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Identification of Cardiac CircRNAs in
Mice With CVB3-Induced Myocarditis

Xiang Nie, Jiahui Fan, Huihui Li, Jin Wang, Rong Xie, Chen Chen* and Dao Wen Wang*

Division of Cardiology, Hubei Key Laboratory of Genetics and Molecular Mechanisms of Cardiological Disorders, Tongji Hospital,
Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China

Background: Viral myocarditis could initiate various immune response to the
myocardium, resulting in myocyte damage and subsequent cardiac dysfunction. The
expression profile and functions of circRNAs in this process are unknown.

Methods: Fulminant myocarditis (FM) and non-FM models were induced by coxsackie B3
virus (CVBQ) infection in A/J mice and C57BL/6 mice, respectively. CircRNAs expression
profile was identified by RNA-seq. Quantitative RT-PCR, Spearman rank correlation,
KEGG pathway, GO analysis, Western blot and flow cytometry were performed for
functional analysis.

Results: Severer inflammatory cell infiltration and cardiomyocyte necrosis were presented
in CVB3-treated A/J mice than those in C57BL/6 mice. The dysregulated circRNAs in both
of the mouse strains displayed strong correlation with the immune response, but
dysregulated circRNAs in A/J mice were more prone to cardiac dysfunction. KEGG
analysis indicated that the target genes of dysregulated circRNAs in A/J mice were mainly
involved in viral infection, T cell and B cell receptor signaling pathways, while the target
genes of dysregulated circRNAs in C57BL/6 mice were unrelated to immune pathways.
Furthermore, knockdown of circArhgap32 that was downregulated in CVB3-treated A/J
mice promoted cardiomyocyte apoptosis in vitro.

Conclusion: Our data showed that cardiac circRNAs dysregulation is an important
characteristic of viral myocarditis.

Keywords: fulminant myocarditis, CircRNAs, coxsackie B3 virus, inflammation, acute myocarditis

INTRODUCTION

Acute myocarditis (AM) has been defined as a clinical manifestation of cardiac inflammation leading
to myocardial damage, fibrosis and heart failure (Gupta et al., 2008). There are a variety of causes for
AM, including viruses, bacteria, toxins and autoimmune diseases, among which enterovirus
(especially coxsackie B3 virus, CVB3) was the most common pathogen (Maisch et al, 2014).
Patients with myocarditis may present a wide range of symptoms, ranging from mild dyspnea or
chest pain to cardiogenic shock and even death (Cooper, 2009). Infection by cardiotropic viruses
triggers different symptoms, varying from severe myocarditis to mild or asymptomatic presentation.
Fulminant myocarditis (FM), a severe form of myocarditis, has higher rates of cardiac death and
heart transplantation compared with patients with non-FM (NFM) (Ammirati et al., 2019). Varying
degrees of myocardial inflammation and cardiomyocyte necrosis are pathological features of AM
(Ammirati et al., 2018). The molecular mechanisms underlying the various clinical presentation and
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severity of AM are largely elusive. It was well-recognized that
A/] mice showed a higher susceptibility towards viral infection
than C57BL/6 mice. CVB3 infected A/] mice exhibit severe
myocarditis at day 3 and the viremia which persist up to
5-7 days after infection (Muller et al., 2015). Even after
21 days, severe heart lesions were still found in A/] mice
(Wolfgram et al., 1986). Whereas the CVB3-resistant strains
such as C57BL/6 mice could eliminate the virus after the early
acute phase. Although histological examination showed
regional myocardial inflammatory infiltrations in the initial
stage, almost all signs of inflammation in the hearts of CVB3-
treated C57BL/6 mice disappeared 21 days after infection
(Turk, 1978; Gauntt and Huber, 2003; Corsten et al., 2012;
Garmaroudi et al., 2015).

Recent studies have revealed that multiple non-coding RNAs
participated in AM progression. Expression profiles of IncRNAs
and miRNAs were identified in both children and adults with FM
(Liu et al, 2019; Nie et al., 2020; Wang et al., 2021). A novel
plasma miRNA hsa-miRChr8:96 could be used to distinguish
patients with myocarditis from those with myocardial infarction,
and the expression level of hsa-miRChr8:96 was positively
correlated with the severity of myocarditis (Blanco-Dominguez
et al., 2021). However, the involvement of circRNAs in AM
pathogenesis remains largely unknown.

CircRNAs are a novel class of non-coding RNAs (ncRNAs),
which originate from pre-mRNAs (Kristensen et al., 2019).
CircRNAs are widely expressed in eukaryotic cells with high
abundance, stable structure and tissue-specific pattern (Jeck
and Sharpless, 2014). CircRNAs are emerging powerful
regulators in cardiovascular diseases (Viereck and Thum,
2017; Huang et al, 2019), as well as in autoimmune
diseases (Chen et al., 2019; Zhang et al., 2020a; Saaoud
et al, 2020). For example, overexpression of circPPMI1F
could promote pancreatic islet injury by enhancing Ml
macrophage activation through the circPPM1F-HuR-
PPMIF-NF-kB axis (Zhang et al, 2020b). CircHIPK3
expression was significantly upregulated in myocardial
tissue when exposed to LPS, while knockdown of circHIPK3
efficiently alleviated LPS-induced myocarditis in C57BL/6
mice (Fan et al., 2020). Nevertheless, expression patterns
and functions of circRNAs in myocardial immune response
and cardiac function remained elusive.

In the present study, circRNAs expression profiles were
identified in A/] and C57BL/6 myocarditis mice models.
CircRNAs showed diverging expression patterns, and might
play important roles in the pathogenesis of viral myocarditis.
Importantly, silencing of circArhgap32 that was downregulated
in CVB3-induced A/J] mice promoted cardiomyocytes apoptosis
in vitro.

RESULTS

Identification of Differentially Expressed
CircRNAs in Viral FM and NFM

As reported previously, A/] mice are more susceptible to CVB3-
induced myocarditis than C57BL/6 mice (Gauntt and Huber,

CircRNAs in Myocarditis

2003). To identify the role of circRNAs in viral myocarditis, we
first analyzed the circRNA expression profile of CVB3-induced
FM in A/J mice and NFM in C57BL/6 mice. The overall design of
the present study was shown in Figure 1A. Severer inflammatory
cell infiltration and cardiomyocyte necrosis were presented in
CVB3-treated A/J mice than in C57BL/6 mice (Figures 1B,C).

The heat maps showed different expression patterns of
circRNAs in the two mouse strains (Figure 1D). Totally, 67
circRNAs were upregulated and 32 circRNAs were
downregulated in the hearts of CVB3-treated A/] mice, while
95 circRNAs were upregulated and 33 circRNAs were
downregulated in the hearts of CVB3-treated C57BL/6 mice
(Figure 1E). Venn diagrams showed only a small number of
overlapped abnormally expressed circRNAs between the two
mouse strains (Figure 1F).

The dysregulated circRNAs, which were specifically expressed
in CVB3-treated A/] mice or C57BL/6 mice, might be associated
with the diverging molecular response to CVB3 infection and the
distinct severity in FM and NFM.

Validation of Differentially Expressed
CircRNAs in Viral FM and NFM

To validate the differentially expressed circRNAs and explore
their functions in FM and NFM, we firstly performed qRT-
PCR assays to measure the expression levels of the top five
dysregulated circRNAs in either CVB3-treated A/] mice or
CVB3-treated C57BL/6 mice, respectively. Consistently,
mmucirc_009765,  mmucirc_015278,  mmucirc_010217,
mmucirc_001253, and mmucirc_015282 were increased,
while mmucirc_006378, mmucirc_016699, mmucirc_016687,
mmucirc_009921, and mmucirc_003955 were decreased in
CVB3-treated A/] mice (Figures 2A,B). Meanwhile, up-
regulation of mmucirc_020019, mmucirc_000569,
mmucirc_001485, mmucirc_019793, and mmucirc_008083,
as well as down-regulation of mmucirc_018655,
mmucirc_016919, mmucirc_018173, mmucirc_008261, and
mmucirc_019870 were observed in CVB3-treated C57BL/6
mice (Figures 2C,D). Moreover, the expression levels of
most of these circRNAs were also dysregulated in cultured
cardiomyocytes upon CVB3 infection which were in line with
the RNA-seq data in animal models, suggesting that these
circRNAs might be cardiomyocyte-derived (Supplementary
Figure S1A).

Further, we evaluated the tissue distribution of these
dysregulated circRNAs in the two mouse strains without any
stress. The dysregulated circRNAs in CVB3-treated A/] mice,
including mmucirc_009765, mmucirc_015278,
mmucirc_006378, mmucirc_016699, and mmucirc_016687,
were mainly enriched in the heart tissue as compared to other
organs (Figure 2E). However, the dysregulated circRNAs in
CVB3-treated C57BL/6 mice were widely expressed in all
organs tested, among which mmucirc_000569,
mmucirc_001485, and mmucirc_018655 showed little
abundance in the heart (Figure 2F).

These results suggested that circRNA dysregulation and
divergent tissue distribution were important features of AM,
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FIGURE 1 | Identification of differentially expressed circRNAs in viral FM and NFM. (A) The flowchart of the present study. (B) Cardiac leukocyte infiltration and
myocyte necrosis were detected by H&E staining in A/J or C57BL/6 mice respectively. (C) Inflammation score and necrosis area were performed for evaluating the
severity of myocarditis; *p < 0.05. (D) Hierarchical cluster analysis of circRNAs between CVB3 and control groups. Red strip, high relative expression; green strip, low
relative expression; Color brightness reflects the degree of expression increase or decrease. (E) Volcano plot of the expression of circRNAs in heart tissues. The red
or blue plots represent up- or down-regulated circRNAs with p < 0.05, whereas the black plots represent insignificant changes. (F) Venn diagrams showed overlap of
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which might determine the severity of cardiac inflammation and
function.

Correlation Between CircRNAs Expression
Levels and Cardiac Inflammation

Then, linear correlation analysis was performed between
circRNAs levels and inflammatory infiltration to evaluate

the potential roles of circRNAs in cardiac immune

response. In CVB3-treated A/] mice, the top three
upregulated  circRNAs, such as  mmucirc_009765,
mmucirc_015278, mmucirc_010217, displayed strong

positive correlation with cardiac immune response; while
the top three downregulated circRNAs, such as
mmucirc_006378, mmucirc_016699, mmucirc_016687 were
negatively correlated with cardiac immune response
(Figures 3A,B). On the other hand, in CVB3-treated
C57BL/6 mice, the top six dysregulated circRNAs, including
mmucirc_020019,  mmucirc_000569,  mmucirc_001485,
mmucirc_018655,  mmucirc_016919,  mmucirc_018173
showed mild correlation with cardiac immune response
(Figures 3C,D).

These data indicated that circRNAs might play a vital role in
cardiac immune response in both FM and NFM.

Correlation Between CircRNAs

Expressions and Cardiac Function
Moreover, the possibility that these selected circRNAs affect
cardiac function was also explored. In line with the heart-
enriched expression pattern, the expression of five specific
dysregulated circRNAs in CVB3-treated A/] mice, including
mmucirc_009765, mmucirc_015278, mmucirc_006378,
mmucirc_016699, and mmucirc_016687, illustrated a strong
correlation with left ventricular ejection fraction (Figures
4A,B). While in CVB3-treated C57BL/6 mice, only four
dysregulated circRNAs, namely mmucirc_002219,
mmucirc_0018655, mmucirc_016919, and mmucirc_0018173,
were correlated with left ventricular ejection fraction
(Figures 4C,D).

In general, these dysregulated circRNAs, especially the
dysregulated circRNAs in CVB3-treated A/] mice, might
participate in the regulation of cardiac immune response.

Bioinformatic Analysis of Dysregulated
CircRNAs in Viral Myocarditis

Functional analysis of differentially expressed circRNAs was
undertaken by GO and KEGG pathway enrichment based on
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the differentially expressed source gene of circRNAs to identify
the cis-regulated genes. KEGG pathway analysis indicated that
the target genes of these A/J-specific circRNAs were mainly
involved in immune pathways, such as viral infection
(Hepatitis B and Kaposi’s sarcoma—associated herpesvirus),
T cell and B cell receptor signaling pathways; while the target
genes of the C57BL/6-specific dysregulated circRNAs were
involved in human papillomavirus infection, adherens
junction and AMPK signaling pathways but absent in
immune related pathways (Figures 5A,B). GO analysis of
all these dysregulated circRNAs showed that pathways such
as innate immune response or response to virus were activated
in CVB3-induced A/] mice but not in C57BL/6 mice
(Supplementary Figure S1B).

Moreover, circRNAs could also sponge miRNAs to exert
biological functions. mirPath analyses revealed that
inflammation-related or cardiac injury-associated miRNAs
such as miR-129 (Meng et al., 2020), miR-1 (Yang et al,
2007), miR-150 (Zhu et al., 2020), etc. were also enriched in
A/]-specific circRNAs. Target genes of these miRNAs were
mainly involved in PI3K-Akt signaling pathway, MAPK
signaling pathway, Hippo signaling pathway, and Adrenergic
signaling in cardiomyocytes (Figures 5C,D).

Although a number of miRNAs, such as miR-6539, miR-6900-
3p, miR-7003-3p and miR-883a-5p, were identified as targets of
C57BL/6-specific circRNAs, their functions are rarely studied.
These miRNAs were mainly involved in steroid biosynthesis,

thyroid hormone synthesis, AMPK signaling pathway, and PI3K-
Akt signaling pathway (Figures 5E,F).

Together, the target genes of A/J-specific circRNAs were more
enriched in the genes involved in immune response and cardiac
function.

Silencing of CircArhgap32 Promotes
Cardiomyocytes Apoptosis

We found that A/J-specific dysregulated circRNAs might play a
more important role in regulating cardiac function during AM,
among which mmucirc_016699 showed the strongest correlation
with cardiac function, and were mainly expressed in the heart.
Besides, the expression level of circArhgap32 was mainly reduced
in cardiomyocytes upon CVB3 infection (Supplementary Figure
S1C). To validate the predicted potential biological function of
these circRNAs, we focused on mmucirc_016699, which was
derived from the arhgap32 gene (Rho GTPase activating
protein 32) and termed as circArhgap32.

According to circBase database annotation, circArhgap32 was
spliced from arhgap32 gene on chr9:31959506-32015850 and had
a final-form length of 778 nt (Figure 6A). Divergent primers
amplified circArhgap32 in complementary DNA but not genomic
DNA, indicating that this RNA was in circular form (Figure 6B).
Furthermore, in RNase R digestion experiments, the circular
nature of circArhgap32 was confirmed by showing resistance
to RNase R digestion (Figure 6C).
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In order to determine the effects of circArhgap32 on
cardiomyocyte, knocking down endogenous circArhgap32 by
small interfering RNAs (siRNAs) that specifically target the
circular junction of circArhgap32 was performed. The qRT-
PCR analysis indicated that circArhgap32 siRNA (si-
circArhgap32)  transfection  significantly  downregulated
endogenous circArhgap32 level, without affecting its linear
counterparts (Arhgap32 gene) (Supplementary Figure S1D).
circArhgap32 silencing could promote proinflammatory
cytokine  production, such as IL-1p and TNF-a
(Supplementary Figure S1E). Furthermore, circArhgap32
downregulation impaired cardiomyocyte’s viability and
promoted cell apoptosis, indicating that circArhgap32 plays a
vital role in cardiac function (Figures 6D-F).

DISCUSSION

The current study compared the circRNA expression profile
related to immune response and cardiac function between
CVB3-induced FM in A/] mice and NFM in C57BL/6 mice,
respectively. The results indicated that circRNA dysregulation is
an important characteristic of AM.

The initial pathogenesis of both FM and NFM is considered to
be similar, regardless of the triggers including viral infections,

toxic substances and autoimmune conditions. FM is the most
severe type of myocarditis and is characterized by acute onset and
rapid progress. FM might present with abnormity in
hemodynamics, severe heart failure, or even death (Sharma
et al,, 2019). In contrast to patients with NFM who present
with New York Heart Association (NYHA) class II-III
symptoms of heart failure, patients with the FM exhibit
symptoms of heart failure that meet NYHA class IV criteria
(Cooper, 2009). Patients with FM exhibit a greater inflammatory
involvement of the myocardium and a greater extent of edema
and fibrosis as well as more severely impaired LVEF than those
with NFM (Ammirati et al., 2019). Cardiomyocyte death and
extensive inflammation are the predominant histopathological
changes during FM (Ryu et al., 2013). Biomarkers of cardiac
injury are elevated in patients with acute myocarditis. A number
of biomarkers can assist in diagnosing FM and estimating extent
of disease. FM have higher plasma concentrations of C-reactive
protein and Creatinine kinase MB than NFM (Smith et al., 1997).
FM patients should receive active symptomatic management and
life-support treatment (Wang et al., 2019). FM is associated with
overall worse outcomes that include lower LVEF at last follow-up,
higher in-hospital mortality, and increased rates of cardiac
transplantation (Sagar et al., 2012).

Viral infection is the most common cause of myocarditis.
CVB3, a cardiotropic virus, is the most common etiology for
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FIGURE 6 | Silencing of circArhgap32 promotes cardiomyocytes apoptosis. (A) Schematic illustrating the structure of circSnx5. (B) CircArhgap32 transcript was
validated by Sanger sequencing. (C) Total RNA was digested with or without RNase R, followed by gRT-PCR measurements of circArhgap32, Arhgap32 and GAPDH;
*p < 0.05 vs. RNase R (). (D) Cell viability was detected in si-Arhgap32 or siRNA-NC treated HL-1 cells; *p < 0.05 vs. siRNA-NC. (E) Western blot for Bax and Bcl2
expression in si-Arhgap32 or siRNA-NC treated HL-1 cells; *p < 0.05 vs. siRNA-NC. (F) Cell apoptosis was detected by flow cytometry; *p < 0.05 vs. siRNA-NC.

myocarditis (Garmaroudi et al., 2015); (). CVB3-induced acute
myocarditis includes early myocyte damage. CVB3 infection
begins by coupling of the virus to host-cell receptors such as
CAR (coxsackievirus, and adenovirus receptor), and DAF (decay-
accelerating factor). CVB3 variant PD can replicate in DAF and
CAR negative cells suggesting that other receptors such as
heparan sulfate are also involved in attachment of virus to the
host cells (Rivadeneyra et al., 2018). Once entering into host cells,
viral RNA was rapidly translated and the virus was packaged,
followed by lysis of host cells, mainly through apoptosis, necrosis
and autophagy. Besides the direct injury effect, aberrant immune
response-mediated host cell damage was also involved in CVB3
infection. CVB3 might be sensed by well-known pattern
recognition receptors (PPRs) including the Toll-like receptors
(TLRs) and the RIG-I-like RNA helicases (RLHs), especially
TLR3, TLR4 and MDA5 (Massilamany et al, 2014;
Weithauser et al., 2016). Following ligand recognition, these
receptors initiate an intracellular signaling cascade resulting in
the production of type-1 IFN and pro-inflammatory cytokines
such as TNF-a, IL-1, IL-18 and IL-4. Signal-transduction
pathways such as GSK3p/B-catenin, MAPKs/ERK, NF-«xB
signal pathway and survival pathways such as protein kinase B
or Akt were also significantly activated upon CVB3 infection in
host cells (Daba et al., 2019).

Over-activated immune responses evoked by viral infection as
well as subsequent cardiac myocyte destruction, reparative
fibrosis, and heart failure are important for the pathogenesis
of myocarditis, especially in FM (Fung et al, 2016). Acute

myocarditis with multi-organ dysfunction is more common in
young children, whereas adult patients usually present with
asymptomatic, with only a few presenting with acute
myocarditis (Sagar et al., 2012). The annual incidence of acute
myocarditis is estimated at approximately 22 cases per 100,000
population, with heart failure just 4% of these cases (Vos et al.,
2015). In studies of patients hospitalized with myocarditis,
approximately 30% were considered as fulminant myocarditis
(Ammirati et al, 2017). Much of our understanding of the
pathophysiology and mechanisms of human viral myocarditis
is based on studies of experimental murine models. Susceptible
mouse strains (A/]; BALB/c) develop severe myocarditis as
represented by the sustained presence of viral RNA within the
myocardium, whereas more resistant strains such as C57BL/6 are
able to eliminate the virus after the early acute phase (Gauntt and
Huber, 2003; Corsten et al., 2012; Garmaroudi et al., 2015). The
different gene backgrounds of mice showed variable susceptibility
for viral infection. CVB3-treated A/] mice usually exhibit severer
inflammatory infiltration and cardiac dysfunction even at
10* PFU virus, which is considered as a model of severe
myocarditis, while C57BL/6 mice was recognized with
hereditary low susceptibility to virus-induced myocarditis at
10° PFU (Althof et al., 2018). A/J mice with virus at 10* PFU
alone showed high mortality over time (Nakamura et al., 2013).
Low dose of virus at 5.0 x 10" TCIDs, resulted in 20% mortality of
the infected A/J mice, whereas doses ranging from 1 x 10° to 1 x
10> TCIDs, led to high mortalities (89-100%) as early as
5-14 days, and the inflammatory foci was similar at 1.0 x 10’
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and 1.0 x 10° TCIDs, (Gangaplara et al., 2012). CVB3 infection at
10*PFU in C57BL/6 mice displayed mild inflammatory
infiltration and less than 20% mortality (De Giusti et al., 2015;
Huang et al., 2018). What determines the variable clinical
presentation and severity of this disease are largely unknown.

Activation of inflammatory cells and immune response is
important to eliminate viral infection, but over-activation of
inflammatory reaction may also lead to adverse inflammatory
cytokines secretion and result in severe myocardial damage. Viral
entry into the target cells is facilitated by host receptors such as
decay-accelerating  factor and  coxsackievirus-adenovirus
receptor, which cause myocardial injury via apoptosis and
necrosis of cardiomyocytes within 3-4 days post-infection
(Garmaroudi et al., 2015; Rivadeneyra et al, 2018). Upon
infection, cardiac-resident  cells, such as
cardiomyocytes, endothelial cells, mast cells and fibroblasts,
may contribute to acute inflammation by secreting cytokines
such as IL-1, IL-6, TNF-a and IL-18 (T'schope et al., 2021). Innate
leukocytes may produce type I IFNs to prevent viral replication
after infection. Over-activation of NK cells may exacerbate
myocardial damage owing to excessive release of cytotoxic
molecules within the myocardium (Ong et al, 2017). The
involvement of T cell subsets differs among various strains of
mice and appears to be an important determinant of host
susceptibility to viral myocarditis. Researchers showed that
host susceptibility was correlated with the increased T cell
responses, particularly those expressing the y§ T cell receptor
(Huber et al., 1999; Esfandiarei and McManus, 2008). Thl
response is considered to be protective in acute myocarditis
because it prevents viral replication (Uitendaal et al, 1979;
Zhang et al, 2016). Th2 responses can reduce acute
myocarditis by promoting T regulatory (Treg) cells and
secreting IL-4 and IL-10 (Cunningham, 2001). Antibodies
produced by B cells help to neutralize and clear the infectious
virus within 2 weeks post-infection (Krebs et al., 2007). IL-10-
producing B cells downregulate the proportion of Thl and Th17
cells to alleviate inflammatory damage in the myocardium during
AM (Weietal,, 2019). Hereditary susceptibility for viral infection,
immune cells over-activation, and excessive release of cytotoxic
molecules may be significant contributors in diverse pathogenesis
of myocarditis.

Non-coding RNA (ncRNA) refers to RNA that is not
translated into protein and plays a vital role in many
biological processes. There is expanding evidence revealing
that ncRNAs regulate the occurrence and development of AM
(Liu and Ding, 2017; Zhang et al., 2020a). Dysregulated miRNA
expressions were detected in the plasma from FM patients, and
miR4763-3p could serve as a potential biomarker for FM
diagnosis (Nie et al, 2020). MiR-21 and miR-146b were
upregulated in a mouse model of AM, inhibition of miR-21
and miR-146b decreased the expression levels of IL-17 and
RORyt (Liu et al., 2013). Expression profile of IncRNAs in the
heart of mice with coxsackie B3 virus-induced myocarditis was
also explored, and IncRNA expression levels displayed a strong
correlation with immune response and cardiac function. LncRNA
AKO085865 promoted macrophage M2 polarization in CVB3-
induced viral myocarditis by regulating ILF2-ILF3 signaling

various

CircRNAs in Myocarditis

pathway (Zhang et al., 2020c). CircRNAs are considered as
critical modulators in immune and inflammatory reactions
(Zhang et al, 2020a). CircKent2 recruits the nucleosome
remodeling deacetylase (NuRD) complex onto Batf (basic
leucine zipper transcription factor) promoter to suppress its
expression, which inhibits ILC3 activation to promote innate
colitis resolution (Liu et al., 2020). Overexpression of circPPM1F
could promote pancreatic islet injury by enhancing MI
macrophage activation through the HuR-PPMIF-NF-«xB axis
(Zhang et al., 2020b). CircSirtl inhibits vascular inflammation
by sequestering NF-«kB p65 in the cytoplasm (Yang et al., 2007).
Circ_001253, termed as circ_SIPA1L1, was aberrantly elevated in
osteosarcoma tissues and cell lines, and over-expression of
circ_SIPA1L1 promotes osteosarcoma progression via miR-
379-5p/MAP3K9 axis (Jun et al, 2020). Circ-RHOT1 was
increased in non-small cell lung cancer. Circ-RHOTI
overexpression abolished proliferation, migration, and invasion
induced by propofol in non-small cell lung cancer by regulating
miR-326 (Huang et al., 2020; Zhang et al., 2021).

Here, we reported the expression patterns of circRNAs in heart
tissues during AM. A set of circRNAs were dysregulated in mild
and severe myocarditis respectively. In A/] mice, a severe form of
myocarditis, specifically dysregulated circRNAs were strongly
correlated with the immune response and cardiac function
during AM. Functional analyses showed that immune
pathways, such as viral infection and T cell or B cell receptor
signaling pathways, were notably activated in A/J-specific
dysregulated circRNAs. Silencing of circArhgap32 impaired
cardiomyocyte viability and promoted cell apoptosis. These
results indicated that circRNAs dysregulation was an
important characteristic of AM and may determine the
severity of myocarditis. However, there are still limitations in
this study. It should be mentioned that results might vary across
the genetic backgrounds, environmental factors, platforms and
sample Further in-depth studies are ongoing to
demonstrate the exact biological functions of circRNAs in
different animal models of myocarditis.

Overall, this study provided a comprehensive expression
profile of differentially expressed circRNAs in AM, whose
expression levels were related to the severity of myocarditis,
and functional analyses indicated potential mechanisms of
dysregulated circRNAs in AM.

sizes.

MATERIALS AND METHODS
Animal Study

All animal studies were in accordance with the NIH Guide for the
Care and Use of Laboratory Animals and conducted with the
approval of the Animal Research Committee of Tongji Medical
College. Male A/] mice (~6-week-old) were purchased from
GemPharmatech (Nanjing, China). Male C57BL/6 (~6-week-
old) mice were purchased from Beijing Vital River Laboratory
Animal Technology (Beijing, China). A/J and C57BL/6 mice were
randomly assigned into two groups: Controls (n = 6) and CVB3-
treated groups (n = 10), respectively. C57BL/6 mice were injected
with 10° PFU CVB3, while A/J mice were injected with 10* PFU
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CVB3 intraperitoneally. Control groups were injected with
PBS alone.

Cell Culture

HL-1 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) in a
humidified atmosphere of 95% air and 5% CO, at 37 “C. Cells
were transfected with siRNA (RiboBio, China) targeting
circArgap32 using Lipofectamine 6,000 (Beyotime, China)
following the manufacturer’s protocol and collected 24 h later.
Each experiment was repeated at least three times independently.

RNA Isolation

All the mice were sacrificed on day 7 after CVB3 infection. Heart
tissue samples were collected from A/J or C57BL/6 mice. Trizol
Reagent (Invitrogen Life Technologies, CA) was used to extract
total RNA and the concentration, quality, and integrity of RNAs
were detected by NanoDrop spectrophotometer (Thermo
Scientific, CA). Approximate 3mg of RNA was used to
generate RNA-Seq cDNA libraries using the TruSeq RNA
Sample Preparation Kit (Illumina, San Diego, CA).

CircRNA Sequencing Analysis

The sequencing was performed by Personal Biotechnology Co.
(Shanghai, China) on a Hiseq X ten platform/NovaSeq 6,000
(Ilumina, San Diego, CA). Cutadapt (v2.7) software was used to
filter the sequencing data and obtain clean reads for further
analysis. Reference genome index was built by Bowtie2 (v2.4.1)
and high-quality sequences were mapped to the reference genome
using HISAT2 (v2.1.0). The resulting p-values were adjusted
using the Benjamini and Hochberg’s approach for controlling
the false discovery rate. CircRNAs with an adjusted p < 0.05 and
absolute logFC >1 found by DESeq2 were assigned as
differentially expressed. The datasets presented in this study
can be found in online repositories. The names of the
repository/repositories and accession number(s) can be found
below: [the ArrayExpress database at EMBL-EBI (www.ebi.ac.uk/
arrayexpress) under accession number E-MTAB-10823].

Validation by Quantitative Real-Time PCR
Total RNA from mice heart tissue was transcribed into cDNA,
and circRNAs expression was quantified by quantitative real-time
PCR using Hieff gPCR SYBR Green Master Mix (Yeasen Biotech,
China) on a 7900HT FAST real-time PCR system (Life
Technologies, Carlsbad, CA). Divergent circRNAs primers
were synthesized by AuGCT (Wuhan, China) (Supplementary
Table S1). Relative expression levels were calculated with the
272ACt relative quantification method as previously described
(Nie et al., 2020).

Cardiac Function Detection in Mice

Cardiac function was detected by echocardiography on day 7 after
CVB3 infection using a high-resolution imaging system with a
30-MHz high-frequency scanhead (VisualSonics Vevo770,
VisualSonics, Toronto, Canada) as described previously (Nie
et al.,, 2018).

CircRNAs in Myocarditis

Histological Analysis
The morphology of heart tissues was detected by H&E staining

and measured by Image-Pro Plus Version 6.0 software (Media
Cybermetics, Washington) as described previously (Fan et al,
2018). The inflammatory scores were defined as follows: 0, no
inflammatory infiltrates; 1, small foci of inflammatory cells
between myocytes; 2, larger foci of inflammatory cells; 3,
>10% of a cross-section involved; 4, >30% of a cross-section
involved (Mirna et al., 2021).

Functional Analysis of Target Genes of
Differently Expressed circRNAs

Cis-regulated source gene of circRNAs were predicted using the
UCSC database. DAVID Bioinformatics Resources was used for
GO and KEGG pathway analysis of the target genes. Statistical
significance was set at p < 0.05. MiRNAs targets of circRNAs were
predicted by miRnada and psRobot. Cytargetlinker was used in
Cytoscape for the miRNA-mRNA network as described
previously (Nie et al., 2021).

Western Blotting Analysis

Western blotting was performed using the specific antibodies as
described previously (Nie et al, 2018). The intensities of
individual bands were analyzed by densitometry using Image]J
(National Institutes of Health software).

Statistical Analysis

Data are shown as means + SEM. Each data set was tested for
normality typically using the Shapiro-Wilk test. Statistical
analyses were then performed with Two tailed student’s
t-test (parametric unpaired, two group of analysis), Mann-
Whitney U test (non-parametric unpaired, two group of
analysis). Kruskal-Wallis ANOVA test with Dunn’s
multiple comparisons test (comparisons among groups
more than two, non-parametric unpaired). Spearman rank
correlation was conducted to evaluate the relationships
between candidate circRNAs and cardiac parameters.
Statistical tests were performed using GraphPad Prism
(v8.0) (GraphPad Software, San Diego, CA) with p value
<0.05 considered significant.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: ArrayExpress
database at EMBL-EBI (www.ebi.ac.uk/arrayexpress) under
accession number E-MTAB-10823.

ETHICS STATEMENT

The animal study was reviewed and approved by the Tongji
Medical College.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

February 2022 | Volume 10 | Article 760509


http://www.ebi.ac.uk/arrayexpress
http://www.ebi.ac.uk/arrayexpress
http://www.ebi.ac.uk/arrayexpress
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Nie et al.

AUTHOR CONTRIBUTIONS

XN designed the study, conducted the experiments, analyzed, and
interpreted the data, and drafted the paper. JF, HL, JW, and RX
contributed to data acquisition. DW and CC designed the study
and drafted the paper.

FUNDING

This work was supported by grants from the National Natural
Science Foundation of China (Grant Nos 91839302, 81630010,
and 81790624 to DW; Grant No. 82100400 to JF; Grant No.
82100399 to XN); the Natural Science Foundation of Hubei
Province (2020CFA016 to CC); and the Tongji Hospital
Clinical Research Flagship Program (2019CR207 to DW).
No funding bodies had any role in study design, data

REFERENCES

Althof, N., Goetzke, C. C., Kespohl, M., Voss, K., Heuser, A., Pinkert, S., et al.
(2018). The Immunoproteasome-specific Inhibitor ONX 0914 Reverses
Susceptibility to Acute Viral Myocarditis. EMBO Mol. Med. 10, 200-218.
doi:10.15252/emmm.201708089

Ammirati, E., Cipriani, M., Lilliu, M., Sormani, P., Varrenti, M., Raineri, C., et al.
(2017). Survival and Left Ventricular Function Changes in Fulminant versus
Nonfulminant Acute Myocarditis. Circulation 136, 529-545. doi:10.1161/
circulationaha.117.026386

Ammirati, E., Veronese, G., Brambatti, M., Merlo, M., Cipriani, M., Potena, L., et al.
(2019). Fulminant versus Acute Nonfulminant Myocarditis in Patients with
Left Ventricular Systolic Dysfunction. J. Am. Coll. Cardiol. 74, 299-311. doi:10.
1016/j.jacc.2019.04.063

Ammirati, E,, Veronese, G., Cipriani, M., Moroni, F., Garascia, A., Brambatti, M., et al.
(2018). Acute and Fulminant Myocarditis: a Pragmatic Clinical Approach to Diagnosis
and Treatment. Curr. Cardiol. Rep. 20, 114. doi:10.1007/s11886-018-1054-z

Blanco-Dominguez, R., Sinchez-Diaz, R., de la Fuente, H., Jiménez-Borreguero, L.
J., Matesanz-Marin, A., Relafio, M., et al. (2021). A Novel Circulating
MicroRNA for the Detection of Acute Myocarditis. N. Engl. ]. Med. 384,
2014-2027. doi:10.1056/nejmoa2003608

Chen, X, Yang, T., Wang, W., Xi, W., Zhang, T., Li, Q., et al. (2019). Circular RNAs
in Immune Responses and Immune Diseases. Theranostics 9, 588-607. doi:10.
7150/thno.29678

Cooper, L. T., Jr. (2009). Myocarditis. N. Engl. J. Med. 360, 1526-1538. doi:10.1056/
nejmra0800028

Corsten, M. F., Papageorgiou, A., Verhesen, W., Carai, P., Lindow, M., Obad, S.,
et al. (2012). MicroRNA Profiling Identifies microRNA-155 as an Adverse
Mediator of Cardiac Injury and Dysfunction during Acute Viral Myocarditis.
Circ. Res. 111, 415-425. doi:10.1161/circresaha.112.267443

Cunningham, M. W. (2001). Cardiac Myosin and the TH1/TH2 Paradigm in Autoimmune
Myocarditis. Am. J. Pathol. 159, 5-12. doi:10.1016/s0002-9440(10)61665-3

Daba, T. M,, Zhao, Y., and Pan, Z. (2019). Advancement of Mechanisms of Coxsackie
Virus B3-Induced Myocarditis Pathogenesis and the Potential Therapeutic Targets.
Cdt 20, 1461-1473. doi:10.2174/1389450120666190618124722

De Giusti, C.J., Ure, A. E., Rivadeneyra, L., Schattner, M., and Gomez, R. M. (2015).
Macrophages and Galectin 3 Play Critical Roles in CVB3-Induced Murine
Acute Myocarditis and Chronic Fibrosis. J. Mol. Cell Cardiol. 85, 58-70. doi:10.
1016/j.yjmcc.2015.05.010

Esfandiarei, M., and McManus, B. M. (2008). Molecular Biology and Pathogenesis
of Viral Myocarditis. Annu. Rev. Pathol. Mech. Dis. 3, 127-155. doi:10.1146/
annurev.pathmechdis.3.121806.151534

Fairweather, D,, Stafford, K. A., and Sung, Y. K. (2012). Update on Coxsackievirus B3

CircRNAs in Myocarditis

collection and analysis, decision to publish, or preparation
of the manuscript.

ACKNOWLEDGMENTS

We thank our colleagues from the Division of Cardiology, Tongji
Hospital, for technical assistance and stimulating discussions
during this investigation. We thank Xiaoquan Rao for English
language editing.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fcell.2022.760509/
full#supplementary-material

Fan, J.,, Li, H, Nie, X,, Yin, Z., Zhao, Y., Zhang, X, et al. (2018). MiR-665
Aggravates Heart Failure via Suppressing CD34-Mediated Coronary
Microvessel Angiogenesis. Aging 10, 2459-2479. doi:10.18632/aging.101562

Fan, S., Hu, K., Zhang, D., and Liu, F. (2020). Interference of circRNA HIPK3 Alleviates
Cardiac Dysfunction in Lipopolysaccharide-Induced Mice Models and Apoptosis in
H9C2 Cardiomyocytes. Ann. Transl Med. 8, 1147. doi:10.21037/atm-20-5306

Fung, G., Luo, H., Qiu, Y., Yang, D., and McManus, B. (2016). Myocarditis. Circ.
Res. 118, 496-514. doi:10.1161/circresaha.115.306573

Gangaplara, A., Massilamany, C., Brown, D. M., Delhon, G., Pattnaik, A. K,
Chapman, N., et al. (2012). Coxsackievirus B3 Infection Leads to the Generation
of Cardiac Myosin Heavy Chain-a-Reactive CD4 T Cells in A/] Mice. Clin.
Immunol. 144, 237-249. doi:10.1016/j.clim.2012.07.003

Garmaroudi, F. S., Marchant, D., Hendry, R,, Luo, H., Yang, D, Ye, X, et al. (2015).
Coxsackievirus B3 Replication and Pathogenesis. Future Microbiol. 10,
629-653. doi:10.2217/fmb.15.5

Gauntt, C., and Huber, S. (2003). Coxsackievirus Experimental Heart Diseases.
Front. Biosci. 8, €23-35. doi:10.2741/928

Gupta, S., Markham, D. W., Drazner, M. H., and Mammen, P. P. (2008). Fulminant
Myocarditis. Nat. Rev. Cardiol. 5, 693-706. doi:10.1038/ncpcardiol331

Huang, S., Li, X,, Zheng, H., Si, X, Li, B., Wei, G,, et al. (2019). Loss of Super-Enhancer-
Regulated circRNA Nfix Induces Cardiac Regeneration after Myocardial Infarction
in Adult Mice. Circulation 139, 2857-2876. doi:10.1161/circulationaha.118.038361

Huang, Y., Li, Y., Wei, B.,, Wu, W, and Gao, X. (2018). CD80 Regulates Th17 Cell
Differentiation in Coxsackie Virus B3-Induced Acute Myocarditis.
Inflammation 41, 232-239. doi:10.1007/s10753-017-0681-7

Huang, Y., Liao, X,, Luo, J., Liu, H., Zhong, S., and Chen, J. (2020). Expression of
Circular RNAs in the Vascular Dementia Rats. Neurosci. Lett. 735, 135087.
doi:10.1016/j.neulet.2020.135087

Huber, S. A, Stone, J. E., Wagner, D. H,, Jr., Kupperman, J., Pfeiffer, L., David, C,, et al.
(1999). y8 + T Cells Regulate Major Histocompatibility Complex Class II (IA and
IE)-Dependent  Susceptibility to Coxsackievirus B3-Induced Autoimmune
Myocarditis. J. Virol. 73, 5630-5636. doi:10.1128/jvi.73.7.5630-5636.1999

Jeck, W. R,, and Sharpless, N. E. (2014). Detecting and Characterizing Circular
RNAs. Nat. Biotechnol. 32, 453-461. doi:10.1038/nbt.2890

Jun, L., Xuhong, L., and Hui, L. (2020). Circ_SIPA1L1 Promotes Osteosarcoma
Progression via miR-379-5p/MAP3K9 Axis. Cancer Biother. Radiopharm.
[Epub ahead of print]. doi:10.1089/cbr.2020.3891

Krebs, P., Kurrer, M. O., Kremer, M., De Giuli, R., Sonderegger, L., Henke, A, et al.
(2007). Molecular Mapping of Autoimmune B Cell Responses in Experimental
Myocarditis. J. Autoimmun. 28, 224-233. doi:10.1016/j.jaut.2007.01.003

Kristensen, L. S., Andersen, M. S., Stagsted, L. V. W., Ebbesen, K. K., Hansen, T. B.,
and Kjems, J. (2019). The Biogenesis, Biology and Characterization of Circular
RNAs. Nat. Rev. Genet. 20, 675-691. doi:10.1038/s41576-019-0158-7

Liu, B., Ye, B, Zhu, X,, Yang, L., Li, H,, Liu, N,, et al. (2020). An Inducible Circular

Myocarditis. ~ Curr.  Opin.  Rheumatol. 24, 401-407.  doi:10.1097/bor. RNA circKent2 Inhibits ILC3 Activation to Facilitate Colitis Resolution. Nat.
0b013e328353372d Commun. 11, 4076. doi:10.1038/s41467-020-17944-5
Frontiers in Cell and Developmental Biology | www.frontiersin.org 10 February 2022 | Volume 10 | Article 760509


https://www.frontiersin.org/articles/10.3389/fcell.2022.760509/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2022.760509/full#supplementary-material
https://doi.org/10.15252/emmm.201708089
https://doi.org/10.1161/circulationaha.117.026386
https://doi.org/10.1161/circulationaha.117.026386
https://doi.org/10.1016/j.jacc.2019.04.063
https://doi.org/10.1016/j.jacc.2019.04.063
https://doi.org/10.1007/s11886-018-1054-z
https://doi.org/10.1056/nejmoa2003608
https://doi.org/10.7150/thno.29678
https://doi.org/10.7150/thno.29678
https://doi.org/10.1056/nejmra0800028
https://doi.org/10.1056/nejmra0800028
https://doi.org/10.1161/circresaha.112.267443
https://doi.org/10.1016/s0002-9440(10)61665-3
https://doi.org/10.2174/1389450120666190618124722
https://doi.org/10.1016/j.yjmcc.2015.05.010
https://doi.org/10.1016/j.yjmcc.2015.05.010
https://doi.org/10.1146/annurev.pathmechdis.3.121806.151534
https://doi.org/10.1146/annurev.pathmechdis.3.121806.151534
https://doi.org/10.1097/bor.0b013e328353372d
https://doi.org/10.1097/bor.0b013e328353372d
https://doi.org/10.18632/aging.101562
https://doi.org/10.21037/atm-20-5306
https://doi.org/10.1161/circresaha.115.306573
https://doi.org/10.1016/j.clim.2012.07.003
https://doi.org/10.2217/fmb.15.5
https://doi.org/10.2741/928
https://doi.org/10.1038/ncpcardio1331
https://doi.org/10.1161/circulationaha.118.038361
https://doi.org/10.1007/s10753-017-0681-7
https://doi.org/10.1016/j.neulet.2020.135087
https://doi.org/10.1128/jvi.73.7.5630-5636.1999
https://doi.org/10.1038/nbt.2890
https://doi.org/10.1089/cbr.2020.3891
https://doi.org/10.1016/j.jaut.2007.01.003
https://doi.org/10.1038/s41576-019-0158-7
https://doi.org/10.1038/s41467-020-17944-5
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Nie et al.

Liu, Q., Kong, Y., Han, B,, Jiang, D., Jia, H., and Zhang, L. (2019). Long Non-coding
RNA Expression Profile and Functional Analysis in Children with Acute
Fulminant Myocarditis. Front. Pediatr. 7, 283. doi:10.3389/fped.2019.00283

Liu, W, and Ding, C. (2017). Roles of LncRNAs in Viral Infections. Front. Cel.
Infect. Microbiol. 7, 205. doi:10.3389/fcimb.2017.00205

Liu, Y. L, Wu, W,, Xue, Y., Gao, M, Yan, Y., Kong, Q. et al. (2013). MicroRNA-21 and
-146b Are Involved in the Pathogenesis of Murine Viral Myocarditis by Regulating
TH-17 Differentiation. Arch. Virol. 158, 1953-1963. doi:10.1007/s00705-013-1695-6

Maisch, B., Ruppert, V., and Pankuweit, S. (2014). Management of Fulminant
Myocarditis: A Diagnosis in Search of its Etiology but with Therapeutic
Options. Curr. Heart Fail. Rep. 11, 166-177. doi:10.1007/s11897-014-0196-6

Massilamany, C., Gangaplara, A., and Reddy, J. (2014). Intricacies of Cardiac
Damage in Coxsackievirus B3 Infection: Implications for Therapy. Int.
J. Cardiol. 177, 330-339. doi:10.1016/j.ijjcard.2014.09.136

Meng, Q., Wu, W., Pei, T., Xue, J., Xiao, P., Sun, L., et al. (2020). miRNA-129/
FBW?7/NF-kB, a Novel Regulatory Pathway in Inflammatory Bowel Disease.
Mol. Ther. - Nucleic Acids 19, 731-740. doi:10.1016/j.0mtn.2019.10.048

Mirna, M., Paar, V., Topf, A,, Kraus, T., Sotlar, P. K, Aigner, P. A,, et al. (2021). A New
Player in the Game: Treatment with antagomiR-21a-5p Significantly Attenuates
Histological and Echocardiographic Effects of Experimental Autoimmune
Myocarditis. Cardiovasc. Res., cvab015. doi:10.1093/cvr/cvab015 Online ahead of print

Muller, A.-M., Fischer, A., Katus, H., and Kaya, Z. (2015). Mouse Models of
Autoimmune Diseases - Autoimmune Myocarditis. Cpd 21, 2498-2512. doi:10.
2174/1381612821666150316123711

Nakamura, H., Kunitsugu, I., Fukuda, K., Matsuzaki, M., and Sano, M. (2013).
Diverse Stage-dependent Effects of Glucocorticoids in a Murine Model of Viral
Myocarditis. J. Cardiol. 61, 237-242. doi:10.1016/j.jjcc.2012.11.006

Nie, X., Fan, J., Li, H., Yin, Z., Zhao, Y., Dai, B, et al. (2018). miR-217 Promotes
Cardiac Hypertrophy and Dysfunction by Targeting PTEN. Mol. Ther. - Nucleic
Acids 12, 254-266. doi:10.1016/j.omtn.2018.05.013

Nie, X, He, M., Wang, J., Chen, P., Wang, F,, Lai, J., et al. (2020). Circulating miR-4763-3p
Is a Novel Potential Biomarker Candidate for Human Adult Fulminant Myocarditis.
Mol. Ther. - Methods Clin. Dev. 17, 1079-1087. doi:10.1016/j.0mtm.2020.05.005

Nie, X, Li, H., Wang, J., Cai, Y., Fan, J., Dai, B,, et al. (2021). Expression Profiles and
Potential Functions of Long Non-Coding RNAs in the Heart of Mice with
Coxsackie B3 Virus-Induced Myocarditis. Front. Cel. Infect. Microbiol. 11,
704919. doi:10.3389/fcimb.2021.704919

Ong, S., Rose, N. R., and Cihékové, D. (2017). Natural Killer Cells in Inflammatory
Heart Disease. Clin. Immunol. 175, 26-33. doi:10.1016/.clim.2016.11.010

Rivadeneyra, L., Char6, N., Kviatcovsky, D., de la Barrera, S., Gémez, R. M., and
Schattner, M. (2018). Role of Neutrophils in CVB3 Infection and Viral Myocarditis.
J. Mol. Cell Cardiol. 125, 149-161. doi:10.1016/j.yjmcc.2018.08.029

Ryu, D. R, Heo, J.-W., Lee, S.-H., Lee, W., Choi, J.-w., Kim, H. Y, et al. (2013).
Fulminant Myocarditis: the Role of Cardiac Magnetic Resonance Imaging. Int.
J. Cardiol. 168, e58-e59. doi:10.1016/j.ijcard.2013.07.002

Saaoud, F., Drummer, C., IV, Shao, Y., Sun, Y., Lu, Y., Xu, K,, et al. (2020). Circular
RNAs Are a Novel Type of Non-coding RNAs in ROS Regulation,
Cardiovascular Metabolic Inflammations and Cancers. Pharmacol. Ther.
220, 107715. doi:10.1016/j.pharmthera.2020.107715

Sagar, S., Liu, P. P,, and Cooper, L. T. (2012). Myocarditis. The Lancet 379,
738-747. doi:10.1016/s0140-6736(11)60648-x

Sharma, A. N, Stultz, J. R,, Bellamkonda, N., and Amsterdam, E. A. (2019). Fulminant
Myocarditis: Epidemiology, Pathogenesis, Diagnosis, and Management. Am.
J. Cardiol. 124, 1954-1960. doi:10.1016/j.amjcard.2019.09.017

Smith, S. C., Ladenson, J. H., Mason, J. W., and Jaffe, A. S. (1997). Elevations of
Cardiac Troponin I Associated with Myocarditis. Circulation 95, 163-168.
doi:10.1161/01.¢ir.95.1.163

Tschope, C., Ammirati, E., Bozkurt, B., Caforio, A. L. P., Cooper, L. T., Felix, S. B, et al.
(2021). Myocarditis and Inflammatory Cardiomyopathy: Current Evidence and
Future Directions. Nat. Rev. Cardiol. 18, 169-193. doi:10.1038/s41569-020-00435-x

Turk, J. L. (1978). Mechanisms in Delayed Hypersensitivity. Nihon Hifuka Gakkai
Zasshi 88, 790-792.

Uitendaal, M. P., Bruyn, C. H. M. M., Hatanaka, M., and Hésli, P. (1979). An
Ultramicrochemical Test for Mycoplasmal Contamination of Cultured Cells. In
Vitro 15, 103-108. doi:10.1007/bf02618104

Viereck, J., and Thum, T. (2017). Circulating Noncoding RNAs as Biomarkers of
Cardiovascular Disease and Injury. Circ. Res. 120, 381-399. doi:10.1161/circresaha.
116.308434

CircRNAs in Myocarditis

Vos, T., Barber, R. M., Bell, B., Bertozzi-Villa, A., Biryukov, S., Bolliger, L, et al.
(2015). Global, Regional, and National Incidence, Prevalence, and Years Lived
with Disability for 301 Acute and Chronic Diseases and Injuries in 188
Countries, 1990-2013: a Systematic Analysis for the Global Burden of
Disease Study 2013. The Lancet 386, 743-800. doi:10.1016/s0140-6736(15)
60692-4

Wang, D, Li, S, Li, S, Jiang, J., Yan, J., Zhao, C,, et al. (2019). Chinese Society of
Cardiology Expert Consensus Statement on the Diagnosis and Treatment of
Adult Fulminant Myocarditis. Sci. China Life Sci. 62, 187-202. doi:10.1007/
s11427-018-9385-3

Wang, J., Han, B, Yi, Y., Wang, Y., Zhang, L., Jia, H.,, et al. (2021). Expression
Profiles and Functional Analysis of Plasma tRNA-Derived Small RNAs in
Children with Fulminant Myocarditis. Epigenomics 13, 1057-1075. doi:10.
2217/epi-2021-0109

Wei, B., Deng, Y., Huang, Y., Gao, X., and Wu, W. (2019). IL-10-producing B Cells
Attenuate Cardiac Inflammation by Regulating Th1 and Th17 Cells in Acute
Viral Myocarditis Induced by coxsackie Virus B3. Life Sci. 235, 116838. doi:10.
1016/j.1fs.2019.116838

Weithauser, A., Witkowski, M., and Rauch, U. (2016). The Role of Protease-
Activated Receptors for the Development of Myocarditis: Possible
Therapeutic ~ Implications.  Cpd 22,  472-484.  doi:10.2174/
1381612822666151222160933

Wolfgram, L. J., Beisel, K. W., Herskowitz, A., and Rose, N. R. (1986). Variations in
the Susceptibility to Coxsackievirus B3-Induced Myocarditis Among Different
Strains of Mice. J. Immunol. 136, 1846-1852.

Yang, B., Lin, H,, Xiao, J., Lu, Y., Luo, X,, Li, B, et al. (2007). The Muscle-specific
microRNA miR-1 Regulates Cardiac Arrhythmogenic Potential by Targeting
GJA1 and KCNJ2. Nat. Med. 13, 486-491. doi:10.1038/nm1569

Zhang, C.,, Han, X,, Yang, L., Fu, ], Sun, C., Huang, S., et al. (2020). Circular RNA
circPPMIF Modulates M1 Macrophage Activation and Pancreatic Islet
Inflammation in Type 1 Diabetes Mellitus. Theranostics 10, 10908-10924.
doi:10.7150/thno.48264

Zhang, C., Xiong, Y., Zeng, L., Peng, Z., Liu, Z., Zhan, H., et al. (2020). The Role of
Non-coding RNAs in Viral Myocarditis. Front. Cel. Infect. Microbiol. 10, 312.
doi:10.3389/fcimb.2020.00312

Zhang, Q., Cheng, F., Zhang, Z., Wang, B., and Zhang, X. (2021). Propofol
Suppresses Non-small Cell Lung Cancer Tumorigenesis by Regulation of
Circ-RHOT1/miR-326/foxm1 axis. Life Sci, 119042. doi:10.1016/j.1fs.2021.
119042 Online ahead of print

Zhang, S., Liu, X, Sun, C., Yang, J., Wang, L., Liu, J., et al. (2016). Apigenin
Attenuates Experimental Autoimmune Myocarditis by Modulating Th1/Th2
Cytokine Balance in Mice. Inflammation 39, 678-686. doi:10.1007/s10753-015-
0294-y

Zhang, Y., Li, X., Wang, C., Zhang, M., Yang, H., and Lv, K. (2020). IncRNA
AKO085865 Promotes Macrophage M2 Polarization in CVB3-Induced VM by
Regulating ILF2-ILF3 Complex-Mediated miRNA-192 Biogenesis. Mol. Ther. -
Nucleic Acids 21, 441-451. doi:10.1016/j.0mtn.2020.06.017

Zhu, X. G, Zhang, T. N., Wen, R, and Liu, C. F. (2020). Overexpression of miR-
150-5p Alleviates Apoptosis in Sepsis-Induced Myocardial Depression. Biomed.
Res. Int. 2020, 3023186. doi:10.1155/2020/3023186

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Nie, Fan, Li, Wang, Xie, Chen and Wang. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

11

February 2022 | Volume 10 | Article 760509


https://doi.org/10.3389/fped.2019.00283
https://doi.org/10.3389/fcimb.2017.00205
https://doi.org/10.1007/s00705-013-1695-6
https://doi.org/10.1007/s11897-014-0196-6
https://doi.org/10.1016/j.ijcard.2014.09.136
https://doi.org/10.1016/j.omtn.2019.10.048
https://doi.org/10.1093/cvr/cvab015
https://doi.org/10.2174/1381612821666150316123711
https://doi.org/10.2174/1381612821666150316123711
https://doi.org/10.1016/j.jjcc.2012.11.006
https://doi.org/10.1016/j.omtn.2018.05.013
https://doi.org/10.1016/j.omtm.2020.05.005
https://doi.org/10.3389/fcimb.2021.704919
https://doi.org/10.1016/j.clim.2016.11.010
https://doi.org/10.1016/j.yjmcc.2018.08.029
https://doi.org/10.1016/j.ijcard.2013.07.002
https://doi.org/10.1016/j.pharmthera.2020.107715
https://doi.org/10.1016/s0140-6736(11)60648-x
https://doi.org/10.1016/j.amjcard.2019.09.017
https://doi.org/10.1161/01.cir.95.1.163
https://doi.org/10.1038/s41569-020-00435-x
https://doi.org/10.1007/bf02618104
https://doi.org/10.1161/circresaha.116.308434
https://doi.org/10.1161/circresaha.116.308434
https://doi.org/10.1016/s0140-6736(15)60692-4
https://doi.org/10.1016/s0140-6736(15)60692-4
https://doi.org/10.1007/s11427-018-9385-3
https://doi.org/10.1007/s11427-018-9385-3
https://doi.org/10.2217/epi-2021-0109
https://doi.org/10.2217/epi-2021-0109
https://doi.org/10.1016/j.lfs.2019.116838
https://doi.org/10.1016/j.lfs.2019.116838
https://doi.org/10.2174/1381612822666151222160933
https://doi.org/10.2174/1381612822666151222160933
https://doi.org/10.1038/nm1569
https://doi.org/10.7150/thno.48264
https://doi.org/10.3389/fcimb.2020.00312
https://doi.org/10.1016/j.lfs.2021.119042
https://doi.org/10.1016/j.lfs.2021.119042
https://doi.org/10.1007/s10753-015-0294-y
https://doi.org/10.1007/s10753-015-0294-y
https://doi.org/10.1016/j.omtn.2020.06.017
https://doi.org/10.1155/2020/3023186
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Identification of Cardiac CircRNAs in Mice With CVB3-Induced Myocarditis
	Introduction
	Results
	Identification of Differentially Expressed CircRNAs in Viral FM and NFM
	Validation of Differentially Expressed CircRNAs in Viral FM and NFM
	Correlation Between CircRNAs Expression Levels and Cardiac Inflammation
	Correlation Between CircRNAs Expressions and Cardiac Function
	Bioinformatic Analysis of Dysregulated CircRNAs in Viral Myocarditis
	Silencing of CircArhgap32 Promotes Cardiomyocytes Apoptosis

	Discussion
	Materials and Methods
	Animal Study
	Cell Culture
	RNA Isolation
	CircRNA Sequencing Analysis
	Validation by Quantitative Real-Time PCR
	Cardiac Function Detection in Mice
	Histological Analysis
	Functional Analysis of Target Genes of Differently Expressed circRNAs
	Western Blotting Analysis
	Statistical Analysis

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


