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Abstract
Background: Myocardial cell injury is a key event in acute myocardial infarction (AMI). The involvement
of circular RNA (circRNA) in cardiovascular disease has aroused much attention. The purpose of this
study was to uncover the role of circRNA coactivator-associated arginine methyltransferase 1
(circCARM1) in cell model of AMI.

Methods: Myocardial cells (AC16) were subjected to oxygen glucose deprivation/reoxygenation (OGD/R)
to induce AMI models. Expression analysis of circCARM1, miR-338-3p and tumor necrosis factor receptor-
associated factor 3 (TRAF3) was conducted using Real-time quantitative PCR (RT-qPCR). Cell viability,
proliferation and apoptosis were assessed by CCK-8, EdU or �ow cytometry assay. Oxidative stress was
evaluated according to MDA level and SOD activity using commercial kits and the protein levels of NOX2
and SOD2 using western blot. The release of in�ammatory factors was measured using ELISA kits. The
predicted binding association between miR-338-3p and circCARM1 or TRAF3 was validated by pull-down
assay or dual-luciferase reporter assay.

Results: CircCARM1 was overexpressed in OGD/R-treated AC16 cells. OGD/R suppressed AC16 cell
viability and proliferation and promoted apoptosis, oxidative stress and in�ammation, while circCARM1
knockdown alleviated these injuries. MiR-338-3p was targeted by circCARM1, and miR-338-3p repression
reversed the effects of circCARM1 knockdown. In addition, TRAF3 was a downstream target of the
circCARM1/miR-338-3p axis, and TRAF3 reintroduction reversed the effects of miR-338-3p
overexpression, thus recovering OGD/R-induced AC16 cell injuries. TRAF3 knockdown attenuated the
activity of IkBα/P65 signaling pathway via modulating the miR-338-3p/TRAF3 axis in OGD/R-treated
AC16 cells.

Conclusion: CircCARM1 governed the miR-338-3p/TRAF3 axis to activate the IkBα/P65 signaling
pathway, thus contributing to OGD/R-induced AC16 cell injuries.

Introduction
Acute myocardial infarction (AMI), also known as heart attract, is a major cause of increased disability
and mortality worldwide. AMI triggers noticeable changes in cardiac structure and functions [1]. Modern
reperfusion therapy is an innovative approach to improve the survival of AMI, however, reperfusion injury
is a further risk factor for ischemic myocardial tissues [2, 3], leading to cardiomyocyte death (widely
known as myocardial ischemia/reperfusion injury). The changes of molecules, cells and tissues, such as
myocardial cell apoptosis, in�ammation and oxidative stress are considered to be important events in
ischemia/reperfusion injury [4]. Nonetheless, the mechanisms of ischemia/reperfusion injury are
multifaceted and not fully understood. Studies should be carried out to develop innovative strategies to
reduce myocardial injuries.

Emerging studies propose that circulating non-coding RNAs are a novel type of biomarkers regarding to
myocardial injury, including circular RNA (circRNA) [5]. CircRNA is expressed in a manner speci�c to the
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tissue and stage of development in various human disorders, and accumulating evidence views that
circRNAs are implicated in multiple physiological and pathological conditions [6]. In view of the lack of
open ends, circRNA is hardly subjected to conventional RNA degradation and expresses with high
stability [7]. CircRNA-speci�c sequencing analysis unveils that numerous circRNAs show different
expression in samples from AMI patients relative to healthy subjects, which provides candidate circRNA
with regulatory potency in AMI [8]. Whereas, the functional role of numerous circRNAs is still unclear.
Previous studies investigated the molecular mechanisms of ischemia/reperfusion injury in myocardial
cells induced by oxygen glucose deprivation/reoxygenation (OGD/R) [9, 10], which provides an ideal cell
model of myocardial injuries. Herein, we collected circRNA array data from the public GEO database
(accession: GSE160717) and discovered that circRNA coactivator-associated arginine methyltransferase
1 (circCARM1) was one of the upregulated circRNAs in blood samples from AMI patients. Given that the
role of circCARM1 was limited in AMI, we investigated its function in OGD/R-induced myocardial injuries.

It is canonical that circRNA plays functions via microRNA (miRNA)-dependent regulation of mRNA. For
example, circTLK1 aggravated ischemia/reperfusion-induced myocardial injury via miR-214 suppression-
induced RIPK1 overexpression [11]. This is because that circRNA may have complementary sequences
for miRNA, and miRNA can also interact with mRNA 3’UTR through the binding site [12]. Thus, circRNA
has the ability to compete with mRNA for miRNA binding sites [12]. Bioinformatics tools are
multitudinous [13], and numerous miRNA-mRNA networks are involved in circRNA regulation. It is
imperative to clarify the regulatory mechanisms of circCARM1 through studying its miRNA-mRNA
networks.

Generally speaking, the present work investigated the characteristics of circCARM1 and performed loss-
function assays to partly uncover its function. We veri�ed the binding relationship between miR-338-3p
and circCARM1 or tumor necrosis factor receptor-associated factor 3 (TRAF3), and their interplays in
functions were explored by rescue experiments. Our study aimed to �gure out the role and mechanism of
circCARM1 in OGD/R-induced myocardial cells, thus providing innovative strategies against reperfusion
injury.

Materials And Methods
Data collection

CircRNAs that were differently expressed in blood samples from AMI patients (n=3) and healthy subjects
(n=3) were obtained from GEO database (accession: GSE160717;
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE160717).

Cell models

Human cardiac myocytes (AC16) were bought from BeNa cell bank (Beijing, China) and cultured in
DMEM containing 10% FBS. 
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Myocardial injury model was established by exposing AC16 cells to OGD/R. In brief, AC16 cells were
cultured in glucose-depleted DMEM and placed at an anaerobic and humidi�ed chamber (Brinkmann
Instruments, Westbury, NY, USA) containing a gas mixture (94% N2, 1% O2 and 5% CO2), at 37℃. At 4 h
post-incubation, AC16 cells were incubated with normal high glucose DMEM containing 10% FBS in a
37℃ incubator containing 5% CO2 and 95% air. Cells were allowed to recover reoxygenation for 12 h. 

CircRNA identi�cation

Divergent primers and convergent primers of circCARM1 were provided by Geneseed (Guangzhou, China).
These primer pairs were used to amplify cDNA and gDNA in AC16 cells.

Actinomycin D (CST, Danvers, MA, USA) was dissolved in DMSO (50 mg/mL) and added into the culture
medium of AC16 cells. Cells were then maintained for 0, 6, 12 or 24 h and collected for RNA isolation. The
expression of circCARM1 and GAPDH was examined by RT-qPCR.

RNase R (BioVision, Milpitas, CA, USA) was utilized to treat total RNA (3 U/μg) for 30 minutes at 37℃.
Total RNA was synthesized into cDNA to examine the expression of circCARM1 and GAPDH using RT-
qPCR.

Subcellular location

To de�ne the distribution of circCARM1, cytoplasm RNA and nucleus RNA were separately isolated from
AC16 cells using the PARIS kit (Thermo Fisher, Waltham, MA, USA). Then, RNA in each fraction was
subjected to RT-qPCR, with U6 as an internal reference in nucleus, GAPDH as an internal reference in
cytoplasm.

Cell transfection

CircCARM1-related oligos, such as its special small interference RNA (si-circCARM1) and negative control
(si-NC), were synthesized by Geneseed (Guangzhou, China). MiR-338-3p-related oligos, including mimic
(miR-338-3p), inhibitor (anti-miR-338-3p) and their negative controls (miR-NC and anti-NC), were
purchased from Ribobio (Guangzhou, China). TRAF3 overexpression vector and pcDNA blank vector were
constructed by Tiandz (Beijing, China). Cells were transfected with oligos or vector with the application of
Lipofectamine 3000 reagent (Invitrogen, Carlsbad, CA, USA).

Real-time quantitative PCR (RT-qPCR)

Firstly, total RNA was isolated from cells using a Trizol reagent (Cwbio, Beijing, China). Then, total RNA
was quanti�ed and used for reverse transcription with the use of SuperRT cDNA Synthesis Kit (Cwbio).
Noticeably, miRNA cDNA synthesis was performed using miRNA cDNA Synthesis Kit (Cwbio). Afterwards,
equal amount of cDNA was diluted and used for RT-qPCR using the UltraSYBR Mixture (Low ROX; Cwbio).
GAPDH or U6 acted as an internal reference. We obtained the Ct values and then processed them using
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the 2-ΔΔCt method. Primer sequences were shown in Table 1. Three replicates were set for one sample in
each test, and a total of three independent biological experiments were conducted.

CCK-8 assay

Cells with treatments were seeded into a 96-well plate (2,000 cells/well) and next cultured in cell
incubator for 48 h. Cells in each well were treated with 10 μL CCK-8 reagent (Elabscience, Wuhan, China)
for another 2 h. Relative cell viability was assessed according to the absorbance at 450 nm using a
microplate reader (Bio-Rad, Hercules, CA, USA). Three replicates were set for one sample in each test, and
a total of three independent biological experiments were conducted.

EdU assay

Cells with treatments were seeded into a 96-well plate (2,000 cells/well). After culturing for 24 h, EdU from
a Cell-Light EdU Apollo567 in Vitro Kit (Ribobio) was added to culture cell for another 24 h. Then, cells
were stained with Apollo and DAPI. The signal of EdU-positive cells was observed under a light
microscope (Nikon, Tokyo, Japan). Three replicates were set for one sample in each test, and a total of
three independent biological experiments were conducted.

Flow cytometry assay

With the use of FITC Annexin V Apoptosis Detection Kit (BD Biosciences, San Jose, CA, USA), cell
apoptotic rate was assessed by a �ow cytometer (BD Biosciences). In brief, cells (1×105) at 48 h post-
transfection were collected in FITC-Annexin V binding buffer, and then cells were stained with FITC-
Annexin V and propidium iodide. Finally, cells were examined by �ow cytometry. Three replicates were set
for one sample in each test, and a total of three independent biological experiments were conducted.

Malondialdehyde (MDA) and superoxide dismutase (SOD) assay

Cell supernatant was collected at 48 h post-transfection to examine MDA content and SOD activity, using
MDA Assay Kit (Solarbio, Beijing, China) and SOD Activity Assay Kit (Solarbio). Three replicates were set
for one sample in each test, and a total of three independent biological experiments were conducted.

Western blot assay

Firstly, cells (1×106) were collected at 48 h post-transfection and lysed in RIPA buffer (Solarbio). Protein
extracts were quanti�ed using a BCA kit (Solarbio). Then, proteins were separated by SDS-PAGE and
loaded onto PVDF membranes. Next, protein-loaded membranes were blocked by non-fat milk and
incubated with the primary antibodies (Abcam, Cambridge, MA, USA) at 4℃ overnight, such as NADPH
oxidase 2 (NOX2; ab129068), SOD2 (ab68155), TRAF3 (ab239357), GAPDH (ab9485). Subsequently,
membranes were probed with HRP-coupled secondary antibody for 1.5 h. Finally, we used the ECL
reagent (Solarbio) to visualize the protein signals.



Page 6/20

Target prediction

MiRNAs targeted by circCARM1 were predicted using circinteractome
(https://circinteractome.nia.nih.gov/) and starbase (http://starbase.sysu.edu.cn/) tools. mRNAs targeted
by miR-338-3p were predicted using Targetscan tool (http://www.targetscan.org/vert_72/).

Pull-down assay

Biotin-labeled RNA probe of circCARM1 (circCARM1 probe; Geneseed) could effectively enrich the
abundance of circCARM1, with oligo probe as a control. Probes were cocultured with magnetic beads
(Invitrogen) to generate probe-beads complex. Cells were lysed, and cell lysates were incubated with
probe-beads complex. RNA compounds enriched in the beads were eluted and analyzed by RT-qPCR.

Dual-luciferase reporter assay

To verify the binding site between miR-338-3p and circCARM1 or TRAF3 3’UTR, circCARM1 and TRAF3
wild-type sequence containing miR-338-3p binding site, and circCARM1 and TRAF3 mutant-type
sequence containing miR-338-3p mutated binding site were synthesized and cloned into pmirGLO vector
(Promega, Madison, WI, USA). The recombinant plasmids, including WT-circCARM1, MUT-circCARM1, WT-
TRAF3 3’UTR and MUT-TRAF3 3’UTR were respectively transfected with miR-338-3p or miR-NC into AC16
cells. After culturing for 48 h, luciferase activity was evaluated using a Dual-Luciferase Reporter Assay
System (Promega). Three replicates were set for one sample in each test, and a total of three independent
biological experiments were conducted.

Statistical analysis

Data were processed by Graphpad Prism 6.0 (GraphPad, La Jolla, CA, USA) and shown as the mean ±
standard deviation. In terms of difference comparison in different groups, Student’s t-test was suitable for
two groups, and analysis of variance was suitable for multiple groups. P-value less than 0.05 was de�ned
to be statistically signi�cant.

Results
CircCARM1 was upregulated in OGD/R-treated AC16 cells, with high stability

With the analysis of GSE160717 dataset from GEO database, we found that several circRNAs were
differently expressed between AMI blood samples and normal blood samples. The top 10 upregulated
and downregulated circRNAs in AMI blood samples were listed in Fig. 1A. Then, 4 randomly selected
circRNAs were subjected to RT-qPCR to validate their expression in OGD/R-treated AC16 cells. The data
displayed that circCARM1 expression was most strikingly reinforced in OGD/R-treated AC16 cells
compared to Control (Fig. 1B). Thereby, circCARM1 was selected as a study objective. As displayed in Fig.
1C, circCARM1 was produced by back-splicing from the exon6, exon7 and exon8 regions of CARM1 gene.
In addition, circCARM1 could be detected by divergent primers from cDNA but not gDNA, which verifying
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the existence of this circRNA (Fig. 1D). Moreover, circCARM1 was substantially resistant to actinomycin D
treatment and RNase R digestion, suggesting the existence and stability of circCARM1 (Fig. 1E and 1F).
CircCARM1 was mainly detected in the cytoplasm but not in the nucleus (Fig. 1G), suggesting that
circCARM1 was mainly located in the cytoplasm.

CircCARM1 downregulation recovered the viability, proliferation and survival and repressed oxidative
stress and in�ammation in OGD/R-treated AC16 cells

The transfection of si-circCARM1 was used to mediate circCARM1 knockdown in OGD/R-treated AC16
cells (Fig. 2A). The results of CCK-8 and EdU assays showed that cell viability and cell proliferation were
impaired in OGD/R-treated AC16 cells but largely restored by the knockdown of circCARM1 (Fig. 2B and
2C). Whereas, OGD/R-induced AC16 cell apoptosis was largely mitigated by circCARM1 downregulation
(Fig. 2D), and the enhanced caspase3 activity induced by OGD/R was repressed by circCARM1
downregulation (Fig. 2E). Oxidative stress indicator, MDA, was enhanced, while SOD activity was
decreased in OGD/R-treated AC16 cells, however, circCARM1 knockdown reversed these effects (Fig. 2F-
2G). The expression of NOX2 enhanced by OGD/R was repressed by circCARM1 knockdown, while the
expression of SOD2 depleted by OGD/R was restored by circCARM1 knockdown (Fig. 2H-2J), which
veri�ed the results in Fig. 2F-2G. Moreover, OGD/R promoted in�ammatory responses by enriching the
release of IL-6, TNF-α and IL-1β, while circCARM1 knockdown relieved the release of these factors (Fig.
2K-2M). These data mainly indicated that OGD/R-triggered AC16 cell injuries were alleviated by
circCARM1 knockdown.

MiR-338-3p was one of the targets of circCARM1

By bioinformatics analysis, miR-140-3p and miR-338-3p were predicted to be targets of circCARM1 and
overlapped in both circinteractome and starbase databases (Fig. 3A). Pull-down assay manifested that
miR-338-3p could be richly recruited by circCARM1 probe (Fig. 3B). Fig. 3C showed the WT and MUT
sequences of circCARM1 assembled into luciferase reporter plasmid and exhibited the constructs of
fusion plasmids. The expression of miR-338-3p was markedly strengthened in AC16 cells transfected
with miR-338-3p (Fig. 3D). In addition, AC16 cells transfected with miR-338-3p and WT-circCARM1
showed the decreased luciferase activity (Fig. 3E). MiR-338-3p expression was reduced in OGD/R-treated
AC16 cells (Fig. 3F). The evidence maintained that miR-338-3p was targeted by circCARM1.

CircCARM1 knockdown weakened OGD/R-induced AC16 cell injuries by heightening the expression of
miR-338-3p

The use of anti-miR-338-3p signi�cantly weakened the expression of miR-338-3p in AC16 cells (Fig. 4A).
The viability and proliferation of OGD/R-treated AC16 cells were restored by circCARM1 knockdown but
substantially repressed by further miR-338-3p inhibition (Fig. 4B-4C). OGD/R-induced AC16 cell apoptosis
was alleviated by circCARM1 knockdown, while further miR-338-3p suppression promoted the number of
apoptotic cells (Fig. 4D). OGD/R-increased caspase3 activity was weakened by circCARM1 knockdown
but recovered by additional miR-338-3p suppression (Fig. 4E). As for oxidative stress, compared to anti-
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NC, the transfection of anti-miR-338-3p partly recovered MDA level and impaired SOD activity in OGD/R-
treated AC16 cells transfected with si-circCARM1 (Fig. 4F-4G). Compared to anti-NC, the transfection of
anti-miR-338-3p partly enhanced the expression of NOX2 and repressed the expression of SOD2 in
OGD/R-treated AC16 cells transfected with si-circCARM1 (Fig. 4H-4J). Moreover, the release of IL-6, TNF-α
and IL-1β in OGD/R-treated AC16 cells was blocked by si-circCARM1 transfection, while combined anti-
miR-338-3p transfection substantially recovered the release of these markers (Fig. 4K-4M). The data
strongly unveiled that circCARM1 knockdown weakened OGD/R-induced AC16 cell injuries by enriching
the expression of miR-338-3p.

TRAF3 was a direct target of miR-338-3p

Further bioinformatics analysis exhibited that miR-338-3p harbored binding site on TRAF3 3’UTR, and the
constructs of TRAF3 luciferase reporter plasmids were shown in Fig. 5A. Then, luciferase activity was
considerably reduced in AC16 cells cotransfected with miR-338-3p and WT-TRAF3 3’UTR (Fig. 5B). The
expression of TRAF3 protein was notably decreased in AC16 cells with miR-338-3p enrichment but
markedly strengthened in AC16 cells with miR-338-3p inhibition (Fig. 5C-5D). In addition, the protein level
of TRAF3 was pronouncedly elevated in OGD/R-treated AC16 cells (Fig. 5E).

MiR-338-3p overexpression alleviated OGD/R-induced AC16 cell injuries by suppressing TRAF3
expression

The expression of TRAF3 was strikingly enhanced in AC16 cells transfected with TRAF3 overexpression
vector (Fig. 6A). OGD/R-inhibited cell viability and proliferation were largely recovered by miR-338-3p
overexpression, while further TRAF3 reintroduction depleted cell viability and proliferation (Fig. 6B-6C).
Accordingly, OGD/R-induced cell apoptosis was largely alleviated by miR-338-3p overexpression but
considerably promoted by additional TRAF3 upregulation (Fig. 6D), which was further veri�ed by the
change of caspase3 activity (Fig. 6E). In addition, miR-338-3p restoration-impaired MDA level was
substantially enhanced by TRAF3 reintroduction, while miR-338-3p restoration-rescued SOD activity was
substantially repressed by TRAF3 reintroduction (Fig. 6F-6G). As veri�cation, we found that the protein
level of NOX2 reduced by miR-338-3p upregulation was largely recovered by TRAF3 overexpression, while
the protein level of SOD2 promoted by miR-338-3p upregulation was considerably impaired by TRAF3
reintroduction (Fig. 6H-6J). The release of IL-6, TNF-α and IL-1β in OGD/R-treated AC16 cells was
suppressed by miR-338-3p upregulation, while the release of these factors was substantially promoted by
TRAF3 reintroduction (Fig. 6K-6M). The data manifested that miR-338-3p attenuated OGD/R-induced
AC16 cell injuries by suppressing TRAF3 expression.

CircCARM1 governed the miR-338-3p/TRAF3 axis to modulate the IkBα/P65 signaling pathway

We further discovered that TRAF3 expression was pronouncedly declined in AC16 cells transfected with
si-circCARM1, while its expression was partly enhanced in AC16 cells transfected with si-circCARM1+anti-
miR-338-3p (Fig. 7A). Additionally, we observed that the protein levels of TRAF3, p-IkBα and p-P65 were
markedly increased by OGD/R in AC16 cells. The knockdown of circCARM1 effectively depleted the
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protein levels of TRAF3, p-IkBα and p-P65, while further miR-338-3p de�ciency partly recovered their
expression levels in OGD/R-treated AC16 cells (Fig. 7B-7E). The results indicated that circCARM1
governed the miR-338-3p/TRAF3 axis to modulate the IkBα/P65 signaling pathway.

Discussion
Reperfusion injury is a heavy burden for the treatment of AMI. The existing studies are insu�cient to
expound the role of circRNAs in the molecular mechanisms of cardiomyocyte injury after
ischemia/reperfusion. To address this issue, our study focused on circCARM1 whose expression was
markedly elevated in AMI patients. We mainly discovered that its expression was upregulated in OGD/R-
treated myocardial cells, and knockdown of circCARM1 attenuated OGD/R-induced proliferation
impairment, apoptosis, oxidative stress and in�ammatory response in myocardial cells. Further study
revealed that circCARM1 exerted these functional effects by targeting the miR-338-3p/TRAF3 axis and
modulating the activity of IkBα/P65 signaling pathway. These �ndings strongly supported an integral role
for circCARM1 in OGD/R-induced cardiomyocyte injury.

AC16 cells were treated with OGD/R to mimic myocardial ischemia/reperfusion injury in vitro. Previous
studies widely exhibited that OGD/R depleted myocardial cell viability and triggered in�ammation,
apoptosis, oxidative stress and impaired myocardial autophagy �ux [14–16]. Consistent with these
�ndings, our results observed that OGD/R depleted AC16 cell viability and proliferation but facilitated cell
apoptosis, oxidative stress and in�ammatory response. Some circRNAs have been disclosed to play
functions on OGD/R-induced cardiomyocyte injury. For example, circDENND4C expression was enhanced
in mouse myocardial cells, and its overexpression augmented OGD/R-induced cell apoptosis and
proliferative suppression [17]. CircCARM1 was evidenced to be involved in several diseases mainly due to
the dysregulation of circCARM1 in these disorders, such as rheumatoid arthritis, azoospermia and Crohn’s
disease [18–20]. Nevertheless, the detailed functions of circCARM1 in these disorders remain unclear.
CircRNA sequencing data from GEO database manifested that circCARM1 was signi�cantly
overexpressed in blood samples from AMI patients, which attracted our attention. We hypothesized that
circCARM1 deregulation was associated with reperfusion injury and investigated its function in OGD/R-
treated AC16 cells. The results presented that CircCARM1 expression was remarkably reinforced in
OGD/R-treated AC16 cells, and knockdown of circCARM1 attenuated OGD/R-induced apoptosis, oxidative
stress and in�ammation production but recovered OGD/R-blocked viability and proliferation in AC16 cells,
suggesting that circCARM1 might be a risk factor in myocardial ischemia/reperfusion injury.

After de�ning the partial functions of circCARM1, we explored its functional mechanism. Bioinformatics
analysis exposed that circCARM1 harbored the binding site with miR-338-3p, which was veri�ed by dual-
luciferase reporter assay. Previous study showed that miR-338-3p expression was decreased in aortic
stenosis patients with high cardiomyocyte apoptotic index [21], hinting that low miR-338-3p expression
was associated with cardiomyocyte apoptotic. Besides, miR-338-3p enrichment effectively suppressed
anoxia/reoxygenation-induced autophagy and death of cardiomyocytes [22]. These data strongly
supported that miR-338-3p was closely related to cardiomyocyte apoptosis and injury. A recent paper
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reported that miR-338-3p acted as circ_0010729 target, and circ_0010729 knockdown-blocked AC16 cell
apoptosis and autophagy were recovered by miR-338-3p de�ciency [23]. Largely consistent with these
studies, the inhibition of miR-338-3p reversed the role of circCARM1 knockdown in OGD/R-treated AC16
cells, leading to the recovery of cell apoptosis, oxidative stress and in�ammation. Rescue experiments in
our study ensured that circCARM1 interacted with miR-338-3p to regulate OGD/R-induced cardiomyocyte
injury.

We further identi�ed the downstream mRNAs targeted by miR-338-3p. TRAF3 was one of the targets of
miR-338-3p, and its expression was markedly upregulated in OGD/R-treated AC16 cells. TRAF3
overexpression partially reversed the effects of miR-338-3p enrichment and thus promoted AC16 cell
apoptosis, oxidative stress and in�ammation, suggesting the regulatory effect of miR-338-3p on TRAF3.
Previous studies have highlighted that TRAF3 inhibition effectively attenuated cardiac ischemia-
reperfusion injury by impairing apoptosis, in�ammation and oxidative stress [24, 25]. Besides, TRAF3
expression was also increased in patients with cardiac failure, and its downregulation inhibited cardiac
hypertrophy, �brosis, and dysfunction [26]. The data suggested that TRAF3 was closely involved in
cardiovascular diseases.

Moreover, we found that the activation of IkBα/P65 signaling pathway was modulated by
circCARM1/miR-338-3p/TRAF3 axis. Previous study had addressed that lncRNA HRIM knockdown
blocked myocardial ischemia/reperfusion injury, including proliferation inhibition, apoptosis and
in�ammation, mainly by inactivating the NF-κB signaling by reducing the phosphorylated levels of P65
and IkBα [27]. Besides, OGD/R-induced in�ammation responses were closely associated with the
activation of phosphorylated P65 and IkBα in other human diseases [28]. Interestingly, our data
discovered that the levels of phosphorylated P65 and IkBα were elevated in OGD/R-treated AC16 cells,
while circCARM1 knockdown weakened their levels by targeting the miR-338-3p/TRAF3 axis.

Conclusion
Overall, circCARM1 expression was promoted in OGD/R-treated AC16 cells. CircCARM1 knockdown
attenuated OGD/R-induced proliferation suppression, apoptosis, oxidative stress and in�ammation in
AC16 cells via weakening the activity of IkBα/P65 signaling pathway by targeting the miR-338-3p/TRAF3
axis. Our study for the �rst time explores the role of circCARM1 in myocardial ischemia/reperfusion injury,
which needs to be further veri�ed.
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Name   Primer sequences (5’-3’)

circCARM1

hsa_circ_0049356

Forward AGCCTGTGGTGGTCTTGGTG

Reverse ACTTCTTGGCGTGGAGGTAG

circARAP1 hsa_circ_0023461 Forward GTGCTTCTCAGACACGAACC

Reverse CCATCCGCCAACTAAACACC

circNRIP1 hsa_circ_0004771 Forward TCTGAAGACTCCGGATGACA

Reverse AATCCAAACACTTCCGTCTG

circUBXN7 hsa_circ_0001380 Forward AGGCAGCTTTGAAACAAGAAGA

Reverse CGTCGTCTTTTAGGAGCACC

miR-338-3p Forward TCCGAGTCCAGCATCAGTGA

Reverse CTCAACTGGTGTCGTGGAG

miR-140-3p Forward TCCGAGTACCACAGGGTAG

Reverse CTCAACTGGTGTCGTGGAG

GAPDH Forward CAAATTCCATGGCACCGTCA  

Reverse GACTCCACGACGTACTCAGC  

U6 Forward CTTCGGCAGCACATATACT

Reverse AAAATATGGAACGCTTCACG

Figures
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Figure 1

CircCARM1 was overexpressed in OGD/R-treated AC16 cells. (A) The differently expressed circRNAs in
AMI and Control were obtained from GSE160717 dataset. (B) Randomly selected 4 circRNAs were used
for expression analysis using RT-qPCR. (C) The structure and formation of circCARM1. (D) The existence
of circCARM1 was examined using divergent primers. (E and F) The existence and stability of circCARM1
were tested using actinomycin D and RNase R. (G) The location of circCARM1 in the nucleus and
cytoplasm was checked by RT-qPCR. *P<0.05, **P<0.01, ***P<0.001.
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Figure 2

CircCARM1 downregulation alleviated OGD/R -induced AC16 cell injuries. (A) The inhibitory e�ciency of
si-circCARM1 on circCARM1 expression was checked by RT-qPCR. (B-M) The effects of circCARM1
knockdown on OGD/R-treated AC16 cell functional behaviors. (B) Cell viability was checked by CCK-8
assay. (C) Cell proliferation was evaluated by EdU assay. (D-E) Cell apoptosis was assessed according to
the results of �ow cytometry assay and caspase3 activity. (F-G) MDA level and SOD activity were
examined using matched commercial kits. (H-J) The protein levels of NOX2 and SOD2 were measured by
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western blot. (K-M) The release of IL-6, TNF-α and IL-1β in OGD/R-treated AC16 cells was measured using
ELISA kits. *P<0.05, **P<0.01, ***P<0.001.

Figure 3

MiR-338-3p was targeted by circCARM1. (A) Circinteractome and starbase were used to predict the target
miRNAs of circCARM1. (B) MiR-140-3p and miR-338-3p were screened by pull-down assay. (C) The
constructs of WT-circCARM1 and MUT-circCARM1 reporter plasmids. (D) The e�ciency of miR-338-3p
mimic was checked by RT-qPCR. (E) The binding between miR-338-3p and circCARM1 was con�rmed by
dual-luciferase reporter assay. (F) The expression of miR-338-3p in OGD/R-treated AC16 cells was
detected by RT-qPCR. *P<0.05, **P<0.01, ***P<0.001.
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Figure 4

CircCARM1 downregulation alleviated OGD/R-induced AC16 cell injuries by promoting the expression of
miR-338-3p. (A) The inhibitory e�ciency of miR-338-3p was checked by RT-qPCR. (B-M) Rescue
experiments were performed to verify the interaction between circCARM1 and miR-338-3p. (B) Cell
viability was examined by CCK-8 assay. (C) Cell proliferation was checked by EdU assay. (D-E) Cell
apoptosis was monitored by �ow cytometry assay and caspase3 activity. (F-G) MDA level and SOD
activity were examined using commercial kits. (H-J) The protein levels of NOX2 and SOD2 were measured
by western blot. (K-M) The release of IL-6, TNF-α and IL-1β was determined by matched ELISA kits.
*P<0.05, **P<0.01, ***P<0.001.
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Figure 5

TRAF3 was directly targeted by miR-338-3p. (A) The constructs of WT-TRAF3 3’UTR and MUT-TRAF3
3’UTR reporter plasmids. (B) The binding between miR-338-3p and TRAF3 was con�rmed by dual-
luciferase reporter assay. (C and D) The protein levels of TRAF3 in AC16 cells with miR-338-3p
upregulation or downregulation were measured by western blot. (E) The protein level of TRAF3 in AC16
cells treated with OGD/R was measured by western blot. *P<0.05, **P<0.01, ***P<0.001.
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Figure 6

MiR-338-3p overexpression alleviated OGD/R-induced AC16 cell injuries by suppressing TRAF3. (A) The
e�ciency of TRAF3 overexpression was checked by western blot. (B-M) TRAF3 was transfected into
OGD/R-treated AC16 cells transfected with miR-338-3p to conduct rescue experiments. (B) Cell viability
was assessed by CCK-8 assay. (C) Cell proliferation was determined by EdU assay. (D-E) Cell apoptosis
was evaluated by �ow cytometry assay and caspase3 activity. (F-G) MDA level and SOD activity were
investigated using commercial kits. (H-J) The protein levels of NOX2 and SOD2 were detected by western
blot assay. (K-M) The release of IL-6, TNF-α and IL-1β was determined by matched ELISA kits. *P<0.05,
**P<0.01, ***P<0.001.
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Figure 7

CircCARM1 regulated the miR-338-3p/TRAF3 axis to modulate the IkBα/P65 signaling pathway. (A) The
protein level of TRAF3 in AC16 cells transfected with si-circCARM1 or si-circCARM1+anti-miR-338-3p was
detected by western blot. (B-E) The protein levels of TRAF3, IkBα/P65, and phosphorylated IkBα/P65 in
OGD/R-treated AC16 cells transfected with si-circCARM1+anti-NC or si-circCARM1+anti-miR-338-3p were
measured by western blot. *P<0.05, **P<0.01, ***P<0.001.


