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Hsa-circ-ACSL1Enhances Apoptosis and
Autophagy in Myocarditis Cardiomyocytes
Through the miR-7-5p/XBP1 Axis

ABSTRACT

Background: Viral myocarditis (VMC) is a common cardiovascular disease, and circular
RNAs (circRNAs) have been identified to play animportantrole in the pathophysiology of
cardiovascular disease. However, the clinical signifi ance, biological functions, and regu-
latory mechanisms of circRNAs in VMC remain poorly understood. Therefore, this study
explored the biological functions and regulatory mechanisms of circ-ACSL1in VMC.

Methods: The animal and cell models of VMC were established by infecting BABL/C mice
and interleukin-2 cells with coxsackievirus B3 (CVB3). Pro-inflamma ory factors, mark-
ers of myocardial injury, apoptosis, and autophagy were detected to evaluate the degree
of myocardial inflammation and myocardial injury after altering circ-ACSL1, microRNA-
7-5p (miR-7-5p), and X-box binding protein 1(XBP1) expression alone or in combination.

Results: Knocking down circ-ACSL1 could inhibitinflammation, autophagy, and apoptosis
in VMC animals and cells. Mechanistically, circ-ACSL1 targeted miR-7-5p to regulate the
downstream target XBP1. In addition, depleting miR-7-5p rescued the therapeutic effect
of depleting circ-ACSL1. Overexpression of circ-ACSL1 aggravated VMC; however, this
effect was saved by knocking down XBP1.

Conclusion: By competitively absorbing miR-7-5p, circ-ACSL1 increases XBP1 expression
and aggravates myocardial inflammation. Meaningfully, VMC treatment may benefit
from circ-ACSL1 as a potential biomarker for precise diagnosis and as a potential thera-
peutic target.
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INTRODUCTION

Myocarditis (MC) is an inflamma ory disease that involves the myocardium and
leads to cardiomyopathy. It is caused by a variety of causes such asimmune dam-
age, bacterial infection, viral infection, etc.,"and is a potentially life-threatening
myocardialinflamma ory disease.? Viral infection is the most common type of MC,
and coxsackievirus B3 (CVB3), a cardiac virus, is the most common cause of MC.2In
some cases, viral MC (VMC) can progress to chronic MC, dilated cardiomyopathy,
and congestive heart failure, which may require a heart transplant.*

The autophagic process involves the degradation and recycling of unwanted pro-
teins, organelles, and other cellular components.® The process of autophagy is
generally seen as a protective response to stress.® Viruses can utilize autophagy
to evade degradation and facilitate viral replication and acquisition of metabo-
lites, while over-activated autophagy also promotes apoptosis and inflamma ory
cascades.” In the body, apoptosis occurs naturally, regulating cell death as part of
homeostasis. As cell survival is determined by the balance between autophagy
and apoptosis, autophagy has a complex relationship with apoptosis.®

The discovery and exploration of circular RNAs (circRNAs) date back decades.’
It has been reported that circRNAs are involved in many pathophysiological pro-
cesses due to various biological functions.” In addition, circRNA is generally low
in expression and often exhibit cell type and tissue specificit ."" circ-ACSL1 shows
up-regulated expression in MC and has pro-inflamma ory properties in MC."™
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Moreover, hsa-circ-ACSL1T may constitute as a potential
biomarker for fulminant MC.” However, circ-ACSL1 is not
well-explored from a biological perspective in MC. In terms
of mechanism, emerging reports support that circRNA can
act as a competing endogenous RNA to regulate messenger
RNA (mRNA) expression viaspongy micro RNAs (miRNAs).#"

miR-7-5p, a type of microRNA, has been shown to be regu-
lated by circRNAs."™ microRNA-7 is reported to be upreg-
ulated in ischemia/reperfusion (I/R) injury.””?® However,
miR-7-5p shows low expression after I/R injury. Nevertheless,
there are no studies reported on the expression of miR-7-5p
in VMC. XBP1, as a key regulator of endoplasmic reticulum
stress (ERS) and phase unfolded protein response signaling
pathways, plays a critical role in regulating cellular autoph-
agy and apoptosis due to ERS.? Inactivation of XBP1splicing
leads to cellular death after chronic orirreversible sensitivity
to cell death due to ERS. X-box binding protein 1 (XBP1) is a
signaling pathway protein involved in inflamma ory signal-
ing cascades, and several studies have demonstrated that it
plays animportantregulatory rolein MC.2 However, the spe-
cific regulatory mechanism between circACSL1, miR-7-5p,
and XBP1remains unclear.

Based on this, the present study intends to investigate the
mechanism of action of circ-ACSL1involvedin the pathogen-
esis and progression of VMC and promotion of apoptosis and
autophagyin MC cardiomyocytesthrough circRNA—miRNA-
mMRNA network. Elucidation of the potential molecular
mechanisms mediated by circACSL1 may lead to the devel-
opment of promising therapeutic candidates for VMC.

METHODS

Laboratory Animals and Viruses

Thirty male BABL/C mice (4-6 weeks, 16-19 g) were pur-
chased from SLAC Laboratory Animal Co., Ltd. (Shanghai,
China). A standard diet and water were provided to the
mice for a week, and they were kept at 25 + 2°C with 60-70%
humidity and a12-hour light/dark cycle.

CVB3 was obtained (ATCC, USA), and HL-1cells (ATCC) were
used as vectors for CVB3 replication. The virus titer of CVB3
was determined using the tissue culture infectious dose 50
(TCID50) method.

VMC Animal Model

BABL/C mice wererandomly dividedinto normalgroup, CVB3
group, sh-ACSL1 group, and sh-NC group (6 mice per group).
In the normal group, 100 pL phosphate buffered saline (PBS)
was injected intraperitoneally, while 100 pL CVB3 diluted in
PBS (10° TCID50) was injected intraperitoneally in the other

HIGHLIGHTS

e Knocking down circ-ACSL1inhibits inflammation, apop-
tosis, and autophagy of VMC cardiomyocytes.

e miR-7-5p downregulation can reduce the therapeutic
effect of depleting circ-ACSL1on VMC.

e circ-ACSL1 overexpression promotes VMC, but this
effectis saved by depleting XBP1.
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3 groups. Body weight and death were recorded daily. Seven
days after injection, blood samples were collected from the
eyeball, and serum was separated by centrifugation at 3000
x g for 10 minutes and stored at -80°C. The mice were then
euthanized by inhaling excess CO,, and hearts were taken
and dried with saline (2°C). The lower one-third of the heart
was fi ed in 10% paraformaldehyde for tissue sections and
the remaining portions were stored at -80°C.

Lentivirus Injection

The mice were injected with 100 pL of circ-ACSL1shRNA len-
tiviral vector (sh-ACSL1) or sh-NC (1x 108 TU/mL) through the
tail vein on days 3 and 5 after CVB3 infection. The lentiviral
vectors were synthesized by GenePharma (Shanghai, China).

Terminal Deoxynucleotidyl Transferase dUTP Nick-End
Labeling (TUNEL) Staining

Myocardial tissues fi ed in 10% paraformaldehyde were sec-
tioned to 4 pm after paraffin embedding. Tissue paraffin
sections were washed with xylene for 5 minutes and treated
with 100%, 95%, 90%, 80%, and 70% ethanol, each for 3 min-
utes. The myocardial tissues were then treated with protease
K for 30 minutes, soaked in a blocking buffer for 10 minutes,
and added with a mixture of TdT (2 pL) and green fluo escent
fluo escein isothiocyanate (FITC) probe-labeled dUTP (48
pL) (Beyotime, Shanghai, China) for 1 hour. The tissues were
sealed with an anti-fluo escence quencher and observed
under a fluo escence microscope. Nuclei were stained with
DAPI. TUNEL positive cells (%) =number of green cells/total
cells x 100%.

Enzyme-Linked Immunosorbent Assay (ELISA)

Creatine Kinase Isoenzymes (CK-MB), Cardiac troponin |
(cTnl), and B-type natriuretic peptide (BNP)in serum and cells
were measured by Mouse CK-MB ELISA Kit, Mouse TNNI3/
cTn-1 ELISAKit, and BNP ELISA Kit, respectively. Interleukin-6
(IL-6), interleukin-1p (IL-B), and tumor necrosis factor-o
(TNF-a) in myocardial tissue and cell culture supernatant
were determined by ELISA Kits. All the above kits were pur-
chased from Sangon (Shanghai, China). Optical density
was measured using a microplate reader (EL 340, Bio-Tek
Instruments, USA).

Western Blot

Myocardial tissue and cells were separately lysed in radio-
immunoprecipitation lysis buffer (Beyotime). Proteins that
were extracted were quantified by a bicinchoninic acid
kit (Beyotime). Proteins were mixed with a sample buffer
(Beyotime) and treated in a boiling water bath for 3 minutes.
After electrophoresis at 80 V for 30 minutes, the separation
continued at 120 V for 1-2 hours. The proteins were trans-
ferred to a membrane using a 300 mA ice bath for 60 min-
utes and soaked in a blocking buffer for 60 minutes at room
temperature or overnight at 4°C. The protein was combined
with anti-p-actin (ab8227,1:1000), LC3B (ab51520, 1: 3000),
Beclin-1(ab210498, 1:1000), Bcl-2 (ab182858, 1: 2000), Bax
(ab182733, 1 : 2000), Cleaved caspase 3 (ab2302, 1: 500),
XBP1 (ab37152, 1 pg/mL), p-pé5 (ab86299, 1: 2000), and p6é5
(ab16502, 1: 1000, all from Abcam, UK), and transferred to
the secondary antibody (Goat Anti-Rabbit immunoglobu-
lin G, ab205718, 1 : 2000). A developer was added to the
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membrane, and protein bands were detected using a chemi-
luminescentimaging system (Gel Doc XR, Bio-rad).

Cell Culture

HL-1 cells were placed in Dulbecco’s modified Eagle medium
(Invitrogen) supplemented with 10% fetal bovine serum
(Gibco, USA) and 1% penicillin—streptomycin (HyClone, USA)
at 37°C with 5% CO,.

HL-1cellsand CVB3 (100 TCID50) were incubatedin aserum-
free medium for 2 hours, followed by incubation in a normal
medium.

Cell Transfection

circ-ACSL1 and XBP1 were overexpressed using pcDNA31
(Invitrogen, Thermo Fisher Scientific). Small interfering RNAs
targeting circ-ACSL1 and XBP1 (si-circ-ACSL1 and si-XBP1),
as well as negative control siRNAs (si-circ-ACSL1-NC, si-
XBP1-NC), miR-7-5p-mimic, miR-7-5p-inhibitor, mimic-NC,
and inhibitor-NC, were synthesized by GenePharma. Using
Lipofectamine 3000 (Invitrogen), these oligonucleotides and
plasmids were transfected into HL-1 cells, and the culture
mediumwasreplaced 6 hourslater. After 48 hours, transfection
efficiency was evaluated using real-time reverse transcrip-
tase-polymerase chain reaction (RT-qPCR) or Western blot.

Flow Cytometry

Apoptotic cells were measured using the FITC annexin V
apoptosis assay kit | (BD Biosciences, USA). A cell suspension
(3 mL, 1x10%/mL) was centrifuged at 500 r/min for 5 minutes,
and the culture medium was discarded after centrifuga-
tion. The remaining pellet was centrifuged at 500 r/min for
5 minutes, and the resulting cells were resuspended in 100 pL
binding buffer with 5 pL annexin V-FITC and 5 pL propidium
iodide (PI). After 15 minutes, FITC and Pl fluo escence were
detected by fl w cytometry.

Monodansylcadaverine Staining

Autophagy was observed around the positive nuclei, and
all acidic vacuoles were stained. Cell slides were prepared
overnight and incubated with 0.05 mmol/L monodansylca-
daverine (MDC) (Huzheng, Shanghai, China) in a water bath
at 37°C for 15 minutes. After fi ation with 4% paraformalde-
hyde for 15 minutes, anti-fluo escence quenched slides were
observed by fluo escence microscopy in the dark.

RNAseR Test
Total RNA isolation of HL-1 cells was performed with TRIzol
reagent (Invitrogen). Then, 2 pg RNA was incubated with
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5 U/pg RNAse R (Epicentre Technologies, USA) at 37°C for
24 hours. Linear RNA and circular RNA were analyzed by
RT-qPCR.

Actinomycetes D Test

A total RNA sample was extracted from HL-1 cells after
exposure to 100 ng/mL actinomycin D (Merck, Germany) at
0, 4, 8, 12, and 24 hours for RT-qPCR analysis of circ-ACSL1
stability.

Reverse Transcriptase-Polymerase Chain Reaction

Total RNA was extracted from cardiomyocytes and tis-
sues using SparkZol reagent (SparkJade, China). The
quantity and quality of total RNA were estimated with a
NanoDrop ND-2000 spectrophotometer (NanoDrop, USA).
Complementary DNA (cDNA) was synthesized using Evo
M-MLV RT Premix (AG 11706, ACCURATE BIOTECHNOLOGY,
China) and Mir-XTM miRNA fir t chain synthesis Kit (Takara,
Dalian, China). RT-qPCR was performed with the SYBR
Green Premix Pro Tag HS gqPCR Kit (AG 11701, ACCURATE
BIOTECHNOLOGY). Primers are shown in Table 1. RNA
expression was quantified on the LightCycler 480 system
(Roche Diagnostics, Switzerland), and miR-7-5p was nor-
malized with respect to U6 expression, and other RNAs were
normalized with respect to B-actin. Quantifi ation results
were determined by 2744“T method.

RNA Pull Down

Using the TranscriptAid T7 high-yield transcription Kit
(Thermo Fisher Scientific), miR-7-5p wild type (WT) and
mutant (Mut) miR-7-5p were transcribed. Biotinized miR-
7-5p-WT or miR-7-5p-Mut were incubated with cell lysate at
48°C for 1hour. After purifi ation, RNA was eluted with elu-
tion buffer,and RT-qPCR was performed to check circ-ACSL1
and XBP1expression.

Luciferase Reporter Gene Assay

Potential binding sequences of miR-7-5p to circ-ACSL1 and
XBP1 3’-UTR were predicted by starBase database (http:/
starbase.sysu.edu.cn/). Mutations were then constructed
into the potential binding sequences using site-specific
mutagenesiskits (Stratagene, USA). The constructed binding
sequences of circ-ACSL1 and XBP1 were subcloned into the
pmirGLO vector (Promega, USA) and transfected with miR-
7-5p mimic or mimic NC into HL-1 cells using Lipofectamine
2000. After 48 hours, luciferase activity was detected in the
dual luciferase reporter assay system (Promega).

Table 1. Sequences of Primersin PCR

Gene Forward Reverse

mmu-circ-ACSLT AACCACCAACCCAGAACCAT ACTGCCGAATGTCAATCAGC

miR-7-5p ACACTCCAGCTGGGTGGAAGACTAGTGATTTT ACACTCCAGCTGGGTGGAAGACTAGTGATTTT
mmu-ACSL1 GACGACCTCAAGGTGCTTCA ACCCAGGCTCGACTGTATCT

mmu-XBP1 AAACAGAGTAGCAGCACAGACTGC TCCTTCTGGGTAGACCTCTGGGAG
mmu-fB-actin CATCCGTAAAGACCTCTATGCCAAC ATGGAGCCACCGATCCACA

mmu-Ué CTCGCTTCGGCAGCACA

AACGCTTCACGAATTTGCGT

circ-ACSL1, circular RNA ACSL1; miR-7-5p, microRNA-7-5p; XBP1, X-box binding protein 1

525 s
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Statistical Analysis

Statistical analysis was carried out using SPSS v.24.0 soft-
ware, and visualization of data was obtained by Graphpad
prism 8.0 software. Results were obtained from at least 3
independent replicated experiments. The normality of data
distribution was assessedinthisstudy using the Shapiro—Wilk
test, and data were expressed as mean * SD. The 2-tailed
Student's t-test was used for comparison between 2 groups,
and 1-way ANOVA was used for comparison between mul-
tiple groups. P-value < .05 was considered to indicate sta-
tistically signifi ant. No artificial intelligence-assisted
technologies were used in the production of this manuscript.

RESULTS

High Expression and Stability of Circ-ACSL1in VMC

The volcano map of differential expression and function of
circRNAs in children with fulminant MC®™ showed that circ-
ACSL1 was up-regulated (Figure 1A). Hierarchical cluster
analysis showed that circRNA expression levels could be dis-
tinguished in the relevant heat maps (Figure 1B).

After CVB3 injection, mice injected with CVB3 continued to
lose weight from day 3 (Figure 1C). ELISA results indicated
that IL-1B, IL-6, and TNF-a were increased in mouse myo-
cardial tissue and infected HL-1 cells (Figure 1D and E), and
the upward trend was detected in myocardial injury markers
CK-MB, cTnl,and BNP (Figure 1F and G). Flow cytometry found
that the apoptosis rate of HL-1 cells infected with CVB3 was
elevated (Figure 1H). Western blot analysis of apoptotic pro-
teins indicated that cleaved-caspase-3 and Bax in myocar-
dial tissue and HL-1cells infected with CVB3 were increased.
However, Bcl-2 protein was decreased (Figure 11 and J).
Monodansylcadaverine staining showed that the number
of autophagosomes in HL-1 cells was increased after CVB3
infection (Figure 1K). TUNEL staining showed that the apop-
tosis rate in myocardial tissue in mice infected with CVB3
was increased (Figure 1L). Moreover, Western blot detected
that LC3I[/LC3 | ratio increased in mouse myocardial tis-
sue and HL-1cells after CVB3infection, and Beclin-1was up-
regulated (Figure 1M and N). The above data confirmed the
successful establishment of VMC animal model and in vitro
cellmodel. circ-ACSL1was increased in myocardial tissue and
HL-1cells infected with CVB3 by RT-qPCR (Figure 10).

After RNAse R digestion and actinomycin D treatment, cir-
cACSLI in HL-1 cells was detected by RT-qPCR to verify the
closed-loop and stability of circACSLI. circ-ACSL1 was resis-
tant to RNAse compared to ACSL1, suggesting that circ-
ACSL1lis acircRNA (Figure 1P). The half-life of circ-ACSL1was
more than 24 hours, while that of ACSL1 was about 4 hours,
indicating that circ-ACSL1was more stable than linear ACSL1
(Figure 1Q). The above results suggest that circACSL1 exists
as a highly expressed and stable marker in VMC.

Knocking Down circ-ACSL1Inhibits Inflammation,
Apoptosis, and Autophagy of VMC Cardiomyocytes

shRNA lentiviral vectors targeting circ-ACSL1 were injected
into VMC mice. The interference RNA si-circ-ACSL1 was
transfected into infected HL-1 cells. Then, RT-qPCR con-
firmed that circ-ACSL1 expression in myocardial tissue and
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HL-1cellsdecreased with the depleting circ-ACSL1(Figure 2A
and B). ELISA analysis showed that IL-1, IL-6, and TNF-alev-
els in myocardial tissue and cell supernatant were reduced
after circ-ACSL1 knockdown (Figure 2C and D), and CK-MB,
cTnl, and BNP in myocardial tissue and HL-1 cells were also
decreased after circ-ACSL1 knockdown (Figure 2E and F).
TUNEL staining showed that apoptosis in myocardial tissue
was alleviated after circ-ACSL1 knockdown (Figure 2G). HL-1
cellswereshowntobelesssusceptible toapoptosisaftercirc-
ACSL1 knockdown by fl w cytometry (Figure 2H). Western
blot detected that circ-ACSL1 knockdown decreased cas-
pase-3, cleaved caspase-3, and Bax, and enhanced Bcl-2
protein expression (Figure 2| and J). Monodansylcadaverine
staining showed a decrease in autophagosomes in HL-1 cells
after circ-ACSLTknockdown (Figure 2K). Western blot results
showed that circ-ACSL1 knockdown decreased LC3 1 /LC3 |
ratio and Beclin-1 protein level in mouse myocardial tissue
and HL-1 cells (Figure 2L and M). In summary, knockdown of
circACSL1inhibited inflammation, apoptosis, and autophagy
in VMC cardiomyocytes.

Circ-ACSL1 Targets miR-7-5p Adsorption

RT-gPCR detected low expression of miR-7-5p in myocardial
tissue of VMC mice and CVB3-treated HL-1cells (Figure 3A).
Figure 3B shows the binding sites of circ-ACSL1 to miR-7-5p
predicted by StarBase. Dual luciferase reporter experi-
ments showed that miR-7-5p mimic could reduce the lucifer-
ase activity of WT-circ-ACSL1, but could not reduce that of
Mut-circ-ACSL1 (Figure 3C). To verify whether circ-ACSL1
can interact with miR-7-5p, RNA pull-down experiments
were performed in HL-1 cells. The results indicated that the
Bio-miR-7-5p-WT group was more enriched in circ-ACSL1
than the Bio-miR-7-5p-Mut group (Figure 3D). RT-qPCR fur-
ther detected that circ-ACSL1 knockdown increased miR-
7-5p in CVB3-infected mice myocardial tissue and HL-1 cells
(Figure 3E). Taken together, these results suggest that miR-
7-5p can bind to the corresponding site on the circACSL1
transcript, and circACSL1 can target adsorption of miR-7-5p.

miR-7-5p Downregulation can Reduce the Therapeutic
Effect of Depleting Circ-ACSL1on VMC

HL-1 cells were transfected with si-circ-ACSLT+miR-
7-5p inhibitor. RT-qPCR results showed that si-circ-ACSL1
decreased circ-ACSL1 and increased miR-7-5p levels, while
the miR-7-5p inhibitor saved the expression increase of
miR-7-5p (Figure 4A). Based on circ-ACSL1 knockdown,
downregulating miR-7-5p restored IL-1B, IL-6, and TNF-a
levels (Figure 4B) as well as cTnT, CK-MB, and BNP contents
(Figure 4C). Flow cytometry analysis showed that deplet-
ing circ-ACSL1 inhibited apoptosis rate, but this effect was
saved after depleting miR-7-5p (Figure 4D). Western blot
results demonstrated that circ-ACSL1 knockdown reduced
cleaved caspase-3 and Bax and increased Bcl-2 proteins, but
this effect was impaired by miR-7-5p knockdown (Figure 4E).
Also, LC31I/LC3 ] ratio of HL-1 cells was decreased after
circ-ACSL1 knockout, and Beclin-1 protein was down-regu-
lated. However, this result was saved by depleting miR-7-5p
(Figure 4F). Monodansylcadaverine staining of HL-1 cells
showed that silencing circ-ACSL1 reduced autophagy, but
continued depleting miR-7-5p mitigated this phenomenon
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Figure 1. High expression and stability of circ-ACSL1in VMC. (A) Volcano maps showing differentially expressed circRNAs; (B)
hierarchical cluster analysis of circRNAs; (C) weight change of mice; (D and E) ELISA determination of IL-1p, IL-6, and TNF-« in
myocardial tissue and HL-1; (F and G) ELISA determination of CK-MB, cTnl, and BNP in mouse serum and HL-1cell supernatant; (H)
fl w cytometry detection of apoptotic rate of HL-1 cells; (I and J) Western blot analysis of caspase-3, cleaved caspase-3, Bcl-2,

and Bax in mouse myocardial tissue and HL-1 cells; (K) MDC staining detection of autophagosomes; (L) TUNEL staining of
myocardial tissue in mice; (M and N) Western blot analysis of LC31[/LC3 | and Beclin-1in myocardial tissue and HL-1 cells; (O)
RT-gPCR detection of circ-ACSL1expression in mice and HL-1cells; and (P and Q) analysis of stability of circ-ACSL1. Detailed data

in Supplementary Table 1. *P <.05.

(Figure 4G). The above results suggest that knockdown of
miR-7-5p reverses the therapeutic effect of knockdown of
circACSL1.

miR-7-5p Targets XBP1

High expression of XBP1 was detected by RT-qPCR and
Western bot in VMC mice and CVB3-treated HL-1 cells
(Figure 5A and B). Figure 5C used StarBase to predict the
binding site of XBP1 to miR-7-5p. Dual luciferase report
experiments showed that miR-7-5p mimic could only
reduce the luciferase activity of WT-XBP1 (Figure 5D). RNA

Pull-down experiment revealed the enrichment of XBP1 by
Bio-miR-7-5p-WT (Figure 5E). RT-qPCR and Western blot
further reported that depleting miR-7-5p increased XBP1
expressions in CVB3-infected HL-1 cells (Figure 5F and G).
The above results support the ability of miR-7-5p to target
and regulate XBP1.

Circ-ACSL1Overexpression Promotes VMC, But This Effect
is Saved by Depleting XBP1

HL-1 cells were transfected with pcDNA-circ-ACSLI1,
pcDNA-circ-ACSL1+si-XBP1, and pcDNA, respectively.
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Figure 2. circ-ACSL1 knockdown inhibits inflammation, apoptosis, and autophagy of VMC cardiomyocytes. (A) RT-qPCR
detection of circ-ACSL1in myocardial tissue after circ-ACSL1knockdown; (B) RT-qPCR detection of circ-ACSL1in HL-1 after circ-
ACSL1 knockdown; (C and D) ELISA determination of IL-1f, IL-6 and TNF-a in myocardial tissue and HL-1 cells; (E and F) ELISA
determination of CK-MB, cTnl and BNP in mouse myocardial tissue and HL-1 cell supernatant; (G) TUNEL staining of myocardial

tissue; (H) fl w cytometry detection of apoptotic rate of HL-1 cells; (I and J) Western blot analysis of apoptotic proteins in HL-1
cells; (K) MDC staining detection of autophagosomes; (L and M) Western blot analysis of LC31[ /LC3 [ and Beclin-1in myocardial
tissue and HL-1cells. Detailed data in Supplementary Table 2. *P <.05.
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Figure 3. circ-ACSL1targets miR-7-5p. (A) RT-qPCR detection of miR-7-5p in myocardial tissue and HL-1cells infected with CVB3;
(B) starBase predicted the binding site of miR-7-5p and circ-ACSL1; (C and D) Dual-luciferase reporter gene assay and RNA Pull-

down experiment verified the binding of miR-7-5p and circ-ACSL1; (E) RT-qPCR detection of miR-7-5p in mouse myocardial tissue
and HL-1cells. Detailed data in Supplementary Table 3. *P <.05.

RT-gPCR results confirmed that pcDNA-circ-ACSL1in HL-1  TNF-a increased after circ-ACSL1 overexpression in HL-1
cells enhanced circ-ACSL1 and XBP1 expression, while si-  cells, but this effect was attenuated by knocking down
XBP1 saved XBP1 expression (Figure 6A). IL-18, IL-6, and  XBP1(Figure 6B). cInT, CK-MB, and BNP were increased after

Figure 4. Depleting miR-7-5p cansave the therapeutic effect of depleting circ-ACSL1on VMC. (A) RT-qPCR detection of circ-ACSL1
and miR-7-5p in HL-1 cells; (B) ELISA determination of IL-13, IL-6 and TNF-a in HL-1 cells; (C) ELISA determination of CK-MB, cTnl,

and BNP in HL-1 cell supernatant; (D) fl w cytometry detection of apoptotic rate of HL-1 cells; (E and F) Western blot analysis of
apoptotic proteins in HL-1cells; (G) MDC staining detection of autophagosomes. Detailed data in Supplementary Table 4. *P <.05.
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Figure 5. miR-7-5p mediates XBP1 expression. (A and B) RT-qPCR and Western blot detection of XBP1in myocardial tissue and
HL-1 cells infected with CVB3; (C) starBase predicted the binding site of miR-7-5p and XBP1; (D and E) Dual-luciferase reporter

gene assay and RNA Pull-down experiment verified the binding of miR-7-5p and XBP1; (F and G) RT-qPCR and Western blot
detection of XBP1in HL-1cells. Detailed data in Supplementary Table 5. *P <.05.

circ-ACSL1 overexpression in HL-1 cells, but this effect was
blocked by depleting XBP1 (Figure 6C). Overexpressing circ-
ACSL1 could promote apoptosis, but this promoting effect
was canceled after depleting XBP1 (Figure 6D). In addition,
upregulating circ-ACSL1 increased cleaved-caspase-3 and
Bax while it decreased Bcl-2 protein. This effect was par-
tially suppressed by knocking down XBP1 (Figure 6E). LC31I/
LC3 [ ratio of HL-1cells was increased after overexpression
of circ-ACSL1, and Beclin-1 protein was enhanced. These
results were mitigated by knocking down XBP1 (Figure 6F).
Overexpression of circ-ACSL1 increased autophagosomes,
but continued depleting XBP1 saved this phenomenon
(Figure 6G). p-p65 protein in XBP1-related inflamma ory
pathway was decreased in HL-1 cells, indicating that XBP1
may inhibit the proinflamma ory effect of circ-ACSL1
through certain signaling pathway (Figure 6H). All of the
above results suggest that overexpression of circACSL1 pro-
motes myocarditis, but this effect was reversed after knock-
down of XBP1.

DISCUSSION

Viral myocarditis (VMC) is an inflamma ory disease result-
ing from a viral infection, causing immunological responses
resulting in dysfunction and impaired contractility in the
heart.?® The molecular regulation of VMC progression
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remains an elusive problem. There has been a growing body
of evidence that circRNAs are crucial regulators of car-
diovascular diseases.?*? Interference with circRNA HIPK3
alleviates cardiac dysfunction and apoptosis in H9C2 car-
diomyocytes in a lipopolysaccharide (LPS)-induced mouse
model.? In this study, based on a previous study,” we ana-
lyzed and obtained circRNA expression profiles showing
hsa-circ-ACSL1, which showed up-regulated expression in
VMC based on volcano and heatmap data. Circular RNAs,
due to their structural stability, have been used as biomark-
ers for a variety of diseases, including MC. In this study, cir-
cACSL1 exhibited extremely high stability and integrity even
inthe presence of RNase R, actinomycin D treatment, similar
to most other circRNAs. In addition, in CVB3-infected mice
and HL-1 cells, the high expression of circACSL1 was accom-
panied not only by the upregulation of inflamma ory factors
IL-1B, IL-6, and TNF-«a, and the abnormally high expression
of myocardial injury markers CKMB, cTnl, and BNP, but also
by abnormal autophagy and apoptosis in cardiac tissue and
cells. However, knockdown of circACSL 1was able toimprove
these conditions. It suggests that circACSL 1 makes a poten-
tial marker for VMC, and it is expected to be a therapeutic
target for the treatment of VMC.

Circular RNAs often act as molecular sponges for miR-
NAs to indirectly regulate gene expression.? In this study,
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Figure 6. Depleting XBP1saves the MC-promoting effect of overexpression of circ-ACSL1. (A) RT-qPCR detection of circ-ACSL1
and XBP1in HL-1 cells; (B) ELISA determination of IL-1f, IL-6 and TNF-a in HL-1 cells; (C) ELISA determination of CK-MB, cTnl and

BNP in HL-1 cell supernatant; (D) Flow cytometry detection of apoptotic rate of HL-1 cells; (E and F) Western blot analysis of
apoptotic proteins in HL-1 cells; (G) MDC staining detection of autophagosomes; and (H) Western blot analysis of XBP1-related
pathway protein. Detailed data in Supplementary Table 6. *P < .05.

circACSL 1 contains a conserved miR-7-5p target site, which
was validated by luciferase reporter gene assay in the HL-1
in vitro cell model. A number of miRNAs have been reported
to exhibit aberrant expression levels in VMC, and a growing
body of evidence has highlighted the role of miRNAs in MC
pathogenesis.®*'In agreement with these results, we found
that miR-7-5p expression was downregulated in animal and
cellular models of VMC, and knockdown of miR-7-5p expres-
sion reversed the ameliorative effects of knockdown of
circACSL1 on myocardial tissues, cardiomyocyte inflamm -
tion, myocardial injury, autophagy, and apoptosis. circACSL1
expression was negatively correlated with miR-7-5p expres-
sion in myocardial tissues and cells. These results suggest
that circACSL 1 acts as a molecular sponge targeting miR-
7-5p to fulfillits olein VMC.

XBP1 expression is increased, and XIAP expression is
decreased in LPS-induced H9c2 cells, and XBP1 aggravates
LPS-induced cardiomyocyte injury by down-regulating XIAP
through activating the NFkB signaling pathway.*? Similar to
thisresult, in our study, XBP1was found to be highly expressed
in CVB3-infected myocardial tissues and cardiomyocytes,
and XBP1was considered as a target gene of miR-7-5p, which
showed a negative regulatory relationship with miR-7-5p
expression. In addition, it can be positively regulated by cir-
cACSL1. Knockdown of XBP 1was able to rescue the promo-
tion of myocardial inflammation, apoptosis, and autophagy
by overexpression of circACSL1.

In conclusion, the present study identified that circACSL1
was signifi antly upregulated in VMC and signifi antly
exacerbated inflammation in VMC, resulting in increased
apoptotic cell death and increased cellular autophagy. The
mechanism by which this occurs may be that circACSL1
regulates XBP1 expression through targeting adsorption of
miR-7-5p.
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Supplementary Table 1. High Expression and Stability of

Circ-ACSL1in VMC

1. Animal experimental data

Indicators Control (n=6)
IL-1p 13.2+3.5
IL-6 21.3+4.3
TNF-a 177.6 + 40.3
CK-MB 5.64+0.6
cTnl 103.4 £15.8
BNP 76.3+15.3
Cleaved-caspase- 1.0 £ 0.091
3/pB-actin

Bcl2/p-actin 1.0+£0113
Bax/p-actin 1.0+ 0137
TUNEL positive cells 8.6+1.2
(%)

(LC3II/LC31)/B- 0.72+0.08
actin

Beclin-1/p-actin 1.0+£014
circACSL1 1.0+ 013
2. Cellular experimental data
Indicators Blank (n =3)
IL-1p 23.3+3.89
IL-6 15.3+2.34
TNF-a 136.5+26.2
CK-MB 2.43+0.45
cTnl 88.6 +2314
BNP 106.8 +29.23
Apoptosisrates (%) 4.89 +0.61
Cleaved-caspase- 1.0+£013
3/B-actin

Bcl2/p-actin 1.0 £0.12
Bax/p-actin 1.0 £ 0.09
(LC3II/LC31)/p- 0.22+0.03
actin

Beclin-1/B-actin 1.0+ 015
circACSL1 1.0 £ 0.098
3.RNaseR

ACSL1 1.0+012
circACSL1 1.0+014

CVB3(n=6)
104.2 £19.6
2347 +48.8
6231+91.2
20.7 £2.04
233.4£30.5
188.6 +30.8
1.89 +0.24

0.39 £0.08
1.81+£0.35
38.6+5.4

095+ 0115

1.52+0.22
3.34+0.28

CVB3(n=3)
10514 +21.8
162.3+27.8
546.3 +105.2
4.38+0.8
190.4 + 41.02
230.4 + 3511
22.05+2.81
1.81+0.28

0.63+0.093
2.53+0.33
094 +0M

2.78+0.23
2.28+015

P value
<.0001
.0001
.0001
.0001
.0001
.0001
.0001

A

A A AN AN A

<.0001
.0004
.0007

.0467

.0173
<.0001

P value
<.0001
<.0001
<.0001
.0212
.0201
.0094
.0005
.0105

.0135
.0015
.0004

.0004
.0002

MOCK(n=3) RNaseR(n=3) Pvalue

0.47 £0.06
114 £ 016

.0024
.3177

Supplementary Table 2. Knocking down circ-ACSL1inhibits
inflammation, apo tosis, and autophagy of VMC

cardiomyocytes

1. Animal experimental data

Indicators

circACSL1
IL-1B

IL-6
TNF-a
CK-MB
cinl

BNP

TUNEL positive cells (%)

Cleaved-caspase-3/f-
actin

Bcl2/p-actin
Bax/p-actin
(LC3II/LC3 I )/p-actin
Beclin-1/p-actin

sh-NC (n=6)

1.0 £0.058
130.30£26.2
163.2+33.2
645.8 £123.8

17.4+2.8
200.6 +33.8
183.4 + 31.5
38.06 +5.52
1.0 +0.091

1.0£0103

1.0 £0.127

0.88+014
1.0+01

2. Cellular experimental data

Indicators

circACSL1

IL-1p

IL-6

TNF-a

CK-MB

cnl

BNP
Apoptosisrates (%)

Cleaved-caspase-3/p-
actin

Bcl2/B-actin
Bax/p-actin
(LC3II/LC3 1 )/p-actin
Beclin-1/ B -actin

si-NC (n=3)

1.0 £0.133
112.5+21.6
143.2 +33.2
558.7+88.9
5.68+0.74
243.4+41.7
203.8+35.2

343+5.2

1.0+ 0.104

1.0+£0.12
1.0+ 0.09
092+012
1.0 £0.07

sh-circACSL1
(n=6)

0.38 +0.127
53.2+10.5
75.6 +13.6
403.4+90.2
8.47+1.4
105.4 £23.6
68.5+15.9
21.2+3.57
0.702 £ 0101

1.83+0.25
0.71x014
0.62+0.07
0.77 £0.09

si-circACSL1
(n=3)
0.33+0.086
33.6+24.3
57.5+9.4
334.8+59
212+0.38
138.6 +19.6
96.4 +151
15.6 £2.68
0.74 £ 0.076

1.66 £0.18
0.79 £ 0.095
0.35+0.05

0.75% 0.

P value

<.0001
<.0001
.0001
.0031
<.0001
.0002
<.0001
<.0001
.003

<.0001
.0037
.0451
.0415

Pvalue

.0018
.0137
.0126
.0221
.0018
.0170
.0083
.0052
.0250

.0062
.0498
.0016
.0239




Supplementary Table 3. Circ-ACSL1 Targets miR-7-5p Adsorption

1. Relative expression of miR-7-5p in mouse myocardial tissue

Control (n=6) CVB3(n=6) P value
miR-7-5p 1.0+0.13 0.64 +£0.08 .0002
2. Relative expression of miR-7-5pin cell
Blank (n=3) CVB3(n=3) P value
miR-7-5p 1.0+0.12 0.72+0M .0424
3. Relative luciferase activity
WT-circACSL1(n=3) Mut-circACSL1 (n = 3) P value
mimic NC 1.0+£012 0.28 £ 0.039 .0006
miR-7-5p mimic 1.0+ 010 0.954 + 0.153 .6854

4.RNA pulldown

Bio-NC (n=3) Bio-miR-7-5p-Wt Bio-miR-7-5p-Mut P value (Bio-NCvs. P value (Bio-miR-7-5p-Wt
(n=3) (n=3) Bio-miR-7-5p-Wt) vs. Bio-miR-7-5p-Mut)
Relative enrichment 1.0+ 0.186 14.47 +2.54 5.21+1.24 <.05 <.05

of circACSL1
5. Relative expression of miR-7-5p in mouse myocardial tissue

sh-NC (n=6) sh-circACSL1(n =6) P value
miR-7-5p 1.0+012 2.60+0.34 <.05
6. Relative expression of miR-7-5p in cell

si-NC (n=3) si-circACSL1(n=3) P value
miR-7-5p 1.00 £ 014 190 +0.29 .0084

Supplementary Table 4. miR-7-5p Downregulation can Reduce the Therapeutic Effect of Depleting Circ-ACSL1on VMC

P value
P value (si-circACSL1+miR-7-5p
si-circACSL1+inhibitor si-circACSL1+miR- (si-circACSL1+inhibitor inhibitor vs.
si-NC (n=3) (n=3) 7-5p inhibitor (n=3) vs. si-NC) si-circACSL1+inhibitor)

circACSL1 1.0 £ 0130 0.39+0.08 0.36 £0.06 0.0023 .6367
miR-7-5p 1.0 £ 0.122 1.34+0.20 0.53+£0.072 0.0313 .0027

IL-1p 112.5+21.6 30.6+24.3 89.3+12.5 0.012 .0205

IL-6 143.2 +33.2 53.5+9.4 125.8 £12.58 0.0108 .0013

TNF-a 558.7 + 88.9 314.8 +58.5 468.33£60.8 0.0165 .0345

CK-MB 5.68+1.08 2.42+0.38 13.4 £1.96 0.0079 .0007

cTnl 243.4+ 417 128.6 +23.6 396.4+68.6 0.0143 .0031

BNP 200.8 £ 35.2 106.4 £15.1 3489492 0.0130 .0012
Apoptosis rates (%) 34.3+5.2 14.76 +1.92 18.8+4.2 0.0043 .0021
Cleaved-caspase- 1.0 £ 0130 0.39 +0.055 0.77 £0.101 0.0017 .0046
3/B-actin

Bcl2/B-actin 1.0+ 0.104 1.62+ 018 111+0M 0.0067 .0138
Bax/p-actin 1.0 £0.120 0.38+0.1 1.89+0.24 0.0023 .0005
(LC3II/LC3 1)/p- 09101 0.32+0.04 0.63 £0.07 0.009 .0026

actin

Beclin-1/ B -actin 1.0 £0.07 0.39 +0.05 0.79+0M 0.0002 .0044




Supplementary Table 5. miR-7-5p Targets XBP1

1. Relative mRNA expression of XBP1in mouse myocardial tissue

Control (n=6) CVB3(n=6) P value
XBP1TmRNA 1.0+015 4.26 +0.48 .0003
2. Relative mRNA expression of XBP1in cell
Blank (n=3) CVB3(n=3) P value
XBP1TmRNA 1.0+0M 3.47 £ 0.58 .0019
3. Relative protein expression of XBP1in mouse myocardial tissue
Control (n=6) CVB3(n=6) P value
XBP1 1.0+014 1.53+0.19 .0177
4. Relative protein expression of XBP1in cell
Blank (n =3) CVB3(n=3) P value
XBP1 1.0+01 2.51+0.33 .0016
5. Relative luciferase activity
Tmimic NC (n =3) miR-7-5p mimic P value
(n=3)
WT-XBP 1.0+ 01 0.63+0.098 .0122
Mut-XBP1 1.0+ 014 0.928 £ 0.124 5414
6. RNA pulldown
Bio-NC Bio-miR-7-5p-Wt Bio-miR-7-5p-Mut P value (Bio-NC vs. Bio-miR- P value (Bio-miR-7-5p-Wt
(n=3) (n=3) (n=3) 7-5p-Wt) vs. Bio-miR-7-5p-Mut)
Relative 1.0+ 0.158 12.26 £2.54 6.37+1.24 .0016 .0226
enrichment
of XBP1
7. Relative mRNA expression of XBP1
mimic-NC miR-7-5p-mimic (n=3) P value inhibitor-NC miR-7-5p P value
(n=3) (n=3) inhibitor (n=3)
XBPTmRNA 1.0 + 0133 0.54 +0.084 .0072 1.0+ 010 3.20+0.52 .0020
8. Relative protein expression of XBP1
mimic-NC miR-7-5p-mimic (n=3) P value inhibitor-NC miR-7-5p P value
(n=3) (n=3) inhibitor (n=3)
XBP1 1.0+ 0M 0.37 £ 0.05 .0009 1.0+£0.13 1.6 £019 .0110

Supplementary Table 6. Circ-ACSL1Overexpression Promotes VMC, But this Effectis Saved by Depleting XBP1

P value (pcDNA- P value (pcDNA-
pcDNA- pcDNA-circACSL1+si- circACSL1vs. circACSL1+si-XBP1vs.
pcDNA (n=3) circACSL1(n=3) XBP1(n=3) pcDNA) pcDNA-circACSL1)
circACSL1 1.0 £ 0125 1.78 £ 014 1.69 £ 014 .0020 4751
XBP1 1.0 £ 0147 1.47 £0.21 0.746 + 0112 .0337 .0062
IL-1p 16.7 £21.6 201.8 £ 321 132.3+£23.8 .0189 .0395
IL-6 134.3+£21.3 252.3+30.4 171.2+22.3 .0053 .0204
TNF-a 564.2 + 871 958.2+103.6 707.7 £101.7 .0073 .0404
CK-MB 6.74 11 20.3+2.8 13.5+1.3 .0015 .0189
cTnl 201.8+33.4 400.3 649 263.5+36.4 .0092 .0034
BNP 1675259 357.3+48.4 2101+ 33.7 .0039 .0124
Apoptosis rates (%) 19.7 £ 21 29.4+39 21.2+2.4 .0192 .0362
Cleaved-caspase-3/f-actin 1.0+£013 2.23+0.28 1.69 £ 0.25 .0023 .0412
Bcl2/p-actin 1.0+x0M 0.42 +0.055 0.86 +0.12 .0012 .0045
Bax/p-actin 1.0+0.12 1.88+0.24 1.33+£0.12 .0047 .0238
(LC31I/LC3 I )/p-actin 0.44 £0.06 0.94 01 0.74 £ 0.09 .0022 .0378
Beclin-1/f-actin 1.0 +0.104 1.62+0.22 1.21+0.12 .0116 .0472
XBP1 1.0 £ 0.127 1.88+0.24 1.21+ 01 .0049 .017

p-p65 1.0+ 0.09 2.24+0.25 1.62+0.25 .0013 .0385




