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ABSTRACT

BACKGROUND The molecular mechanisms of heart failure (HF) are still poorly understood. Circular RNA (circRNA) has
been discovered in the heart in increasing numbers of studies. The goal of this research is to learn more about the potential roles
of circRNAs in HF.

METHODS & RESULTS We used RNA sequencing data to identify the characteristics of circRNAs expressed in the heart and
discovered that the majority of circRNAs screened were less than 2000 nt. Additionally, chromosomes One and Y had the most
and least number of circRNAs, respectively. After excluding duplicate host genes and intergenic circRNAs, a total of 238 differen-
tially expressed circRNAs (DECs) and 203 host genes were discovered. However, only four of the 203 host genes of DECs were
examined in HF differentially expressed genes. Another study used Gene Oncology analysis of DECs host genes to elucidate the
underlying pathogenesis of HF, and it found that binding and catalytic activity accounted for a large portion of DECs. Immune
system, metabolism, and signal transduction pathways were significantly enriched. Furthermore, 1052 potentially regulated
miRNAs from the top 40 DECs were collected to build a circRNA-miRNA network, and it was discovered that 470 miRNAs can
be regulated by multiple circRNAs, while others are regulated by a single circRNA. In addition, a comparison of the top 10
mRNAs in HF and their targeted miRNAs revealed that DDX3Y and UTY were regulated by the most and least circRNA, respect-
ively.

CONCLUSION These findings demonstrated circRNAs have species and tissue specific expression patterns; while circRNA ex-
pression is independent on host genes, the same types of genes in DECs and DEGs worked in HF. Our findings would contribute
to a better understanding of the critical roles of circRNAs and lay the groundwork for future studies of HF molecular functions.

art disease. So, the process of molecular regulation in
HF needs to be well elucidated.
Hitherto, with the development of whole-gen-

eart failure (HF), the leading cause of death
in the world, is a clinical syndrome chara-
cterized by dysfunction of myocardial

pump functions to maintain tissue perfusion.!"! Path-
ophysiologically, cardiac output is low and/or has
a pathological distribution. HF is associated with some
remodeling processes including adverse cellular, str-
uctural, and functional changes in the myocardium,?”
which lead to related clinical manifestations such as
pulmonary congestion, dyspnea, and fatigue.™ Desp-
ite significant therapeutic advances, current thera-
peutic approaches do not address the fundamental

problem, and the treatments are suboptimal for he-
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ome sequencing studies, non-coding RNAs have
emerged as critical molecules of post-transcriptional
regulation in HF. CircRNA is a type of rediscovered
endogenous RNA with a covalently closed continuous
loop.”! CircRNAs act as molecular sponges to inter-
act with miRNAs or proteins; in addition, circRNAs
regulate the transcription process via Pol I1.1”! Re-
cently, a study demonstrated that circRNAs could
directly synthesize proteins as mRNA."" Increasing
evidence reveals that circRNAs are involved in the
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progression of cardiovascular diseases. For example,
cdrlas and circNCX1 are reported to promote myoca-
rdial infarction (MI);"""? however, MFCAR inhib-
its MI by increasing MTP18 expression."”’ Another
circRNA ACR attenuates myocardial ischemia/rep-
erfusion injury by suppressing autophagy via mod-
ulation of the Pink1/Fam65b pathway."* Moreover,
circFoxo3 accelerates cardiac senescence by modu-
lating the anti-senescent protein ID-1 and the tran-
scription factor E2F1, as well as the anti-stress pro-
teins FAK and HIF1a."™ CircRNA HRCR mitigates
cardiac hypertrophy by targeting miR-223.""% Cir-
cRNA_000203 and circRNA_010567 facilitate myo-
cardial fibrosis via suppressing miR-26b-5p and
miR-141, respectively.!”"® Given that circRNAs are
stable in circulation and their dynamic changes can
reflect different stages of cardiovascular diseases,
they are considered potential biomarkers. For in-
stance, it is reported that the combination of hsa_circ_
0124644 and hsa_circ_0098964 may serve as prom-
ising diagnostic biomarker for coronary artery disease."”
Another circRNA MICRA improves risk classifica-
tion after MI.®” Plasma circ_0005870 is significantly
decreased in hypertension patients, which may be a
potential biomarker for hypertension.”"

With advances in RNA sequencing technology, ext-
ensively expressed circRNAs in heart development
and diseases have been found by several researches.”
Nevertheless, these results still remain elusive in terms
of systematically understanding the function of cir-
cRNAs in heart diseases.

To investigate the potential roles of circRNAs in heart
failure, we first used RNA sequencing data to ide-
ntify the characteristics of circRNAs expressed in the
heart. Following that, GO and pathway analyses of
DEC host genes were performed to shed light on the
potential pathogenesis of HF. Furthermore, the
levels of circRNAs and mRNA expression in HF pa-
tients were compared. We gathered the top 40 DECs’
interacting miRNAs to build a circRNA-miRNA net-
work, and then compared the top 10 mRNA and their
targeted miRNA in HF. As a result, these findings would
improve our understanding of the critical roles of
circRNAs and lay the groundwork for future stud-
ies of HF molecular functions.
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METHODS

Data Source

The circRNA expression profiles were collected
from five articles about RNA sequencing in heart
failure (PMID: 27132142, PMID: 27476877, PMID:
27531932; PMID: 28082450 and PMID: 29523209 ).
Because of datasets from different research centers,
group variation had occurred. It was unable to per-
form the data analysis on interdatasets. Considering
these limitations, the average values from each data-
set were obtained to represent the expression levels.
In these analysis, significantly changed circRNAs were
defined by the absolute value of logarithmic-trans-
formed fold change log2(FC) > 1 and a P-value less
than 0.05.

GO and Signal Pathways Analysis

The host genes of differentially expressed cir-
cRNAs were used for GO and signal pathway ana-
lysis. GO enrichment analysis was performed by the
PANTHER classifications database;®! and React-
ome database was employed to analyze signal path-
way.” Significant enrichment thresholds for GO and
pathways analysis were adjusted P-value less than
0.05.

Interaction Network Construction Analysis

Based on the degree of differential expression, we
have chose the top 40 DECs. The miRNA Binding of
circAtlas 2.0 database (http://circatlas.biols.ac.cn)
was used predicting downstream miRNAs of DECs.
The miRNAs interacted with DEGs were predicted
by TargetScan database.”” Cytoscape was used to
establish networks.”"!

Quantitative Real-Time PCR Validation

AC16 cell line were maintained in DMEM/ F-12 sup-
plemented with 10% fetal bovine serum (FBS) and
0.6% penicillin and 1% streptomycin at 37 °C in a
humidified atmosphere containing 5% CO,. The cells
were seeded into 6-well plates and stimulated with
10° mol/L angiotensin II (Ang-1I) 24 h when they
grown about 80% confluency. Total RNA was isol-
ated from cultured cells using TRIzol (Invitrogen,
Carlsbad, CA, USA) method and then reversely
transcribed by using the TransScript One-step gDNA
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Removal and cDNA Synthesis SuperMix kit accord-
ing to the manufacturer’s protocol (Beijing Transgen
Biotech, Co., Ltd., Beijing, China). The expression of
circRNAs was analyzed on the Applied Biosys-
tems® QuantStudio™ 6 Flex Real-Time PCR System
(Thermo Fisher Scientific) with Power SYBR Green
PCR Master Mix (TaKaRa, Shiga, Japan). Expression
levels of the circRNAs were normalized to GAPDH
using the 2** Cq method. The primers of each as-
sayed circRNA/gene were given in Table 1.

Statistical Analysis

The real-time PCR data were displayed as the
mean + SD and evaluated by the two-tailed Student’s
ttest. A P-value less than 0.05 was considered to in-
dicate a statistically significant difference. All exper-
iments were repeated at least three times.

RESULTS

Landscape of circRNA Length and Distribution
on Chromosomes

Five articles on RNA sequencing data were en-
rolled in our study.[zz%] A total of 13,094, 9,953 and
16,429 circRNAs were obtained and integrated in
rat, mouse and human hearts, respectively. Subseq-
uently, we ranked them according to their length and
found that most circRNAs in the heart were < 2000 nt.
CircRNAs containing < 500 nt were at the top level
(48%, 52%, 47% in rat, mouse and human, respect-
ively) and 500-2000 nt were the second (38%, 39%
and 42% in rat, mouse and human, respectively); whe-
reas other lengths only accounted for 14%, 9% and
11% in rat, mouse and human, respectively (Figure
1A; supplemental Figure 1). Strikingly, compared
with the analysis in intervertebral disc tissue,”” we
found the distribution of circRNAs length was quite
different in various tissues. Furthermore, we coun-

ted up the number of circRNAs on each chromosome
and discovered the distribution of circRNAs on dif-
ferent chromosomes was not uniform. Chromosome
1 contained the most circRNAs (10.59%) in both hu-
man and rat (Figure 1B; supplemental Figure 2A), how-
ever, Chromosome 2 had the most circRNAs (8.91%)
only in mouse (supplemental Figure 2B). Chromo-
some Y contained the least circRNAs in all three species:
0.20% in human, 0.10% in mouse and no circRNAs
were found in rat (Figure 1B; supplemental Figure
2A & 2B). In addition, we further analyzed the dis-
tribution of circRNAs on the unit base of each chro-
mosome. Except for sex chromosomes, the distribu-
tion of circRNAs on each chromosome was relat-
ively consistent: 0.0257%-0.0463% in human, 0.0272%-
0.0574% in mouse and 0.0286%-0.0608% in rat (Fig-
ure 1C; supplemental Figure 2C & 2D). However,
only a small amount of circRNAs was distributed on
sex chromosomes: 0.0118%, 0.0102% and 0.0137% in
Chromosome X of human, mouse and rat, respect-
ively (Figure 1C; supplemental Figure 2C & 2D);
and 0.0035%, 0.0011% in human and mouse Chro-
mosome Y, respectively (Figure 1C; supplemental
Figure 2D).

Correlation Analysis of DECs and DEGs in Hu-
man Heart Failure

Only one article on circRNAs involvement in hu-
man HF was included in our collected data. A total
of 238 DECs with 224 up-regulated and 14 down-
regulated circRNAs were found and 203 host genes
were obtained by excluding duplicate host genes
and intergenic circRNAs (supplemental Table 1).
Previously, we analyzed mRNA in human HF and
found a total of 255 DEGs." In order to figure out
the correlation between DECs and DEGs in HF, the
corresponding host genes were compared. Surpris-
ingly, only 4 of the 203 host genes of DECs were
confirmed in DEGs of HF (Figure 2A). This result

Table1 Primer sequences.

CircRNA/gene Forward primer Reverse primer
GAPDH GGGAAACTGTGGCGTGAT GAGTGGGTGTCGCTGTTGA
NPPA AGTGAGCCGAATGAAGAAG GCAGATCGATCAGAGGAGT
hsa-intergenic_004876 CACCAGCCTTCTGAAGGGAAG CCACAGAGTTATATTGACAAG
hsa-ZFY_000001 GCCAGCTGTGAGGACTACCTAAT GGCTCTTGTGGCTGCAATTC

hsa-KLHL24_000001
hsa-SDHA_000018

GGCAATATACTGTTACGATCC
CGTCTAGAGATGTGGTGTCT

CCATTGTTACATCAGTTGACTAT
GTGCGATGACACCACGGCACT
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Figure 1 Landscape of circRNA length and distribution on

chromosomes in human heart. (A): Schematic diagram illustrat-
ing the distribution of circRNA lengths in human heart; (B): the
percentage of total circRNA number on each chromosomes; (C):
the percentage of circRNA number on each unit of chromo-
somes.

suggested DECs and DEGs in HF had different ex-
pression patterns.

GO Annotation and Pathway Analyses of DECs
Host Genes

In order to precisely clarify the potential roles of
DECs in heart failure, the GO of DECs host genes
was analyzed with PANTHER database. In the mo-
lecular function (MF) category, the two most en-
riched terms were binding (40.3%) and catalytic
activity (33.5%); in biological process (BP) category,
the two most enriched terms were cellular process
(32.9%) and metabolic process (22.9%); in the cellu-

: http:/ /www .jgc301.com; jgc@jgc301.com

lar component (CC) category, cell part (50.3%) and
organelle (25.5%) were the top two clustered terms
(Figure 2B). Intriguingly, the results showed that
enriched terms of DECs were similar to DEGs’
which we previously analyzed in HF: the top two
enriched terms were catalytic activity (39.4%) and
protein binding (38.0%) in MF; processes (27.0%)
and metabolic processes (25.2%) in BP; cell part
(35.8%) and organelle (23.6%) in CC (Figure 2B).
Comprehensive analysis of these results demonstrat-
ed that the same types of genes in DECs and DEGs
worked in HF, although they are not the same.

To further gain a comprehensive insight into the
potential roles of DECs, the pathways of 203 host
genes obtained from DECs were analyzed with the
Reactome database. Pathways related to the im-
mune system, metabolism and signal transduction
were significantly enriched. Among these top path-
ways, four were involved in signal transduction, in-
cluding receptor tyrosine kinase signaling, Rho GT-
Pase signaling, GPCR signaling and intracellular
signaling by second messengers; two participated in
the immune system, including the adaptive im-
mune system and the innate immune system. In ad-
dition, post-translational protein modification, met-
abolism of lipids, RNA polymerase II transcription,
membrane trafficking, the cell cycle and axon guid-
ance pathways were also significantly enriched
(Figure 2C). This result indicated that the immune
system and signal transduction pathways had pro-
minent roles in HF, which was consistent with the
DEGs analysis.™

Construction of the circRNA-miRNA Regulated
Network

Considering that one role of circRNAs was per-
formed as the sponge of miRNAs to further influ-
ence downstream mRNA expression, 1052 down-
stream miRNAs of the top 40 DECs were predicted
by the circAtlas 2.0 database to construct a circRNA-
miRNA network. Among these miRNAs, 470 were
regulated by more than one circRNA; and the most
regulated miRNAs were miR-6756-5p and miR-1226-
5p, which could be regulated by 8 circRNAs. An-
other 582 miRNAs were regulated by a single cir-
cRNA (Figure 3). For example, miR-328, which is
differentially expressed in HFpEF and HFrEF and
in HF and no-HF,™ could be regulated by hsa-ANO2_
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Figure 2 The characteristics of DECs in human heart failure. (A): Venn diagram for the intersections between the host genes of
DECs and DEGs; (B): schematic diagram of the gene ontology enrichment analysis of DECs in human heart failure; (C): significantly en-

riched signaling pathways of DECs in human heart failure.

000020, hsa-CLEC16A_000008, hsa-FAM13B_
000077, hsa-YY1AP1_000014 and hsa-RAB2A_
000009; another potential miRNA biomarker for HF,
miR-638,” would be regulated by only one DEC--
hsa-STAU2_000002. Similarly, each circRNA could
regulate several miRNAs: from the least 4 miRNAs
(regulated by has-MYOM1_000043) to the most 181
miRNAs (regulated by hsa-FAM13B_000077). RyR2,
one of the most important genes in cardiac hyper-
trophy and HF,"* ™ expresses over 100 circRNA

354

isoforms.””® Hsa-RYR2_000181, one of the top 40 cir-
cRNAs derived from RyR2, could regulate 108 miRNAs.

Previously, we analyzed and obtained the top 10
DEGs in HF.P* In order to further explore the rela-
tionship between mRNA and ncRNA in HF, the top
10 DEGs were analyzed based on the circRNA-
miRNA network. Finally, 4 mRNAs, 19 miRNAs
and 12 circRNAs were found to establish a circRNA-
miRNA-mRNA regulation network (Figure 4). DDX3Y,
the most regulated gene, could be regulated by 10

http:/ /www.jgc301.com; jgc@jgc301.com
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Figure 3 CircRNA-miRNA network in human heart failure.

circRNAs through 13 miRNAs; and UTY, the least
regulated gene, would be regulated by 2 circRNAs
through 2 miRNAs. The most regulated circRNA is
Has-FOCAD_000016, which could regulate three
genes through 4 miRNAs. However, most circRNAs
only regulate one miRNA.

Real-Time PCR validation

Four DEGs were chosen at random for further
evaluation to validate the reliability of the RNA-Seq
results analysis. Human heart AC16 cells were stim-
ulated with 10°® mol/L Ang-II for 24 h. First, nppa,
the marker of HF, was detected to verify the model
of HF in vitro. Nppa was significantly upregulated

http:/ /www .jgc301.com; jgc@jgc301.com

in the Ang-II treated group compared to the control
group (Figure 5A). Then, Real-Time PCR demon-
strated that hsa-intergenic_004876, hsa-ZFY_000001
and hsa-KLHL24_000001 were significantly upregu-
lated (P < 0.05) in the Ang-1I treated group compared
with the control group; however, hsa-SDHA_000018
was reduced (P < 0.05) in the Ang-II treated group
compared with the normal ones (Figure 5B). These
results agreed with circRNA RNA-Seq data and sug-
gested the RNA-Seq data were credible.

DISCUSSION

Heart failure, whose pathogenesis has been ex-
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1

Figure 4 CircRNA-miRNA-mRNA network in human heart failure. The network consisting of 4 mRNAs, 19 miRNAs and 12 cir-
cRNAs was generated by cytoscape.
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Figure 5 Relative expression of circRNAs in AC16 cells with Ang-II. (A): HF marker nppa expression; (B): hsa-intergenic_004876,
hsa-ZFY_000001 and hsa-KLHL24_000001 were significantly upregulated, while hsa-SDHA_000018 was significantly downregulated in
HF models compared with normal ones. *P < 0.05.

tensively studied, is the leading cause of global mor-  expression profiling of circRNAs in HF. In this study,
tality and morbidity. However, the mechanisms are ~ we first integrated RNA sequencing data and dis-
still largely unknown. CircRNAs have been shown  covered that the majority of circRNAs in the heart
in recent studies to act as molecular sponges, spli-  were <2000 nt long. In the human heart, Chromo-
cing regulators, and transcriptional regulatorsina  some One and Chromosome Y have the most and
variety of cardiovascular diseases. As a result, it is least circRNAs, respectively. The distribution of cir-
critical to conduct a thorough investigation into the ~ cRNAs on autosomes was much more uniform across
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species than that of sex chromosomes. DECs, GO,
and pathway analyses all indicated a close relation-
ship between DECs and DEGs in HF. Following
that, the top 40 DECs’ potential regulatory miRNAs
were gathered to build a circRNA-miRNA network,
with 582 miRNAs found to be regulated by a single
circRNA and 470 miRNAs found to be regulated by
multiple circRNAs. Furthermore, miRNAs can reg-
ulate 12 of the top 40 DECs and 4 of the top 10 DEGs.
Recent research has revealed that circRNAs have
tissue or developmental stage-specific expression
patterns. Xia, et al.?” discovered over 300,000 cir-
cRNAs in humans and mice, with 10.4% of human
circRNAs and 34.3% of mouse circRNAs being tis-
sue-specific. The proportion of circRNAs with dif-
ferent length distributions derived from different
tissues varies. CircRNAs from the HeLa cell line
ranged in length from 150 to 99,934 nucleotides (nt).
Approximately 67% of circRNAs have a predicted
splicing length of < 10,000 nt, while 46.4% and 20.6%
have lengths of < 5,000 and 5000-9999 nt, respect-
ively. Furthermore, 32.0% of circRNAs have a length
of 10,000-50,000 nt.*”! CircRNAs are evenly distrib-
uted in the human intervertebral disc, with > 10,000
nt being the most abundant (29.34%), whereas con-
taining 5,001-10,000 nt were at the lowest (14.79%); ot-
her lengths accounting for about 20%.° However,
the length of the heart-derived circRNAs differs from
that of other organs: most circRNAs in the heart are
<2000 nt and about half of circRNAs have a length
of <500 nt long. According to one study, the leng-
ths of mature circRNAs are measured to determine
the pattern of nuclear export.*"! As a result, differ-
ences in the length distribution of circRNAs in dif-
ferent tissues may be related to their function.
CircRNAs may be expressed independently of
their host genes, according to mounting evidence."*>*’
Our findings also confirmed that most DECs can be
expressed independently of their host genes in HF.
However, further analysis with GO revealed that
the enriched terms of DECs were similar to DEGs'
in HF in all three categories previously examined.
Furthermore, the pathways analysis shows that
DECs in HF are linked to the immune system, meta-
bolism, and signal transduction. It has been repor-
ted that sustained immune system activation and
lipid metabolism are potential contributors to the
progression of heart failure.***! Integration of GO

¥ http:/ /www.jgc301.com; jgc@jgc301.com

analysis and pathway analysis results in HF sug-
gest that, while circRNA expression is independent
of host genes, the same types of genes in DECs and
DEGs work in HF. Our findings may shed light on
the mechanism of circRNAs in HF.

Numerous studies have investigated the roles of
miRNAs in HF, and the circRNA-miRNA network
can be a powerful tool for understanding miRNA
regulatory mechanisms. Duan, et al.* reported that
miR-214 inhibited cardiac angiogenesis in HF by
regulating the expression of the transcription factor
XBP1. Our findings indicated that hsa-ANO2 000020
and hsa-STAU?2 000002 could interact with miR-214,
implying that they may play roles in cardiac an-
giogenesis. Furthermore, inhibiting miR-208a im-
proves cardiac function and survival during heart
failure.””? Our research discovered that hsa-EPSTI1
000002 and hsa-ZMYND11 000030 can act as spo-
nges for miR-208a, and that increasing the expres-
sion of either of the two circRNAs can improve car-
diac remodeling. Previously, we discovered that
miR-378 inhibits myocardial fibrosis by inhibiting
p38 MAP kinase phosphorylation."*® Hsa-FAM13B
000077 and hsa-INPP4B 000014 were predicted to
regulate miR-378 in the circRNA-miRNA network,
and further research into the relationship between
the two circRNAs and miR-378 in cardiac fibrosis is
warranted. USP9Y and DDX3Y are two of the top
five upregulated DEGs in HF, as previously repor-
ted.’” CircRNAs derived from USP9Y and DDX3Y
are also upregulated in HF, which is intriguing. The
circRNA-miRNA-mRNA network, on the other
hand, revealed that there is no miRNA acting as a
bridge to connect the circRNAs and mRNAs of USP9Y
and DDX3Y, respectively. More research is needed
to determine whether USP9Y/DDX3Y and their cir-
cRNAs are dependent on HF regulation in the fu-
ture. Our findings could lead to a better understa-
nding of the molecular mechanisms by which cir-
cRNAs regulate HF.

Despite the fact that our analysis is comprehens-
ive, with a high throughput and a large sample size,
it has some limitations. It is preferable to detect cir-
cRNA in the myocardium of HF patients and hea-
Ithy controls to validate the reliability of the RNA-
Seq results analysis. However, due to donor limita-
tions, we only used AC16 cell lines with Ang-II treat-
ment for the HF model. Another limitation of this study
is that we do not focus on the role of circRNAs in
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translation. Several groups have recently reported
that circRNAs are translated."*** These studies, how-
ever, do not shed much light on the functions of the
circRNA-encoded protein products. In the coming
years, we expect studies to show the HF impact of
circRNA translation and the resulting peptides.

CONCLUSION

In conclusion, a novel and comprehensive analys-
is of circRNA expression profiles in HF was ob-
tained using RNA seq datasets. The majority of cir-
cRNAs in the heart were < 2000 nt in length (89%);
additionally, the distribution of heart circRNAs on
different chromosomes was not uniform. DECs in
HF play roles in the immune system, metabolism,
and signal transduction pathways. CircRNAs in the
heart may control miRNAs and mRNAs. The find-
ings will be useful for future research into the mo-
lecular mechanisms of HF.
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