytoHubba plugin for
Cytoscape software was used to identify the top 20 hub genes.

Quantitative reverse
transcription-polymerase chain
reaction

As described in Sun et al. (20), total RNA was extracted
from aortic tissues of mice and human. Then the RNA was
converted to cDNA using the HiScript II Q RT SuperMix for
qPCR (+gDNA wiper) (R223-01, Vazyme, China). qPCR was
performed using the ChamQ SYBR qPCR Master Mix (#Q311-
02, Vazyme, China). Gapdh/GAPDH was used as an endogenous
control. Data analyses were performed using the SDS 2.2.2
software. The primers are listed in Supplementary Tables 1, 2.

2 http://www.ehbio.com/ImageGP
3 http://www.bioinformatics.com.cn
4 https://david.ncifcrf.gov

5 https://string-db.org/
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Cis-regulatory network construction
of differentially expressed
long-non-coding RNAs

Long-non-coding RNAs play a role in modulating adjacent
gene expression to produce biological effects via a cis-regulatory
network. Therefore, the prediction of potential target genes of
DEIncRNAs was performed. DEIncRNAs cis-regulated target
genes were mainly predicted based on location distribution, with
the IncRNA cis-regulated network defined as constructed by
DEIncRNAs and DEmRNAs within 10 kbp of the chromosome.
Pearson’s correlation analysis was performed on cis-IncRNA-
mRNA pairs (P < 0.05). The cis-IncRNA regulatory network was
visualized using the Cytoscape software platform (3.9.0).

Statistical analysis

All data were presented as mean =+ standard deviation (SD)
of three independent experiments with the software GraphPad
Prism 7. Significance was assessed by one-way ANOVA followed
by Tukey’s test. All statistical evaluations were performed using
SPSS 22.0 (SPSS Inc., Chicago, IL, USA). A P-value < 0.05 was
considered statistically significant.

Results

The physiological structure of the
aorta deteriorated in obstructive sleep
apnea-related aortic dissection mice

To evaluate the role of OSA in the development of AD, we
simulated OSA using the CIH system and designed a scheme
for establishing the OSA-AD animal model (Figure 1A). Briefly,
after 2 weeks of preprocessing under CIH, ApoE~/~ mice
were implanted with microosmotic pumps filled with Ang II
subcutaneously. Then, the mice received CIH treatment for
another 2 weeks. At the end of the experiment, mice blood
pressure was measured, as expected, the blood pressure was
increased in mice treated with Ang II, but no affected by
hypoxia (Figure 1B). Besides, the mice heart rate in four
groups showed no significance (Supplementary Figure 1A).
Mice aortas were obtained from the mice (Figure 1C), and the
rate of aortic accidents and aortic diameters were calculated in
the four groups. Mice induced by RA and saline showed no
aortic accidents (0%, 0/5); however, aortic accident rate in mice
induced with RA and Ang II (26.67%, 4/15) showed an increase.
Importantly, the aortic accident rates in mice induced by CIH
combined with saline or Ang IT were 12.5% (1/8) and 73.33%
(11/15), respectively (Figure 1D). The maximal diameters of the
aorta were 0.69 & 0.006 mm (RA + saline), 1.22 £ 0.163 mm
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FIGURE 1

The establishment of the aortic dissection (AD) mouse model induced by chronic intermittent hypoxia (CIH) and Ang Il. (A) Diagram illustrates
the experimental design for establishing the AD model. Briefly, ApoE™/~ mice were preprocessed in the CIH system [room air (RA)-pretreated
mice were used as control] for 2 weeks. Next, mice were implanted with microosmotic pumps filled with Ang Il (saline was used as control).
Then, mice received the CIH treatment (RA for control mice) for 2 weeks. Finally, aortic tissues were obtained from all animals. (B) The blood
pressure of mice after CIH/RA and Ang Il/saline administration. (C) Whole aorta tissue from the indicated mice after CIH/RA and Ang Il/saline
administration. The red triangle shows mice with aortic accident. (D) The histogram shows the ratio of aortic accident in the four groups of
mice. (E) The histogram shows the maximal abdominal aortic diameter in the four groups of mice. For panels (B—E), n = 5-15 mice per group;
n.s., not significant; *P < 0.05, **P < 0.01, ***P < 0.001.

(RA + Ang II), 1.00 £ 0.320 mm (CIH + saline), and in C57 mice (Supplementary Figure 1B), the incidence of AD
1.96 + 0.175 mm (CIH + Ang II) (Figure 1E). In addition, is too low in this model and we failed to do further analysis.
we have conducted B-Aminopropionitrile (BAPN)-induced AD Next, histological analysis (using H&E and EVG staining) of
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the aorta of mice induced with CIH and Ang II showed that
the aortic pseudocoel was inflated and accompanied a thinner
aortic wall (Figure 2A). Immunohistochemical staining with
the anti-a-SMA antibody showed collagen loss in AD tissues,
which was induced by CIH and Ang II (Figure 2A). Importantly,
the immunofluorescence staining with Casp3, Tunel and II-
1B were showed the cell apoptosis and inflammatory response
were triggered in aortic tissues induced by CIH/Ang II
(Figures 2B-D). Taken together, the aortic structure of the
mice was destroyed and cell apoptosis and inflammatory
response were triggered in mouse aortic tissues induced by
CIH/Ang IL.

Identification of differentially
expressed transcripts in aortic
dissection tissues induced by chronic
intermittent hypoxia and Ang I

To identify potential change in gene transcripts, including
mRNAs, IncRNAs, and circRNAs in AD tissues induced by
CIH and Ang II, we performed the SBC-ceRNA microarray
assay. Transcripts with log (fold change) > 1.5 or < -1.5
and P < 0.05 were identified as being DE. According to
the volcano plots and heatmaps (Figure 3), 1742 mRNAs
(Figures 3A,B), 2625 IncRNAs (Figures 3C,D), and 537
circRNAs (Figures 3E,F) were identified as being DE, including
1152 downregulated mRNAs, 590 upregulated mRNAs, 1,507
downregulated IncRNAs, 1,118 upregulated IncRNAs, 167
downregulated circRNAs, and 370 upregulated circRNAs. The
top 10 upregulated and downregulated genes of DEmRNAs,
DEIncRNAs, and DEcircRNAs are listed in Tables 1-3,
respectively.

Functional enrichment analyses of
differentially expressed mRNAs

To further reveal the functions of the DEmRNAs in the
development of AD induced by CIH and Ang II, GO and
KEGG analyses were performed to classify the functions of
the DEmRNAs (Figure 4). GO enrichment analysis showed
that 81 GO terms were enriched (FDR < 0.05) in DEmRNAs,
which included 34 BP, 40 cellular components (CC), and
seven molecular function (MF) ontologies (Figures 4A-C).
For BP ontology, the DEmRNAs were mostly enriched in cell
apoptosis, cell proliferation, cell migration, inflammation,
and hypoxia-related terms (Figure 4A), including “-positive

» o«

regulation of cell migration,” “negative regulation of cell

proliferation,” “positive regulation of smooth muscle cell

» o«

proliferation,” “response to hypoxia,” “response to ischemia,”

“apoptotic process, “inflammatory response,” “neutrophil

» <«

chemotaxis,

» <

positive regulation of TNF production,” “positive
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regulation of angiogenesis,” and “-positive regulation of

nitric-oxide synthase biosynthetic process.” In CC ontology,

» o«

the “nucleus,

» o«

membrane,

» o«

cytoplasm,

» o«

stress fiber;” “cell
junction,” “extracellular matrix,” and “actin cytoskeleton”
were enriched (Figure 4B). For MF ontology, the DEmRNAs
were mostly enriched in “protein binding,” “integrin binding,’
“metal ion binding, “actin binding” “heparin binding,
“extracellular matrix structural constituent,” and “scaffold
protein binding” (Figure 4C). For KEGG pathway enrichment
analysis, 34 GO terms were enriched (FDR < 0.05), and
the DEmRNAs were most significantly enriched in “PI3K-

» o« » o«

Akt signaling pathway,” “Focal adhesion,” “Regulation of

actin  cytoskeleton,” “MAPK  signaling pathway,” “Rapl
signaling pathway,” “Calcium signaling pathway,” “cAMP
signaling pathway,” “Chemokine signaling pathway,” “cGMP-
PKG signaling pathway,” “Platelet activation,” “HIF-1

signaling pathway,” and “TGF-beta signaling pathway”
(Figure 4D). Importantly, these pathways were mostly
related to inflammation, apoptosis, vascular activity, and

hypoxia.

Protein—protein interaction network
construction and hub gene
identification

We then constructed a PPI network and evaluated the
interactions through the STRING database to explore the
association between the DEmRNAs. After calculation, the
interaction score was set at 0.9, 609 nodes and 934 connections
were generated, and the PPI network was visualized using
the Cytoscape software (Figure 5A). Subsequently, the top 15
DEmRNAs with a high degree of connectivity were selected
as hub genes in AD tissues induced by CIH and Ang II
(Figure 5B and Table 4). We confirmed the screening results
by quantitative reverse transcription-polymerase chain reaction
(QRT-PCR), and the expression of these hub genes (seven
upregulated and eight downregulated genes) was consistent
with the ceRNA microarray (Figures 6A,B). Moreover, most
upregulated hub genes were related to inflammation and
apoptosis, including Casp3, Brcal, Cdca8, and Thbsl (Table 4
and Figure 6A).

Functional analysis of intersectional
genes between differentially expressed
long-non-coding RNAs cis-regulated
target genes and differentially
expressed mRNAs

Studies have reported that cis-regulation, via recruitment
of remodeling factors to local chromatin, is one of the working
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Transverse section of pathological aortic tissues. (A) Representative images exhibit aortic sections stained with H&E (first row) and EVG (second
row). The third row shows aortic sections stained with the a-SMA antibody. (B—D) Representative images of immunofluorescence staining
demonstrate Il-18 (B), Casp3 (C) expression and Tunel positive cells (D) in aortic tissues of chronic intermittent hypoxia (CIH) and Ang Il induced
AD and control mice. Scale bar: for panel (A), left 500 wm and right 100 wm; for panels (B=D), 10 wm. EVG, Verhoeff-Van Gieson

modes of IncRNAs (21). To investigate the functions of
DEIncRNAs in regulating downstream genes in OSA-AD, genes
located in 10 kbp downstream of DEIncRNAs were identified
as cis-regulatory genes and 2,290 genes were predicted.
Furthermore, for the 1742 DEmRNAs and 2290 DEIncRNAs,
342 cis-regulated genes were screened as intersectional genes
using the Venn diagram (Figure 7A). Results from GO analysis
showed that these genes were mostly enriched in vascular
homeostasis-related terms in the BP, CC, and MF categories
(Figure 7B), including “regulation of cell morphogenesis

» «

involved in differentiation,

Y

cell-substrate adhesion,” “negative
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» «

regulation of cellular component movement,

» «

process,

muscle system
positive regulation of cell morphogenesis involved
in differentiation,” “regulation of cell-substrate adhesion,”
“-positive regulation of cell projection organization,” “negative
regulation of locomotion,” “muscle contraction,” “stress
fiber,;” “actin filament bundle,” “contractile actin filament
bundle,” “actin binding,” “scaffold protein binding, and
“GTPase binding.” KEGG analysis results showed that these
genes were mainly enriched in cell apoptosis and vascular
(Figure 7C),

adhesion,” “Regulation of actin cytoskeleton,

homeostasis-related terms such as “Focal

Hypertrophic
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cardiomyopathy;

»

Dilated cardiomyopathy;

» «

muscle contraction,

» o«

activation,

Vascular smooth
PI3K-Akt signaling pathway,” “Platelet
Oxytocin signaling pathway,” and “cGMP-PKG
signaling pathway.”

To visually display a specific IncRNA cis-regulatory
OSA-AD, constructed DEIncRNA
mediated cis-regulatory networks using 342 genes and 486
IncRNA-mRNA regulatory pairs (Figure 8). The networks
showed that Hdac9 was cis-regulated by 19 DEIncRNAs,
including NON-MMUT013912, NON-MMUT013913, NON-
MMUT013914, NON-MMUT013915, NON-MMUT013916,
NON-MMUT013917, NON-MMUT088223, NON-MMUT088
230, NON-MMUT088234, NON-MMUT088235, NON-MMU
T088244, NON-MMUT088252, NON-MMUT088254, NON-
MMUT088255, NON-MMUT088258, NON-MMUT088265,
NON-MMUT088267, NON-MMUT088268, and NON-MMUT
088271. In addition, Lrrtm3 and Ctnna3 were cis-regulated by

relationship  in we
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the same DEIncRNAs: NON-MMUT005920, NON-MMUTO0
05925, NON-MMUT005926, and NON-MMUT005929.

Functional analysis of differentially
expressed circular RNAs host genes in
obstructive sleep apnea-related aortic
dissection

We further traced the host genes of the 536 DEcircRNAs in
OSA-AD, and obtained 421 host genes (Figure 9A). Notably,
circRNAs (mmu_circ_0004377, mmu_circ_0004375,
mmu_circ_0004373, mmu_circ_0004371, mmu_circ_0004370,
mmu_circ_0004366, mmu_circ_0004362, mmu_circ_0004361,
and mmu_circ_0004358) were transcribed from the host gene
of Mtaplb. Rabepl was the common host gene for seven

nine
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TABLE 1 The top 10 upregulated and downregulated
genes of DEmRNAs.

Gene LogFC p-values Gene LogFC P-values
symbol symbol

Saa3 6.537 0.018  Perp -4.425 0.000
Sppl 6.433 0.015  Npnt -4.455 0.001
Lars2 5.387 0.030  Cytll -4.500 0.001
Clecad 5.033 0.001  Kcnabl -4.613 0.000
Nxpe5 4.840 0.005  2210407C18Rik -4.627 0.006
P4ha3 4634 0029  Dsp -4.628 0.008
Ptx3 4622 0.002  Mylk4 -4.795 0.023
Kap 4534 0012 Synpo2 -4.915 0.000
Argl 4429 0.011  Ppefl -4.958 0.001
Trem2 4205 0012 Slc22al -5.255 0.000

DEmRNAEs, differentially expressed mRNAs.

circRNAs, including mum_circ_0003310, mmu_circ_0003309,
mmu_circ_0003308, mmu_circ_0003307, mmu_circ_0003306,
mmu_circ_0000282, and mum_circ_0000281. Moreover,
circRNAs from the same host gene had the same expression
trend (Figure 9A). KEGG pathway enrichment analysis

TABLE 2 The top 10 upregulated and downregulated genes of DEIncRNAs.

10.3389/fcvm.2022.984087

revealed that the 421 host genes were mainly involved in
vasoactive, vessel structural homeostasis, and inflammatory
terms (Figure 9B), including “Calcium signaling pathway,’
“Focal adhesion,” “Regulation of actin cytoskeleton,” “cGMP-

PKG signaling pathway,” “MAPK signaling pathway,” “T cell
receptor signaling pathway,” and “cAMP signaling pathway.”

Inflammation and apoptosis were
widely found in human aortic
dissection and the validation of hub
genes in human aortic dissection

To validate the inflammation and apoptosis status in human
aortic dissection and the conservation of hub genes, we used
the human aortic dissected tissues to stained apoptotic and
inflammatory indicators, including IL-18, CASP3, and Tunel.
As the data showed that the IL-1B was overexpressed in AD
group compared to normal human aortic tissue (Figure 10A),
indicated that the inflammatory response was accompanied
in the process of AD. Meanwhile, the CASP3 protein and
Tunel staining exhibited the cell apoptosis was activated in

Accession LogFC p-values Accession LogFC P-values
NON-MMUT007296 4.195 0.000 NON-MMUT016917 -6.889 0.002
NON-MMUT109857 4.266 0.020 NON-MMUT132917 —-6.449 0.004
NON-MMUT133367 4.275 0.036 ENSMUST00000181120 -6.392 0.001
ENSMUST00000143272 4.281 0.040 NON-MMUTO017361 -5.870 0.006
NON-MMUT096745 4.397 0.000 NON-MMUTI111310 -5.800 0.013
NON-MMUT093632 4.759 0.000 NON-MMUT111296 -5.776 0.000
NON-MMUT093631 4.939 0.008 NON-MMUT010241 -5.771 0.004
NON-MMUT094891 5.290 0.001 NON-MMUT116079 -5.620 0.000
NON-MMUT135123 5.642 0.004 ENSMUST00000131898 -5.604 0.000
NON-MMUT110746 10.148 0.003 ENSMUST00000148089 -5.581 0.009
DEIncRNAs, differentially expressed IncRNAs.

TABLE 3 The top 10 upregulated and downregulated genes of DEcircRNAs.

CircRNA_ID LogFC p-values CircRNA_ID LogFC P-values
mmu_circ_0008002 2.867 0.011 mmu_circ_0004366 -4.643 0.014
mmu_circ_0008306 2.931 0.003 mmu_circ_0000570 -3.815 0.001
mmu_circ_0002842 2.933 0.037 mmu_circ_0001881 -3.814 0.003
mmu_circ_0000648 2.950 0.002 mmu_circ_0016354 -3.697 0.001
mmu_circ_0000746 3.127 0.044 mmu_circ_0014597 -3.686 0.012
mmu_circ_0013434 3.242 0.011 mmu_circ_0004377 -3.600 0.008
mmu_circ_0007410 3.274 0.040 mmu_circ_0004358 -3.573 0.007
mmu_circ_0005483 3.304 0.002 mmu_circ_0009280 -3.540 0.005
mmu_circ_0001921 3.618 0.046 mmu_circ_0015838 -3.420 0.007
mmu_circ_0003720 4.404 0.021 mmu_circ_0007117 -3.370 0.012

DEcircRNAs, differentially expressed cirRNAs.
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FIGURE 5

Protein—protein interaction (PPI) networks and hub genes of differentially expressed mRNAs (DEmRNAs) in aortic dissection (AD) tissues
compared with controls. (A) PPl networks show the interaction of DEGs, with interaction scores > 0.9. The red to blue color gradient indicates
an up- to downregulation of DEmRNAs, indicated by logFC. (B) The top 15 hub genes from DEmRNAs. The red to yellow color gradient

indicates high to low centrality.

AD process (Figures 10B,C). What's more, we detected the
protein expressions of CASP3 and PARPI, which related to
apoptosis and necrosis, in endothelial cells by Western blot
analysis, and the data showed the apoptosis and necrosis
were activated in hypoxia/Ang II treated endothelial cells
(Supplementary Figure 1C). Then, we measured the expression
of those hub genes in human AD tissues which were screened
in CIH/Ang II-induced mouse AD. Our data suggested the
expression of CASP3, BRCAI, ACTBI, ITGAM, THBSI1, DDB?2,
PRKACB, and ITGBI in AD tissues shows species conservation
(Figures 10D,E). This part suggested the inflammation and
apoptosis were widely found in human aortic dissection and
those hub genes show species conservation in human and
mouse.

Discussion

Aortic dissection is a cardiovascular emergency with high
mortality and is defined by the progressive separation of the
aortic layers by a hypertensive blood column, which leads
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TABLE 4 The hub-genes of DEmRNAs.

Gene LogFC p-values Gene LogFC P-values
symbol symbol

Polr2a 1.501 0034  Ddb2 -2.264 0.027
Casp3 1517 0.000  Piasl -2.171 0.000
Breal 1.601 0.009  Itgb3 ~2.049 0.027
Cdca8 1.785 0.035  Ddx5 -1.843 0.017
Actb 1.945 0011 Prkacb -1.722 0.032
Itgam 2.784 0021  Mapkl -1.668 0.012
Thbsl 2.868 0025  Itgbl -1.593 0.010

/ / / Rbbp7 -1.519 0.016

DEmRNAs, differentially expressed mRNAs.

to the degeneration of the aortic media (1). In the past two
decades, the role of OSA in the development of AD has been
taken seriously. Epidemiological investigations have reported
that patients with AD present a higher OSA index (7-10).
In patients with Marfan’s syndrome, the prevalence of OSA
is much higher than that in matched controls. Moreover,
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induced by chronic intermittent hypoxia (CIH) and Ang Il. (A,B) gRT-PCR analysis show relative gene expression of hub genes, including (A)
upregulated hub genes and (B) downregulated hub genes. n = 3 per group, *P < 0.05, **P < 0.01, ***P < 0.001.

aortic root diameters and mean aortic root diameters are
significantly greater in patients with OSA (4.5 £ 0.6 cm)
than in those without OSA (3.7 4+ 0.6 cm) (12). These
findings are consistent with those of Baguet et al. (11).
Yanagi et al. (22) showed that patients with acute AD and
OSA are characteristically tall, fat, and relatively young men
with hypertension and indicated that OSA is a risk factor
for acute AD in middle-aged men. Subsequent studies have
consistently identified OSA as an important risk independent
of AD, and oxygen therapy for the treatment of AD has
been considered. A case report showed successful therapy
in a patient with acute AD (De Bakey type 3b) combined
with OSA using non-invasive positive pressure ventilation
treatment (23). A molecular mechanism study disclosed that
OSA facilitates the production of ROS, followed by HIF-a
activation, induction of matrix metalloproteases expression,
and eventually, progression of AD (14). Further evaluation
of the molecular mechanism of OSA-AD is essential for the
establishment of therapeutic strategies.

In this study, we first simulated OSA to establish the
OSA-AD animal model using the CIH system. After 4 weeks
of CIH and Ang II administration, 73.33% of mice had
AD. This percentage was much higher than that for Ang II
(26.67%) or CIH (12.50%) alone. Histological staining showed
CIH and Ang II induced cystic medial degeneration in the
aortic wall, which is characterized by the loss of elastic fibers
and smooth muscle cells. Consistently, these features were
reported by Humphrey et al. (24). To demonstrate the potential
changes in transcript levels, we performed the SBC-ceRNA
microarray assay, which is an effective method to study the
molecular mechanism of disease (25-27). A total of 1,742
mRNAs, 2,625 IncRNAs, and 537 circRNAs were dysregulated
in OSA-AD tissues, including 1,152 downregulated mRNAs,
590 upregulated mRNAs, 1,507 downregulated IncRNAs, 1,118
upregulated IncRNAs, 167 downregulated circRNAs, and 370
upregulated circRNAs. In addition, GO and KEGG enrichment
analysis showed that DEmRNAs were mainly enriched in
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cell proliferation, cell migration, cell apoptosis, inflammatory
response, aortic structure, and hypoxia-related terms.

Aortic vascular smooth muscle cells (SMCs) are regarded
as the predominant cell type in the medial layer of the
aortic wall and play a key role in maintaining structural
stabilization (28). The proliferation and migration of SMCs
occur in response to vascular injuries and contribute to the
development of pathological remodeling and vascular diseases
(29). Thus, SMC proliferation and maintenance of appropriate
function have been thought to limit the progression of thoracic
aortic aneurysm and dissection (30). In our previous study,
we showed that Ang II had no significant effect on SMC
proliferation (31); however, many studies have shown that
hypoxia plays an important role in the proliferation of SMCs
(32-34). Our data showed enrichment of “negative regulation
of cell proliferation,” “positive regulation of smooth muscle

»

cell proliferation,” “HIF-a signaling pathway,” and “response to
hypoxia,” which suggests that the CIH-induced dysregulation of
SMC proliferation leads to a loss of aortic middle cells in the
OSA-AD model. In GO analysis, the term “positive regulation of
cell migration” was enriched and studies have revealed that SMC
migration was excessively activated during AD development.
Jiang et al. (35) found that in SMCs, S100A12 increases
the expression of migration-related MMP2/9 and VCAM-1
by activating the ERK1/2 signaling pathway in thoracic AD.
Importantly, Liu et al. (14) showed that hypoxia facilitates the
expression of matrix metalloproteases, mediated through HIF-a,
and accelerates SMC migration during the development of AD.
Therefore, targeting SMC migration signaling pathways may be
a potential strategy for treating OSA-AD.

Growing evidence suggests that programmed cell death
(apoptosis) plays a central role in SMC loss and AD (36, 37).
Our GO and KEGG analyses revealed that 71 DEmRNAs were
enriched for the term “apoptotic process” and 53 DEmRANs
for “PI3K-Akt signaling pathway,” indicating that apoptosis
plays a key role in OSA-AD. In a human study, the expression
of the proapoptotic protein BAX was significantly elevated

frontiersin.org


https://doi.org/10.3389/fcvm.2022.984087
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Lietal 10.3389/fcvm.2022.984087

A B Top 10 GO enrichment terms of Three Ontologies

regulation of cell morphogenesis involved in differentiation

DEmRNAs ) ] cell-substrate adhesion
negative regulation of cellular component movement

muscle system process

positive regulation of cell morphogenesis involved in differentiation
regulation of cell-substrate adhesion

positive regulation of cell projection organization

axonogenesis

negative regulation of locomotion

muscle contraction

neuron to neuron synapse

postsynaptic density

asymmetric synapse

postsynaptic specialization

stress fiber.

contractile actin filament bundle

actin filament bundle

1948 actomyosin
cell-substrate junction

Z disc.

actin binding

Ras GTPase binding

DEIncRNAs cis target small GTPase binding

Rho GTPase binding
structural constituent of postsynapse

calmodulin binding
protein kinase C binding mBP
transcription coregulator activity mCC
structural constituent of synapse = MF
scaffold protein binding

0 5 10
Enrichment Score

c Top 10 KEGG enrichment terms

Arrhythmogenic right ventricular cardiomyopathy
Focal adhesion
‘ Regulation of actin cytoskeleton
|~ Hypertrophic cardiomyopathy
' " _Dilated cardiomyopathy
Phipp 1@ —Vascular smooth muscle contraction
Magi2 —PI3K-Akt signaling pathway
Csit — Platelet activation
Efna —Oxytocin signaling pathway
‘ —cGMP-PKG signaling pathway

Atp2b4_ Srf
Camk2g
Eefok

Ppp2r5e

Ntrk2 - \A Cacnb2 log2 fc
Gng4 : = ligad 5.0
Myl6 - &' Itga9

Prkg1 - \ Dsp 0.0
Plcb1 - Ctnna3 -5.0

Kenmb1 ) Sgcd Count

Ramp1 7/ ‘ ' Itgh3 ; 1;

Adrb1 » ' \ ) Ryr2 ® 15

116 / < Itga ® 17

® 19

Arhgef6 Tef7i
Tiam?1 Cacnalc
Myh10 Dmd
Enah 'Actg 1
Ccnd2 Akt3

Tnn
Bra\iwyl Lamad

Ppp1ri2a
Mapk1 ctn
Coltalpays Vel Co|435MY"<ﬁ

FIGURE 7

Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genome (KEGG) enrichment analysis of the intersection between differentially
expressed long-non-coding RNAs (DEINcRNASs) cis-regulated target genes and differentially expressed mRNAs (DEmRNAs). (A) Venn diagram of
DEmMRNAs and DEINncRNAs target genes. (B) GO analysis of the intersectional genes, the three ontologies mainly include CC, BP, and MF.

(C) KEGG pathway analysis of the intersectional genes between DEINCRNAs target genes and DEmRNAs.
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and that of the antiapoptotic protein BCL2L1 was remarkably
decreased in AD tissues, indicating that the apoptotic index
increased significantly in patients with AD (37). Yuan et al
(36) reported that BRG1 was upregulated in the SMCs of AD
tissue, subsequently inducing SMC apoptosis and transition
from contractile to synthetic phenotype. In human diseases,
apoptosis is often accompanied by an inflammatory response.
Not surprisingly, inflammatory terms were highlighted in our
GO and KEGG enrichment analyses, including “Inflammatory

» «

response,” “-positive regulation of TNF production,” “neutrophil
chemotaxis,” “Chemokine signaling pathway,” and “MAPK
signaling pathway.” Using transgenic mice, Qiu et al. (38)
disclosed that in SMCs, Sirt3 plays a protective role in
AD by reducing ROS production, vascular inflammation,
and apoptosis. Shen et al. (39) showed that the levels of
AKT2 and phospho-AKT in human thoracic AD tissues were
significantly reduced. Akt2-deficient mice displayed profound
tissue destruction, which was accompanied by apoptotic cell
death and inflammatory cell infiltration. Importantly, PPI
analysis showed that most upregulated hub genes were related
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to inflammation and apoptosis. Casp3 is a key protein in
the apoptotic pathway. Activated Casp3 degrades structural
and functional proteins, which eventually induces cell death
(40). Studies have shown that Casp3 is overexpressed in
the aortic walls of patients with AD (41) and animal
models (42, 43). Studies have found that Brcal induced
cell apoptosis mediated by ERK1/2 activation (44) and P53
signaling (45). Brcal mediates the inflammatory response
between no-tumor hepatitis/cirrhotic tissues and hepatocellular
carcinoma (46). However, Singh et al. (47) found that
BRCALI expression was attenuated in the plaque region of
human atherosclerotic carotid artery samples, and Brcal
deficiency led to greater inflammation-associated apoptosis
and impaired endothelial function. In addition, many studies
have reported that Cdca8 and Thbsl are apoptosis and
inflammation-related proteins (48-51). Thus, anti-apoptosis
and anti-inflammation may be a potential therapeutic strategy
for AD. Consistently, Ren et al. (52) alleviated AD by
overexpressing IL-5 to reduce the inflammatory response and
smooth muscle cell apoptosis.
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Recent studies have indicated that the abnormal expression
and functions of non-coding RNAs are closely related to
AD (19). In this study, the SBC-ceRNA microarray assay
demonstrated an abundance of DEIncRNAs and DEcircRNAs in
OSA-AD tissues, and included 1,507 downregulated IncRNAs,
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1,118 upregulated IncRNAs, 167 downregulated circRNAs,
and 370 upregulated circRNAs. KEGG pathway analysis
showed that the cis-regulated genes of DEIncRNAs and host
genes of DEcircRNAs were mostly enriched in vessels with
structural homeostasis-related terms. In other studies, most
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DEIncRNAs and DEcircRNAs involved in the development of
AD were enriched for cell proliferation, migration, apoptosis,
and inflammation (17-19). For instance, the IncRNA H19
is involved in the development of AD by regulating SMC
migration (18). LncRNA SENCR and IncRNA XIST were
demonstrated to play roles in the development of AD by
modulating SMC proliferation, migration, and apoptosis and
maintaining the phenotypic switching of SMCs (53, 54).
Although the functions of a few IncRNAs and circRNAs in AD
are known, the functions of many DEIncRNAs and DEcircRNAs
have not been explained. Therefore, in the future, studies
with non-coding RNAs can be used for developing potential
therapeutic targets for OSA-AD.

Conclusion

In summary, we established a de novo OSA-AD animal
model using ApoE~/~ mice that were administered Ang
II under CIH-hypoxia conditions. We performed an SBC-
ceRNA microarray analysis to screen DEmRNAs, DEIncRNAs,
and DEcircRNAs for the first time in OSA-AD. GO and
KEGG enrichment analysis demonstrated the key signaling
pathways in OSA-AD. We discovered hub genes, cis-mediated
genes, and host genes involved in the development of OSA-
AD by constructing complex regulatory networks between
the DEmRNAs, DEIncRNAs, and DEcircRNAs, respectively.
Therefore, our findings provide a basis for understanding the
molecular mechanisms involved in the progression of OSA-AD
and developing potential therapeutic strategies for OSA-AD.
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