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Characterization of circRNA
expression profiles and functional
roles in a mouse model of liver
injury induced by OSA

Qingshi Chen¥***, Huiting Lai%>*, Yuwei Chen®*, Zhuli Peng?, Siying Wu? & Dexin Liu?**

Despite mounting evidence linking circular RNAs (circRNAs) to various diseases, their specific role in
liver damage triggered by obstructive sleep apnea (OSA) remains ambiguous. This study investigates
alterations in circRNA expression patterns in a mouse model subjected to chronic intermittent hypoxia
(CIH), aiming to elucidate the pathways that lead to liver damage associated with OSA. We established
the CIH model and conducted circRNA microarray analysis on liver samples from both CIH and control
groups. The findings were substantiated via qRT-PCR. Furthermore, a comprehensive circRNA-miRNA-
mRNA (ceRNA) network was developed, followed by the analysis of GO and KEGG pathways to further
elucidate the underlying biological processes. We identified 259 differentially expressed circRNAs,
comprising 86 that were upregulated and 173 that were downregulated in CIH mice. The ceRNA
analysis suggested that these circRNAs may modulate gene expression by sequestering miRNAs. Our
findings highlight potential therapeutic targets for liver pathologies associated with OSA.
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In individuals with obstructive sleep apnea (OSA), the upper airway repeatedly narrows or closes off during sleep,
which results in reduced blood oxygen levels and fragmented sleep, ultimately resulting in chronic intermittent
hypoxia (CIH)'. Research has confirmed that OSA is associated with neurocognitive and cardiovascular
complications®®. It also contributes to adverse cardiovascular outcomes, such as hypertension?, myocardial
infarction®, and heart failure®. Previous studies have shown that OSA may cause liver damage through multiple
mechanisms, including excessive activation of the sympathetic nervous system, oxidative stress responses,
abnormal lipid levels, and insulin resistance. These complex factors collectively exert harmful effects on the
liver”8. However, research on the underlying mechanisms of OSA-induced liver injury remains quite limited,
and its molecular mechanisms are still unclear.

Circular RNA (circRNA), a subclass of non-coding RNA, is distinguished by its covalently closed loop, offering
advantages such as stability, conservation, and tissue-specific expression®. Currently, advancements in high-
throughput RNA sequencing technology have revealed increasing evidence that circRNA plays a significant role
in various diseases, including diabetes, neurological disorders, cardiovascular diseases!'® and cancer!!. Studies
suggest that circRNAs regulate miRNA by acting as sponges, inhibiting the miRNA's ability to target mRNA2.
Additionally, earlier research indicates a link between circRNA and multiple hepatic conditions, containing
non-alcoholic fatty liver disease related to metabolic dysfunction, cirrhosis!?, and liver cancer!*. However, the
expression profiles and mechanisms of circRNAs in liver damage associated with OSA remain unclear.

In this study, differentially expressed circular RNAs (DECs) were evaluated to outline their expression
patterns in APOE mice with hepatic damage triggered by OSA. We validated eight candidate circRNAs using
qRT-PCR. Furthermore, a circRNA-miRNA-mRNA network was established to uncover the important roles
of three chosen DECs in CIH-induced liver damage. Finally, the biological roles of the dysregulated circRNAs
were assessed through bioinformatics analysis. Based on these studies, we aim to offer new insights into the
progression of OSA-related liver injury, which may aid in clinical treatment for this condition.
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Materials and methods

Animals

All methods are reported in accordance with ARRIVE guidelines. In this study, we used male APOE mice
purchased from Guangdong Yaokang Biotechnology Co., Ltd. This study followed the Guidelines for Care and
Use of Laboratory Animals, as outlined by the Federation of European Laboratory Animal Science Associations
and was approved by the Animal Care and Use Committee of 2nd Affiliated Hospital of Fujian Medical University
(No. 2021-FMU-346).

CIH mouse model

The APOE mice were divided into two groups: a control group and a CIH group. Briefly, the mice designated
for the CIH group were placed in a custom chamber fitted with oxygen sensors to assess the O, levels. A gas
control system connected to the chamber managed the injection of pure nitrogen, reducing the O, concentration
to 6% for 60 s. Afterward, the system facilitated rapid replacement of O,, leading to quick reoxygenation, and
after another 60 s, the O, concentration rose to 21%. The CIH cycle lasting 2 min was repeated 30 times hourly,
accumulating to 8 h of each day, totaling 8 weeks. After 8 weeks of CIH exposure, liver tissues were collected
following cervical dislocation euthanasia performed by a trained professional under isoflurane anesthesia.

CircRNA microarray analysis

We completed the analysis of the mouse circRNA Array V2 for six samples. The total RNA from all samples were
measured using the NanoDrop ND-1000. Arraystar’s standard protocol was followed for sample preparation and
gene chip hybridization. In brief, Rnase R (Epicentre, Inc.) was applied to degrade the total RNA, eliminating
linear RNA and enriching CircRNAs. Subsequently, fluorescent cRNA was generated by amplifying and
transcribing the enriched circRNAs using a random primer method. Arraystar Mouse circRNA Array V2
was hybridized with the labeled cRNAs, which were subsequently incubated at 65 °C for 17 h. Following the
washing of the slides, we scanned the array using the Agilent Scanner G2505C. The resulting array images
were analyzed using Agilent Feature Extraction Software. Additionally, we applied the limma package in R for
quantile normalization and a series of data processing. Finally, venn diagram, volcano plot filtering, fold change
filtering, heatmap and hierarchical clustering were applied to pinpoint statistically significant DECs between
the two groups, recognize the DECs, and visualize the unique circRNA expression patterns between the groups.

gRT-PCR

Based on fold changes, statistical significance, and KEGG pathway analysis, we evaluated the involvement of
circRNAs in key pathways related to CIH-induced liver injury, with the pathway enrichment p-value calculated
using three methods (EASE-score, Fisher-Pvalue, and Hypergeometric-Pvalue), ultimately selecting eight
circRNAs. Subsequently, to validate the microarray results, we performed qRT-PCR analysis. In brief, total
RNA extracted from liver tissue samples using TRI Reagent (Sigma, T9424) was converted into complementary
DNA (cDNA) using the SuperScript™ III Reverse Transcriptase Kit (Invitroge: 18080-044). For the qRT-PCR
process, the 2xPCR Master Mix and QuantStudio5 Real-time PCR System (Applied Biosystems, USA) were
used, adhering to the manufacturer’s specifications. The sequences of the PCR primers are shown in Table 1.
CircRNAS relative expression levels, normalized to B-actin, were analyzed through the application of the 2744CT
method.

Forward and reverse primer Tm (°C) | Amplicon length (bp)

F:5'GTACCACCATGTACCCAGGC3'
B-actin 60 247
R:5’AACGCAGCTCAGTAACAGTCC3

F:5'CGCCACCATTATTGAAAACT3'
mmu_circRNA_37101 60 190
R:5’CGACCTTAAAGGACCTGCTG3'

F:5'GGTCATACTGGGTTCACTTGGT3’
mmu_circRNA_36790 60 221
R:5’CCAGAGGATTTTGAAGTCAGAGT3’

F:5'GATTACAGCAACTGGACATATTAGG3'
mmu_circRNA_36551 60 173
R:5’CCTGAGGTGGGAGTTTATCG3’

F:5'CTGTGCGAGTCTGTGAAAGG3'
mmu_circRNA_35781 60 78
R:5’AGCAGGATGACGGTGGATAA3’

F:5'TTCTCTGCTCTGACAGTTGATG3’
mmu_circRNA_38959 60 152
R:5'TGAGGTGCTTTCTGGGTGTA3'

F:5’*CAAGACCGTGTTCCAGAAAG3’
mmu_circRNA_44178 60 73
R:5'GATGACATTGCCCATGTAGACT3’

F:5'TTGATGTGTTCATTCCAGTACGA3'
mmu_circRNA_38398 60 118
R:5’AGAATAGGCTGGCTGAGAAAG3’

F:5’CTTGGAAGGAGAACGAAATCA3’
mmu_circRNA_25178 602 191
R:5'TCGCCACAGAAACAAGACCA3Z

Table 1. Primer sequences used for qRT-PCR.
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Establishment of the circRNA/miRNA interaction network

Based on TargetScan and miRanda, we utilized Arraystar’s custom miRNA prediction software to identify the
interaction targets of circRNA/miRNA. Using seed match sequences, we further constructed the circRNA-
miRNA network with Cytoscape 3.6.1. Detailed annotation of all DECs was performed using circRNA/miRNA
interaction data.

Creation of a competing endogenous RNA (ceRNA) requlatory network

Following the ceRNA hypothesis, potential miRNAs targets were identified using a tool developed from
TargetScan and miRanda. The ceRNA network was established by combining the miRNAs that are commonly
targeted.

GO and KEGG pathway analysis

For the purpose of functionally annotating the parent genes of the dysregulated circRNAs, our study further
performed GO analysis, encompassing cellular components (CC), molecular functions (MF), and biological
processes (BP). We used enrichment scores for the enriched GO terms. Additionally, KEGG pathway analysis
helped clarify the signaling networks associated with circRNAs in liver injury caused by OSA'>~17. The KEGG
method identified variations in biological pathways for downstream mRNAs. A threshold of<0.05 for the
p-value was determined.

Statistical analysis
The Student’s t-test were applied to analyze all data for comparing circRNA expression levels between the two
groups. All results presented in this research were derived from at least three separate experiments and are
expressed as the mean +standard deviation. A significance level 0of<0.05 for the p-value was established as
statistically significant.

Result

Exposure to CIH caused liver tissue injury

As illustrated in Fig. 1A, the liver tissue of the control group exhibited normal architecture. In contrast, the CIH
group showed signs of liver damage, including mild hepatocyte edema, an increased presence of lipid droplet-
like vacuoles in the cytoplasm, and fibrin-like eosinophilic exudates in some central veins. Additionally, red
blood cells were observed filling both the central veins and interlobular bile ducts (Fig. 1B).

Alterations in the circRNA expression patterns

Through microarray analysis, we identified 259 DECs in liver tissue from both the CIH and normal liver
tissue. As shown in the Venn diagram (S1 Fig), 86 circRNAs were upregulated, whereas 173 circRNAs were
downregulated. The distribution of all identified dysregulated circRNAs was similar between the two groups
(Fig. 2A). The volcano plots and scatter plots effectively visualized the expression differences between the CIH
and control groups (Fig. 2B,C). The scatter plot analysis revealed that the majority of circRNAs exhibited less
than 1.5-fold variation between the CIH and control groups (black dots). However, a subset of circRNAs showed
significant differential expression, with 86 upregulated (highlighted in red) and 173 downregulated (highlighted
in green) in CIH-induced liver injury. Hierarchical clustering and heatmap revealed distinct expression patterns
of circRNAs across the samples (Fig. 2D and S2 Fig). Figure 3 illustrates the chromosomal distribution and
classification of DECs in the CIH group. Upon visualizing the dysregulated circRNAs in a cluster diagram,
we observed a widespread distribution across nearly all mouse chromosomes, with chromosome 2 exhibiting
the highest concentration (Fig. 3A). In terms of the upregulated circRNAs, 59 are comprised of exons, 16 are

Fig. 1. Histopathological changes in liver tissue. (A) Liver histology of the control group mice. (B) In the CIH
group, which exhibited structural liver abnormalities, mild hepatocyte edema was observed near the central
vein, accompanied by an increase in cytoplasmic lipid vacuoles. Additionally, fibrin-like eosinophilic exudates
were found in some central veins, and red blood cells filled both the central veins and the interlobular bile
ducts.
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Fig. 2. CircRNAs that are differentially expressed in the liver tissue of CIH mice. (A) The box plot illustrates
the normalization of circRNA expression intensity values through log transformation, with the red data points
indicating outliers. (B) The vertical lines indicate a 1.5-fold change in either direction, while the horizontal line
illustrates a p-value of 0.05. The red points on the plot signify circRNAs with statistically significant differential
expression. (C) Scatter plot of differentially expressed circRNAs between CIH and control groups. (D) A
hierarchical clustering analysis of DECs is presented. C: Control group; T: CIH group.
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Fig. 3. Features of DECs in the CIH group. (A) A clustering diagram shows how dysregulated circRNAs are
distributed across various chromosomes. (B) A categorization of the markedly changed circRNAs in the CIH
group is provided.
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sense-overlapping, 3 are intronic, 6 are intergenic, and 2 are antisense. Conversely, among the downregulated
circRNAs, 148 are exon-containing, 17 are sense-overlapping, 6 are intronic, and 2 are antisense (Fig. 3B).

Validation of eight selected dysregulated circRNA expressions

To improve the dependability of the outcomes from microarray analysis, QRT-PCR was employed to analyze
eight circRNAs, selected based on their p-values, fold changes, lengths, and initial signal intensities. This analysis
involved eight circRNAs, of which four were upregulated (mmu_circRNA_36790, 37101, 35781, and 36551)
and four were downregulated (mmu_circRNA_44178, 38959, 38398, and 25178). The data confirm that the
qRT-PCR results correspond to the outcomes of the microarray analysis (Fig. 4). p-actin served as the internal
control.

In-depth analysis of circRNA-miRNA interactions

In order to delve deeper into the eight confirmed circRNAs, including mmu_circRNA_36790, 37101, 35781,
36551, 44178, 38959, 38398, and 25178, we predicted their corresponding target miRNAs using MiRanda and
TargetScan. Figure 5 presents the top five identified miRNAs, while the top five predicted interaction sites for
mmu_circRNA_35781 are mmu-miR-103-3p, 218-1-3p, 496b, 7020-5p, and 7647-3p (Fig. 6).

Construction of the ceRNA interaction network

A single circRNA can interact with multiple miRNAs and multiple mRNAs, and vice versa. To gain a deeper
understanding of the biochemical mechanisms underlying the DECs, we selected three circRNAs (mmu_
circRNA_35781, 38959, and 38398) to create a comprehensive regulatory map integrating circRNA-miRNA-
mRNA. This ceRNA network comprised 37 miRNAs, 70 messenger RNAs (mRNAs), and 3 circRNAs. Analyzing
this network provides critical insights into the molecular mechanisms by which circRNAs contribute to OSA-
induced liver damage, suggesting that circRNAs may function as ceRNAs (Fig. 7).

Investigation of GO and KEGG pathways

To delve deeper into the functional roles of the target genes of circRNAs, we performed GO and KEGG analyses on
the genes previously validated. As shown in Fig. 8, DECs and mRNAs showed significant enrichment in GO terms
related to BP, CC, and MF (Fig. 8A,B). Notably, the most prominent enrichment among both upregulated and
downregulated DECs was observed in the "Intracellular anatomical structure" category. This analysis highlighted
the significant roles of these target genes in processes such as ion binding, anion binding, intracellular organelle
function, organelle lumen dynamics, nitrogen compound metabolism, and cellular component organization.
In addition, KEGG pathway analysis demonstrated that the target genes were predominantly enriched in
pathways related to chemical carcinogenesis, alcoholic liver disease, the NOD-like receptor pathway, fatty acid
degradation, the viral life cycle, tryptophan metabolism, and the degradation of valine, leucine, and isoleucine.
Among these, the majority of the downregulated DECs were associated with chemical carcinogenesis, while the
upregulated circRNAs were associated with the NOD-like receptor pathway (Fig. 9A,B).

Discussion

In our research, we conducted a detailed exploration of circRNA expression profiles in liver impairment using
a CIH-induced mouse model. Utilizing bioinformatics analysis, we pinpointed several essential circular RNAs
participated in the biological mechanisms initiated by liver injury resulting from OSA. This research not
only expands our insight into the fundamental mechanisms of liver damage linked to OSA but also lays the
groundwork for innovative clinical applications. This underscores the potential for circRNAs to revolutionize
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Fig. 4. Outcomes of the QRT-PCR validation for the circRNAs that were selected.
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Fig. 5. The top five anticipated targets from 8 verified circRNAs.

the clinical management of such conditions, offering a promising direction for future research and treatment
development.

Research has shown that OSA is strongly associated with various systemic diseases, particularly cardiovascular
diseases, metabolic disorders, and respiratory diseases. Although the specific mechanisms by which OSA causes
liver damage are not yet fully understood, research indicates that CIH leads to tissue hypoxia, resulting in
oxidative stress, mitochondrial dysfunction, and inflammatory responses'®, alongside excessive activation of
the sympathetic nervous system'. These physiological changes may not only trigger hepatic steatosis but also
accelerate the progression of fibrosis. This suggests that CIH has profound effects on the function of multiple
organs, particularly in exacerbating liver disease through oxidative stress and inflammation. Understanding
these mechanisms will aid in the clinical treatment and prevention of liver diseases triggered by OSA.

CircRNAs are a class of RNA with a unique circular structure produced through a reverse splicing process®.
This structure confers high stability, conservation, and tissue-specific expression, allowing circRNAs to play
significant roles in various biological processes?!?2, CircRNAs have been confirmed to be strongly related to
cardiovascular diseases?’, neurological disorders®, diabetes®® and cancer®® indicating their essential function
in regulating the occurrence, progression, and treatment of these diseases. This study used circRNA microarray
technology to analyze the circRNA expression patterns in CIH-induced mouse liver damage. Our results revealed
significant variations in circRNA expression profiles between the CIH and control groups, with 173 circRNAs
downregulated and 86 circRNAs upregulated. We further analyzed the types and chromosomal locations of
these DECs. Additionally, we randomly selected eight circRNAs with abnormal expression for validation via
qRT-PCR, confirming the significant impact of circRNAs on the onset and progression of liver damage induced
by OSA. This rapid advancement in circRNA research might pave the way for developing cutting-edge strategies
to diagnose and treat liver injuries caused by OSA.

Many circRNAs are instrumental in key biological activities by acting as miRNA or protein absorbers
(‘sponges’), influencing protein activity or engaging in self-translation. Although the functional significance and
mechanisms of circRNAs are still being actively explored, they are believed to modulate host genes transcription
and sequester miRNAs and RNA-binding proteins?”-?3. This further influences the expression of target genes.
For instance, previous research has established that hsa_circ_0110102, acting as an inhibitor for miR-580-5p,
inhibits the secretion of CCL2 into the tumor microenvironment by suppressing the expression of PPARa
in hepatocellular carcinoma cells. This mechanism subsequently leads to the inhibition of pro-inflammatory
cytokine release in macrophages through the modulation of the COX-2/PGE2 pathway®. In our study, we
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Fig. 6. Expected binding sites for mmu_circRNA_35781.

established a ceRNA interaction network to elucidate how circRNA functions in the liver damage model
induced by CIH in mice. Our study revealed that three confirmed circRNAs (mmu_circRNA_35781, 38959, and
38398) actively target 37 miRNAs. Notably, mmu_circRNA_35781 was significantly upregulated, suggesting its
potential involvement in CIH-induced liver damage by inhibiting miRNA functions. Our analysis of circRNA
and miRNA pointed to the likely target miRNAs of mmu_circRNA_35781, which include mmu-miR-7020-5p,
496b, 218-1-3p, 7647-3p, and 103-3p. Furthermore, the ceRNA network identified new associations between
dysregulated circular RNAs and 70 mRNAs. Importantly, the network provides robust evidence supporting the
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Fig. 7. The ceRNA Network Construction. The regulatory system comprises 37 miRNAs, 3 circRNAs, and 70
mRNAs. The blue, purple, and red nodes represent mRNA, miRNA, and circRNA, respectively.

significant role of circRNAs in the pathogenesis of liver damage caused by OSA through the indirect modulation
of specific mRNAs.

To better understand how target genes contribute to the ceRNA network, we also conducted GO and KEGG
analyses. The molecular function analysis highlighted processes such as ion binding and anion binding. The
assessment of cellular components revealed that the dysregulated circRNA target genes are mainly associated
with intracellular anatomical structures, organelles, and cellular anatomical entities. Analysis of biological
processes showed that the target genes are mainly related to cellular activities and metabolic processes. By
conducting KEGG analysis, we identified multiple key pathways associated with the NOD-like receptor pathway
(NLR), chemical carcinogenesis-reactive oxygen species, and tryptophan metabolism. Multiple studies indicate
that the NLR plays a pivotal role in immune responses by triggering inflammatory processes**-32, Moreover, the
activation of the NLR pathway is involved in organ damage induced by CIH?*%. Therefore, we believe that the
NLR pathway plays a significant role in CIH-induced liver injury. In the context of liver damage, the activation
of this pathway likely exacerbates oxidative stress and inflammation, further contributing to liver dysfunction.
However, our study did not delve into the intricate mechanisms underlying the identified DECs, leaving a
significant gap in understanding their roles. Future studies are necessary to explore the biological functions and
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pathways associated with these circRNAs to comprehensively elucidate their contributions in the context of liver
injury.

Although we systematically analyzed the circRNA expression profiles in CIH-induced mouse liver damage,
several limitations of our study warrant attention. Firstly, the scope of this research is somewhat limited by
the finite sample size, highlighting the importance of larger samples in future work. Secondly, the potential
molecular regulatory mechanisms and functions of circRNA in OSA-induced liver damage require further
investigation. Thirdly, the diagnostic effectiveness of circRNA levels should be analyzed in different, more
accessible, and less invasive samples, such as exosomes and hair samples. This could enhance clinical feasibility
as they might serve as diagnostic biomarkers for the progression of liver injury related to obstructive sleep apnea.
Fourthly, the exclusive use of male APOE mice in our study restricts the generalizability of the results to other
biological sexes. Incorporating female mice in future research would improve the reliability of the findings and
enhance their relevance to a broader population. Fifthly, one potential concern is whether APOE deficiency
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Fig. 9. KEGG analysis of changed circRNAs. (A) KEGG analysis for upregulated circRNAs. (B) KEGG analysis
for downregulated circRNAs.

itself might contribute to hepatic injury, thereby confounding the observed effects of CIH. However, APOE
mice were specifically chosen due to their well-established role in studying metabolic and hepatic disorders.
Importantly, both the CIH and control groups in our study were APOE-deficient, ensuring that any observed
differences in liver injury were primarily attributable to CIH exposure rather than APOE deficiency itself.
Nonetheless, to further validate our findings, future studies using wild-type mice or alternative models could
provide additional insights into the role of circRNAs in OSA-induced liver damage. Sixthly, our study focused
on performing circRNA microarray analysis on liver tissues following model induction, accompanied by a series
of bioinformatics analyses and predictions, including the circRNA-miRNA-mRNA ceRNA network prediction.
However, at this stage, we have not yet conducted luciferase targeting assays to experimentally validate the
predicted interactions. Lastly, our animal model differs significantly from the human OSA model, and our study
was conducted solely on the animal model.

Conclusions

In conclusion, this study evident that circRNAs exhibit a differential expression profile in a murine model of liver
injury induced by OSA. This suggests that circRNAs could be implicated in the pathogenesis of liver damage
caused by CIH, a hallmark of OSA. The potential therapeutic implications of modulating circRNAs to treat liver
diseases associated with OSA are thus highlighted by these discoveries. The comprehensive analysis of these
results sheds light on the possibility of targeting circRNAs for therapeutic interventions in OSA-related liver
disorders. However, further research is warranted to elucidate the precise role and underlying mechanisms of
circRNAs in liver injury induced by OSA.
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The microarray data generated and analyzed in this study is publicly available through the GEO database under
accession number GSE282153. The dataset can be accessed at https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE282153 using the access token azuragowlxctbmf.
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