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Recent researches have revealed the potential utility of extrachromosomal circular DNAs (eccDNAs)
as biomarkers in various diseases. However, the association between plasma eccDNAs and myocardial
infarction (MI) remains unclear. In this study, we extracted plasma eccDNA from blood samples of
individuals with acute MI and conducted Circle-Seq. We identified an Mi-related eccDNA (MIRECD) with
high expression levels in the plasma of patients with MI. Sanger sequencing validated its loop construction
and sequence. Mechanistically, MIRECD could aggravate necroptosis via regulating the expression of
mixed-lineage-kinase-domain-like pseudokinase (MLKL). Kaplan—Meier analysis demonstrated that
the incidences of major adverse cardiac events (MACEs) and cardiovascular mortality were higher in
individuals with elevated MIRECD levels. Univariate and multivariate Cox regression analyses indicated that
MIRECD independently predicted the occurrence of MACEs in patients with MI. The addition of MIRECD
enhanced the discrimination and reclassification ability compared with conventional risk factors. In
conclusion, our study identified a novel eccDNA, MIRECD, which might regulate myocardial necroptosis
through MLKL. MIRECD has the potential to serve as a reliable indicator for predicting the prognosis and
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stratifying the risk of MI.

Introduction

Myocardial infarction (MI), characterized by ischemic necrosis
of cardiac tissue, is the primary cause of mortality globally [1].
Heart failure (HF) and arrhythmias are frequent complications
of MI, considerably deteriorating the quality of many patient’s
life and imposing substantial economic burdens on both society
and individuals [2]. Therefore, it is of vital importance to dis-
cover appropriate markers to assess prognosis and provide new
targets to improve myocardial tissue repair. Although cardiac
troponin (cTn) and B-type natriuretic peptide (BNP) are estab-
lished biomarkers recommended in clinical guidelines [3-5],
several new biomarkers have been identified to facilitate the
risk stratification for patients with MI [6,7].
Extrachromosomal circular DNAs (eccDNAs) is type of
DNA that originates from chromosomes but which is free of
chromosomal DNA once generated [8]. The formation of eccD-
NAs can be elucidated through 3 theoretical frameworks: chro-
mothripsis, the breakage—fusion-bridge cycle, and the episome
model [9]. eccDNAs are often shorter than 500 base pairs (bp)
but can replicate and encode amino acids [10]. Both normal and
cancer cells are reported to express eccDNAs, the function of
which include amplification of genetic heterogeneity in tumors,
contribution to drug resistance during treatment, expression of
regulatory RNAs, and gene dose compensation [11,12]. Recent
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studies indicated that large eccDNAs (>1 kb) can be directly
transcribed in nondividing cardiomyocytes, highlighting their
potential involvement in gene expression. Compared to linear
DNA with the same sequence, small circular DNA (<1 kb) elic-
ited a more potent cytokine response. In addition, macrophages
exhibited a more pronounced response compared to cardio-
myocytes [13]. However, the precise molecular function of
eccDNAs remains largely unexplored.

Considering the potential function of eccDNAs, several stud-
ies have proposed that eccDNAs could be used as biomarkers
for disease diagnosis and prognosis. For example, Cai et al. [14]
showed that circulating tumor DNA could reflect tumor het-
erogeneity and monitor therapeutic responses in patients with
hepatocellular carcinoma. Cen et al. [15] confirmed significant
down-regulation of the eccDNA DNMT]¢e10302690-10302961 )
high-grade serous ovarian cancer and showed that its expres-
sion was negatively related to prognosis. In addition to tumors,
Lv et al. [16] detected the presence of eccDNA in urine samples
from patients with advanced chronic kidney disease and revealed
significantly higher urinary cell-free eccDNAs in patients with
chronic kidney disease compared with healthy controls. Zhang
et al. [17] found that serum eccDNA-chr2:131208878-131424362
levels were strongly elevated in patients with pulmonary arterial
hypertension, suggesting that eccDNA may serve as a nonin-
vasive biomarker for diagnosing this condition. However, it
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remains unclear whether eccDNAs are associated with other
cardiovascular diseases.

This study utilized Circle-Seq on blood samples from patients
with MI and healthy controls to identify differentially expressed
eccDNAs. We ultimately identified a specific type of eccDNA,
named MI-related eccDNA (MIRECD), and explored its poten-
tial mechanism. Furthermore, we conducted a cohort study to
investigate the prognostic value of plasma eccDNA in patients
with MI.

Results
The landscape of eccDNA in Mi

To identify eccDNAs related to MI on genome-wide scale, we
performed Circle-Seq on 10 blood samples from 5 patients with
MI and 5 healthy controls. The baseline characteristics of the
participants are shown in Table S1.

To elucidate the properties of eccDNA in patients with MI,
we identified a total of 8,283 eccDNAs using Circle-Seq in
plasma samples from 5 patients with MI and 5 healthy controls
(Fig. 1A). The Venn diagram illustrates that 3,993 eccDNAs
were exclusive to patients with MI, 2,472 were unique to healthy
controls, and 1,818 were common to both groups (Fig. 1B).
Expression profiling revealed 1,424 eccDNAs with significant
dysregulation in patients with MI compared to healthy controls,
of which 1,109 were up-regulated and 315 were down-regulated
(Fig. 1C). Interestingly, the genes associated with these up-
regulated eccDNAs were significantly enriched to Gene Ontology
(GO) terms related to “cell-cell adhesion mediated by cadherin
(GO:0044331)” and “cell junction assembly (GO:0034329)” (Fig.
1D), whose roles in cardiovascular diseases have been inten-
sively investigated. Moreover, Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis revealed that the differen-
tially expressed eccDNAs were mainly involved in tight junc-
tion, leukocyte transendothelial migration, axon guidance, and
circadian entrainment (Fig. 1E). The study further character-
ized and analyzed the expression frequency, length distribution,
GC content, and genomic distribution of the eccDNAs, noting
that they originated from various chromosomes, particularly
chromosomes 1 and 2 (Fig. 1F). Size distribution analysis indi-
cated that eccDNAs smaller than 500 bp were predominant in
the plasma of both patients with MI and healthy individuals,
with 2 prominent peaks at approximately 200 and 350 bp (Fig.
1G). Furthermore, our analysis revealed disproportionately
elevated levels of CpG islands and comparatively reduced levels
in the Alu region within the mapping results, suggesting a non-
random formation of circular DNAs (Fig. 1H). In addition, the
GC content of eccDNAs was observed to be higher than that
of the immediate upstream or downstream flanking regions in
both groups studied (Fig. 1I). These findings not only enhance
our comprehension of the role of circular DNAs in MI but also
underscore the potential significance of these structures in the
context of infarction.

Identification of MIRECD in M

By using Circle-Map [18] with recommended filters (circle
score > 50, coverage at the start > 0.33, coverage at the end >
0.33, and no overlap with repeat elements), we identified 472,
447, 102, 440, and 895 circular DNAs in the 5 MI samples,
respectively. Among the identified circular DNA genes, 239
were observed in at least 2 samples. To further reduce the list
of circular DNA genes for experimental validation, we selected
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26 genes that were identified in at least 3 samples from the MI
group but were not found in any samples from the control group
(Table S2). Among these genes, we finally chose 5 eccDNAs that
were annotated to genes closely related to heart development
and functions for downstream validation (chr1:217633935-
217634137, chr2:105476963-105477164, chr6: 4774194-4774429,
chr14:22757334-22757523, and chr16:66381718-66381911).
Quantitative polymerase chain reaction (QPCR) confirmed that
chr6:4774194-4774429 and chr16:66381718-66381911 were
significantly up-regulated in MI (Fig. 2A). These 2 eccDNAs
were then selected to confirm the presence of a cyclization site
using Sanger sequencing (Fig. 2B). We successfully validated
that chr6:4774194-4774429, named MIRECD, had a splicing
site (CATAATAGCCTTAC), thus demonstrating its looping
structure (Fig. 2C). The complete sequence of MIRECD is pre-
sented in Table 1. We further confirmed that MIRECD was
highly expressed in the plasma of patients with MI using qPCR
(Fig. 2D).

Functional study of MIRECD
ACI16 cells were transfected with MIRECD and exposed to
hypoxia before RNA sequencing for differential gene expression
analysis. The findings are illustrated in a cluster heatmap (Fig.
3A). Mixed-lineage-kinase-domain-like pseudokinase (MLKL)
expression significantly increased after MIRECD transfection,
which was confirmed by reverse transcription (RT)-qPCR (Fig.
3B). To investigate the potential independence of this effect
from hypoxia, we transfected AC16 cells with MIRECD and
subsequently cultured them under normoxic conditions. The
expression levels of MLKL mRNA and protein were assessed
using RT-qPCR and Western blot, respectively (Fig. 3C to E).
Furthermore, we investigated the role of MLKL in AC16
cells following knockdown of MLKL protein by small interfer-
ing RNA (siRNA) (Fig. 4A and B). Necroptosis was induced by
MIRECD and partly inhibited by knockdown of MLKL, as
shown by flow cytometry (Fig. 4C and F). Given the diverse
morphological manifestations of necroptosis, we used alter-
native methods to assess this effect. Subsequent evaluation of
necroptosis rates by terminal-deoxynucleotidyl-transferase-
mediated deoxyuridine triphosphate nick-end labeling (TUNEL)
assay and Hoechst-propidium iodide (PI) staining revealed that
MIRECD transfection increased necroptotic cells (Fig. 4D, E, G,
and H), and this effect was reversed by transfection with MLKL
siRNA (si-MLKL). These findings indicated that MIRECD
expression may influence programmed cell death through
modulation of the necroptotic pathway, thus suggesting a
potential mechanism by which eccDNA may exacerbate car-
diomyocyte injury during MI.

Cohort study of patients with MI

Given the high expression of MIRECD in patients with MI, we
hypothesized that it could serve as a promising biomarker for
the progression and prognosis of MI. We thus conducted a
prospective study in 515 individuals to examine the predictive
significance of MIRECD in MI. The baseline characteristics of
the participants are shown in Table 2. Patients with MI were
categorized into 2 groups based on the median MIRECD levels.
Individuals with higher MIRECD levels were more likely to
have previous occurrences of acute MI and HE MIRECD was
positively correlated with ST-elevation MI, Killip class, fasting
blood glucose (FBG), cTnl, and BNP and inversely related with
left ventricular ejection fraction (LVEF) and the use of statins
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Fig. 1. Identification of differentially expressed eccDNAs in plasma. (A) Hierarchical clustering showing the differentially expressed plasma eccDNAs in patients with
MI. (B) Venn diagram showing the overlap of eccDNAs between MI and healthy controls. (C) Volcano plot showing differential abundant of eccDNAs between Ml and control
groups. GO enrichment analyses (D) and KEGG pathway analysis (E) were used to predict the biological functions and annotate functional pathways of plasma eccDNAs in
patients with MI. (F) The distribution of eccDNAs in different chromosomes. (G) The length density distribution curve of eccDNAs. (H) Box plots showing the distribution of
eccDNAs in different genomic regions. UTR, untranslated region. (I) GC content of the eccDNA locus and its adjacent regions, compared to the genomic average.

and ezetimibe. The average duration of follow-up was 36 months,
during which time 123 patients (23.88%) experienced adverse
end-point events, including 32 cardiovascular deaths.

Analysis of survival using the Kaplan—-Meier method

We compared survival rates among patients with different
plasma MIRECD expression levels using Kaplan-Meier analy-
sis. Plasma MIRECD levels were a significant indicator of major
adverse cardiac events (MACEs) and cardiovascular mortality
in patients with MI (Fig. 5A and B). MIRECD levels above the
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median were associated with higher rates of MACEs (log-rank
test, P < 0.001) and cardiovascular mortality (log-rank test,
P < 0.001) compared with individuals with MIRECD levels
below the median.

Cox regression analysis

The Cox regression model for survival analysis indicated that
age, previous histories of acute MI, HE, hypertension, and dia-
betes, Killip class, BNP, and MIRECD were individual predic-
tors of MACE, which represents a combination of cardiovascular
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Fig. 2. Selection and validation of eccDNAs in Ml plasma. (A) gPCR results of 5 eccDNAs detected by high-throughput sequencing (eccDNAL: chr6:4774194-4774429, eccDNA2:
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differentially expressed eccDNAs according to Circle-Map (1, eccDNA4; 2, eccDNAL). (C) Sanger sequencing validated the junctional site of MIRECD. (D) gPCR validation of
MIRECD in patients with acute MI (n = 60) and healthy controls (n = 100). The data were expressed as means + SEM. Differences between groups were analyzed using an
unpaired t test, and *P < 0.05 was considered statistically significant. Con, the control group.

Table 1. MIRECD sequence

Name Gene location Sequence 5'-3'

MIRECD  pr6:4774194-4774429 GCCTTACTAGCTCAATATCTGGATATGTTTGTTGTGGATGTCTAT-
GTTCCTTTCTTTCCCTCTCCTGGGCAACAATGGCAGTTTTGGAGACTCCTTGGAGACCACAGTACCAT-
TACGCACATGGTGGAGCCCCTTGTGAATGCCTAAGCTTGTGGATGTTCTGAAGGGGGCAATAATTG-
GAGTAATGGTCATGGCGAGAAGTGCTTGTATTTGTATTGGTCCATCATTGCATAATA
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mortality, HF hospitalization, and recurrent acute MI. Multivariate
Cox regression analysis also identified MIRECD as a significant
predictor of MACE [hazard ratio (HR) = 2.72; 95% confidence
interval (CI) = 2.02 to 3.67, P < 0.001), together with age, previous
histories of acute MI, HF, and diabetes, and Killip class (Table
3). Harrell’s C-index for MACE increased from 0.862 (95%
CI=0.833t00.891) t00.877 (95% CI=0.851 t0 0.904) (P < 0.001)
after the addition of MIRECD to the reference model. Moreover,
the model including MIRECD had better predictive value than
that without MIRECD according to integrated discrimination
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improvement (IDI) and net reclassification improvement (NRI)
(IDI = 0.0629, 95% CI = 0.0395 to 0.0864; categorical NRI =
0.2438, 95% CI = 0.1424 to 0.3452; continuous NRI = 0.8914,
95% CI = 0.7066 to 1.0761; all P < 0.001).

Discussion

We showed that MIRECD, a type of eccDNA, was highly
expressed in patients suffering from M1, using high-throughput
sequencing technologies. The sequencing results were further
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corroborated using qPCR. Considering its closed-loop struc-  regulate necroptosis by affecting MLKL gene expression in
ture, we detected the precise arrangement of bases by Sanger ~ AC16 cells. In the prognosis analysis, patients with higher
sequencing to confirm the specific cyclization site in MIRECD.  expression of MIRECD had a significantly increased incidence

Further cellular experiments revealed that MIRECD may  of MACEs, suggesting that MIRECD may serve as a biomarker to
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Table 2. Baseline characteristic of patients with AMI according to median levels of MIRECD

All patients (N = 515) MIRECD < 2.36 MIRECD > 2.36 P value
Male 396 (76.9%) 193 (74.8%) 203 (79.0%) 0.260
Age,y 65.00 (55.00-73.00) 65.00 (56.00-72.00) 64.50 (55.00-74.00) 0413
BMI 24.00 (23.00-27.00) 25.00 (23.00-27.00) 24.00 (23.00-27.00) 0.620
Previous history
AMI 45 (8.7%) 12 (4.7%) 33 (12.8%) <0.001
PCI 70 (13.6%) 33 (12.8%) 37 (14.4%) 0.607
HF 41 (8.0%) 5 (1.9%) 36 (14.0%) <0.001
Hypertension 358 (69.5%) 179 (69.4%) 179(69.6%) 0.947
Diabetes 155 (30.1%) 71(27.5%) 84 (32.7%) 0.201
Hyperlipidemia 46 (8.9%) 29 (11.2%) 17 (6.6%) 0.066
Smoking 278 (54.0%) 138 (53.5%) 140 (54.5%) 0.822
STEMI 222 (43.1%) 89 (34.5%) 133 (51.8%) <0.001
Killip class > 1 168 (32.6%) 31 (12.0%) 137 (53.3%) <0.001
LVEF 55.00 (46.00-63.00) 60.00 (55.00-65.00) 4700 (41.00-56.00) <0.001
Medical treatment
Aspirin 432 (83.9%) 220 (85.3%) 212 (82.5%) 0.391
P2Y12 inhibitor 466 (90.5%) 230 (89.1%) 236 (91.8%) 0.300
Statins 502 (97.5%) 257 (99.6%) 245 (95.3%) 0.002
Ezetimibe 214.0 (42.5%) 119 (47.0%) 95 (37.8%) 0.037
B-blocker 363 (71.9%) 189 (73.8%) 174 (69.9%) 0.324
ACEI/ARB/ARNI 245 (47.6%) 125 (48.4%) 120 (46.7%) 0.690
Trimetazidine 212 (42.5%) 112 (44.3%) 100 (40.7%) 0414
Laboratory tests
Hb 134.00 (122.00-147.00) 134.00 (121.75-147.00) 134.00 (122.00-146.00) 0.469
TG 141 (1.02-2.02) 146 (1.06-2.10) 1.39 (1.02-1.98) 0.745
TC 412 (3.36-4.92) 4.04 (3.31-4.89) 4.13(3.41-4.91) 0.617
LDL 2.50 (1.85-3.26) 241(1.73-3.22) 2.59 (1.96-3.28) 0.289
HDL 0.99 (0.84-1.18) 0.98 (0.82-1.17) 0.99 (0.85-1.20) 0.253
FBG 6.04 (5.20-7.35) 5.94 (5.16-7.14) 6.11 (5.21-762) 0.004
Scr 74.00 (61.00-87.00) 72.00 (60.00-86.25) 75.00 (61.00-87.00) 0.922
cnl 3.73(0.10-29.73) 16.78 (0.97-46.86) 39.85 (7.03-50.00) <0.001
BNP 153.00 (48.00-312.00) 109.00 (28.75-245.75) 175.50 (66.00-372.00) <0.001

Values are median (interquartile range) or n (%).BMI, body mass index; ACEI, angiotensin-converting enzyme inhibitor; AMI, acute MI; STEMI, ST-elevation
MI; ARB, angiotensin receptor blocker; ARNI, angiotensin receptor—neprilysin inhibitor; Hb, Hemoglobin; NT-proBNP, N-terminal pro-BNP; CRP, complement-
reactive protein; TG, triglyceride; TC, total cholesterol; LDL, low-density lipoprotein; HDL, high-density lipoprotein; PCI, percutaneous coronary intervention;

Scr, serum creatinine.

facilitate more accurate prediction of prognosis in patients with
MI (Fig. 6).

Increasing attention is being paid to the function of eccD-
NAs, especially their application as biomarkers in liquid biopsy
[19].1In 2017, Kumar et al. [20] proposed that plasma eccDNA
was released from normal tissues and tumors into the circula-
tion. The length of plasma eccDNA was longer before surgery
in patients with lung and ovarian cancer. Sin et al. [21] dem-
onstrated the existence of eccDNA in maternal plasma and
found that the methylation levels of maternal eccDNAs were
higher than those of fetal eccDNAs, which could be rapidly
cleared from the maternal blood after delivery [22]. Moreover,
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numerous eccDNAs were recently identified in serum of patients
with lung adenocarcinoma, and Xu etal. [23] showed that
increased expression of CircD-PDZRN3 and decreased expres-
sion of CircD-LGR6 clearly distinguished between patients with
lung adenocarcinoma and healthy controls. Notably, however,
there have been no relevant reports on eccDNA in cardiovascu-
lar diseases. The current study accordingly identified a specific
eccDNA, MIRECD in the plasma of patients with MI, and con-
firmed that it could serve as a prognostic biomarker of MI.
Our results suggested that the detrimental impact of MIRECD
may be mediated via the activation of necroptotic pathways,
potentially exacerbating cardiac dysfunction following MI.
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of plasma MIRECD.

Previous studies, however, have tended to examine the overall
joint effects of eccDNAs. Wang et al. [24] demonstrated that
the circularity, instead of the sequence, triggered innate immune
responses using eccDNAs synthesized in vitro. In a functional
study, Wang et al. [25] isolated eccDNAs from proteasome-
inhibitor-resistant cell lines and transfected them into protea-
some-inhibitor-sensitive cell lines. In the current study, we
investigated the specific functions of a particular eccDNA.

The concept of necroptosis, introduced in 2005, has gar-
nered increasing attention, as a form of programmed cell death
distinct from apoptosis [26]. Necroptosis exhibits similarities
to necrosis in terms of its morphological and pathological
characteristics but includes specific steps and signaling cas-
cades [27]. As an executioner of necroptosis, MLKL protein
can be activated by phosphorylation and then translocated to
the plasma membrane, where its accumulation on the mem-
brane disrupts the integrity of the phospholipid bilayer, ulti-
mately leading to cell death [28]. The expression of MLKL
protein is currently considered as a decisive factor affecting
cell survival in necroptosis [29]. In a previous study by Zhou
et al. [30], overexpression of MLKL in cells subjected to oxygen
and glucose deprivation/reoxygenation significantly reduced
cell proliferation through necroptosis. Coincidentally, our
experiments revealed that MIRECD triggered necroptosis by
up-regulating MLKL gene expression. These findings indi-
rectly confirmed the hypothesis that MIRECD was produced
during MI and might significantly affect MI progression via
MLKL protein expression. Overall, the current study provides
the first evidence of an interaction between an eccDNA and
the necroptotic pathway; however, further studies are needed
to determine how MIRECD regulates cardiomyocyte necrop-
tosis during MI.

This study had some limitations. First, although we identified
a new eccDNA in blood samples of patients with MI, there is
currently no evidence for the existence of MIRECD in mice,
which, thus, limits further investigations of the molecular mech-
anisms of MIRECD in MI through animal experiments. Second,
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although we demonstrated a potential interaction between MIRECD
and the necroptotic pathway, further experimental validation of
a direct interaction is still needed. Third, the interactions of
MIRECD with other members of the necroptotic pathway and its
ability to initiate other pathways that influence cardiomyocyte
survival remain unknown. These results imply that other mecha-
nisms may drive MIRECD-induced necroptosis, and further stud-
ies are needed to explore these underlying mechanisms.

In conclusion, our study identified a novel eccDNA, MIRECD,
which may influence the process of MI via the necroptotic path-
way. High levels of MIRECD were linked to MACEs in patients
with MI, indicating its potential as a predictor for MI prognosis.

Materials and Methods

Patient enrollment and eccDNA sequencing

Patients with acute MI and healthy controls were recruited from
the Second Affiliated Hospital of Nanjing Medical University
and the Second Affiliated Hospital of Soochow University.
Age- and sex-matched individuals were used as controls. Acute
MI was diagnosed according to 2017 European Society of
Cardiology Guidelines for the management of acute MI [31].
All participants gave written informed consent before joining
the study.

Gene sequencing was performed using peripheral blood
samples. All samples were centrifuged at 3,000¢ for 10 min
at 4 °C and then stored at —80 °C. Plasma DNA was extracted
using the QIAamp Circulating Nucleic Acid Kit. To eliminate
linear DNA and enhance the concentration of eccDNA, the
plasma DNA underwent digestion with Plasmid-Safe ade-
nosine 5'-triphosphate (ATP)-dependent deoxyribonuclease
(DNase) (Epicenter), followed by column purification with
the MinElute Reaction Cleanup Kit (QIAGEN). To establish
a DNA library, the eccDNAs were processed using the Nextera
XT DNA Library Preparation Kit. The DNA library underwent
sequencing on an Illumina NovaSeq 6000 system in 150-bp
paired-end mode.
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Table 3. Cox regression analysis for MACE in patients with AMI

Univariable analysis

Multivariable analysis

HR (95% CI)

Male 0.71(0.48-1.06)
Age,y 1.04 (1.02-1.05)
BMI 0.97 (0.93-1.02)

Previous history
AMI

6.65 (4.45-9.94)

PCI 1.23(0.75-2.00)
HF 8.35(5.14-16.09)
Hypertension 1.76 (1.14-2.69)
Diabetes 2.88 (2.02-4.10)
Hyperlipidemia 0.78 (0.39-1.53)
Smoking 0.81(0.57-1.16)
STEMI 1.25 (0.87-1.78)
Killip class > 1 5.24 (3.63-758)
Medical treatment
Aspirin 0.80 (0.50-1.26)
P2Y12 inhibitor 0.86 (0.46-1.60)
Statins 0.47 (0.21-1.07)
B-blocker 0.96 (0.65-1.42)
ACEI/ARB/ARNI 0.95 (0.66-1.35)
LogcTnl 1.08 (0.92-1.27)
LogBNP 2.11(1.51-2.95)
MIRECD 3.77 (2.97-4.78)

P value HR (95% Cl) P value
0.098 0.85 (0.49-146) 0.548
<0001 104 (1.02-1.06) <0001
0.270 0.98 (0.93-1.03) 0435
<0.001 2.25(1.36-3.71) 0.002
0412 0.87 (0.52-1.46) 0605
<0001 3.83(2.29-6.38) <0.001
0.010 1.00 (0.62-161) 0.983
<0001 2.11(1.40-3.16) <0.001
0468 166 (0.80-3.45) 0178
0.249 0.88 (0.54-143) 0.609
0.226 116 (0.75-1.82) 0.504
<0001 4.35(2.82-6.73) <0001
0333 158 (0.88-2.82) 0.124
0623 0.66 (0.28-1.58) 0.349
0.074 0.80 (0.24-2.65) 0719
0.836 1.24 (0.80-1.92) 0.341
0.756 113 (0.75-1.69) 0558
0.340 102 (0.81-1.28) 0.886
<0.001 113 (0.75-1.69) 0.569
<0001 2.72 (2.02-3.67) <0.001

Circle-Seq data analysis

Contaminated adapters and low-quality sequence were trimmed
from the raw Circle-Seq files by cutadapt software [32]. The
cleaned sequencing reads were aligned to the hgl9 human
genome reference by using bwa software [33]. We used the
Circle-Map [18] to detect eccDNAs across the samples. The
quantification of soft-clipped reads intersecting with break-
points was performed using Samtools software (v 0.2) [34],
serving as the basis for raw counts. For normalization purposes,
edgeR software (v0.6.9) [35] was applied, facilitating the com-
putation of fold changes and corresponding P values to dis-
cern differentially expressed eccDNA between the groups.
Cleaned circular DNA output was then annotated using the
Bedtools software (v2.27.1) [36]. The online tool Enrichr was
next used for the GO analysis and KEGG analysis on the
annotated genes.

Sanger sequencing validation

eccDNAs chosen on the basis of the Circle-Seq data were sub-
jected to experimental validation. DNA was extracted from the
plasma, and linear DNA was removed as described above. To
enhance the productivity, PCR amplification was conducted
utilizing 2x PCR Master Mix (GenSeq Biotech Inc.). The sam-
ples were temporarily stored at 4 °C or used immediately for
subsequent experiments. The PCR samples were loaded on 2%
agarose gels and observed using an ultraviolet luminescent
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image analyzer. Purified PCR products were retrieved using a
MiniBEST Agarose Gel DNA Extraction Kit Ver.4.0 (TaKaRa),
according to the manufacturer’s guidelines. Sanger sequencing
was conducted by CloudSeq Biotech Inc., and the obtained data
were subsequently analyzed using Chromas software (version
2.6.4; Technelysium).

Synthetic MIRECD preparation

MIRECD was prepared according to the Ligase Assisted
Minicircle Accumulation procedure [24,37]. The MIRECD
sequence was obtained from National Center for Biotechnology
Information GenBank according to the sequence analysis
results. All DNA sequences and primers were synthesized by
Sangon Biotech. The sequences are listed in Table S3. Linear
products with phosphorylation at 5" were prepared with 2x
Phanta Max Master Mix (Vazyme Biotech). Approximately
0.4 pg of each MIRECD template was included in 100 pl of
reaction mixture containing Taq DNA ligase (New England
Biolabs) and subjected to thermal cycling as follows: initial
denaturation at 95 °C for 3 min, followed by annealing at 60 °C
for 10 min, and nick ligation at 37 °C for 5 min, repeated for a
minimum of 10 cycles. The circularized items were purified
using the TIANquick Mini Purification Kit (TTANGEN) and
subsequently digested with Plasmid Safe ATP-dependent
DNase (Epicenter). The digested products were again recovered
using the TIANquick Mini Purification Kit.
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to validate their looping structure. Fourth, the exploration of downstream molecular mechanism and the evaluation of the prognostic value of MIRECD.
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Cell culture and transfection

The human cardiomyocyte cell line, AC16, was acquired from
FuHeng Cell Center (FuHeng Biology, Shanghai, China) and
cultured as described previously [38]. Briefly, AC16 cells were
cultivated in Dulbecco’s modified Eagle’s medium (Gibco) con-
taining 10% fetal bovine serum (Vivacell) and 1% penicillin/
streptomycin solution (Beyotime) [39]. Cells in the hypoxia
group were incubated in a hypoxia chamber (Thermo Fisher
Scientific) under conditions of 1% O,, 5% CO,, and an N,-
balanced atmosphere. AC16 cells were cultured under standard
conditions with full medium until 70% to 80% confluence, after
which they were transfected with MIRECD using Lipofectamine
3000 Reagent (Invitrogen). The cells were subsequently sub-
jected to either hypoxic or normoxic conditions for 24 hours.
For siRNA treatment, AC16 cells were transfected with si-
MLKL or negative control siRNA (si-NC), which were obtained
from GenePharma (Shanghai, China), using Lipofectamine
3000 24 hours before MIRECD transfection. The sequences are
summarized in Table S4.

RNA sequencing

RNA sequencing was conducted by CloudSeq Biotech (Shanghai,
China). Total RNA underwent ribosomal RNA removal, fol-
lowed by library construction with the GenSeq Low Input RNA
Library Prep Kit. Quality and quantity checks were done
using the BioAnalyzer 2100. An Illumina NovaSeq was used
for sequencing, using 150-bp paired-end reads. Reads were
matched to the reference genome through the use of hisat2
software (v2.0.4). HTSeq software (v0.9.1) [40] provided raw
counts, and edgeR normalized data to identify differentially
expressed mRNAs.

RT-qPCR analysis

RT-qPCR was used to validate MIRECD expression using
outward-facing primers in the sequencing samples. In addi-
tion, the presence of MIRECD was validated in a new cohort,
including 100 patients with MI and 60 healthy individuals.
Briefly, the pET-23a plasmid was added to plasma samples at
aratio of 1.2 x 10° copies/ml and served as an internal control
[41]. To measure gene expression, total RNA was extracted
from AC16 cells, treated as above, using TRIzol reagent. The
extracted total RNA was reverse-transcribed into cDNA using
the HiScript III RT SuperMix for qPCR (+genomic DNA
wiper) (Vazyme Biotech). The mRNA expression was detected
using the QuantStudio 5 Real-Time PCR System (Thermo
Fisher Scientific) in a reaction volume of 10 pl, including
2 pl of diluted template DNA, 5 pl of 2x qPCR SYBR Green
Master Mix (CloudSeq), and 0.5 pl of each primer (10 pM).
The reaction conditions were set according to the kit instruc-
tions. The fluorescent signal was monitored in the extension
step of each cycle. Relative expression of eccDNA was deter-
mined by the 27%*“ method. The primer sequences are listed
in Table S5.

Cell death assay

The cell death ratio was determined using an annexin V-
phycoerythrin apoptosis detection kit. After transfection, AC16
cells were harvested using 0.25% trypsin (Beyotime), rinsed
twice with ice-cold phosphate-buffered saline (PBS), counted,
resuspended in binding buffer and analyzed by flow cytometry.
Apoptotic cells were subsequently examined using a CytoFLEX
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S flow cytometer after incubation with fluorescent dyes, includ-
ing annexin V and 7-amino-actinomycin, for 15 min in the dark.
The cell death rate was determined by quantifying the propor-
tions of cells in the lower and upper right quadrants of the plots,
comprising early apoptotic cells and late apoptotic or necroptotic
cells. Programmed cell death was also visualized using TUNEL
and Hoechst-PI staining techniques. The reagents and Kkits uti-
lized in this study included the One-Step TUNEL Apoptosis
Assay Kit, Apoptosis and Necrosis Assay Kit, 4% paraformalde-
hyde solution (Biosharp), and 4',6-diamidino-2-phenylindole
(DAPI) staining solution (Beyotime). All experimental proce-
dures were conducted in accordance with previous methods
[42,43]. AC16 cells were seeded to 20-mm glass-bottom micro-
scope dishes (NEST Biotechnology, Wuxi, China) and cultured
as described before. For TUNEL staining, cells were fixed in
paraformaldehyde, permeabilized, and incubated with TUNEL
detection solution, followed by DAPI staining for nuclear
visualization. Hoechst-PI staining was done by incubating cells
with a staining buffer containing PI and Hoechst dyes for 30 min
at 4 °C. Cells were washed with PBS before observation.

Western blot

Western blot was carried out as described previously [44]. The
membrane was incubated with antibodies specific to MLKL
(ABclonal) and vinculin (ProteinTech), followed by exposure to
horseradish-peroxidase-conjugated secondary antibody (Lianke).
Images were subsequently captured using an eBlot Touch Imager
(e-BLOT), and the band density was quantified using Image]J soft-
ware, using vinculin as an internal control for normalization.

Clinical research

A total of 515 patients with consecutive acute MI admitted to
the Second Affiliated Hospital of Nanjing Medical University
and the Second Affiliated Hospital of Soochow University
were included. Patients with a confirmed cancer diagnosis or
in the final stages of kidney disease were excluded from the
study. Data on demographics, clinical characteristics, and
biochemical information were collected from the patients’
medical files. Each patient received standard medical care.
Informed consent forms were signed and collected from all
participants. The primary end point was MACEs, including
cardiovascular mortality, hospitalization for HF, or recurrent
acute MI. HF hospitalization was characterized as readmis-
sion to hospital with HF as the primary reason. The end points
were acquired by thorough examination of the hospital data-
base and by personally contacting each patient.

Statistical analysis

Statistical analysis was conducted utilizing SPSS 26.0 (IBM
SPSS). Categorical variables are presented as number (percent-
age) and continuous variables as median and upper and lower
quartiles. Baseline differences in patients with MI were com-
pared using ” and ¢ tests. The normality of the distribution was
assessed using the Shapiro-Wilk test. Kaplan-Meier analysis
was performed to compare survival rates between patients with
high and low expression of MIRECD, using the log-rank test.
Univariate and multivariate Cox proportional hazard analyses
were used to assess the connections between initial variables
and MACEs. The Cox regression models for the primary end
point included sex, age, body mass index, previous history
of percutaneous coronary intervention, acute MI, HE hyper-
tension, diabetes, hyperlipidemia, smoking, ST-elevation MI,

1
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Killip class > 1, medical treatment with aspirin, P2Y12 inhibitors,
statins, B-blockers, angiotensin-converting enzyme inhibitors,
angiotensin receptor blockers, and angiotensin receptor and
neprilysin inhibitors, as well as FBG, cTnl, BNP, and MIRECD.

Two multivariable models were developed to determine
whether MIRECD could improve the prognostic ability in
patients with MI. The initial model was based on conventional
cardiovascular risk factors, including sex, age, body mass index,
previous history of acute MI, HF, hypertension, diabetes, hyper-
lipidemia, smoking, and Killip class > 1. In addition to these
variables, the second model included the variable of MIRECD
expression. We evaluated the enhanced discriminatory power
of MIRECD for predicting MACEs using Harrell’s C-index. The
overall reclassification improvement was evaluated by NRI and
IDI using the R package PredictABEL. To avoid subjectivity,
the choice of cutoff values for the categorical NRI was based
on the average incidence, half the incidence, and twice the inci-
dence. The continuous (category-free) NRI was also calculated
as a reference [45,46]. Statistical analysis on functional study
was performed using GraphPad Prism9 software (https://www.
graphpad.com). A statistically significant result was determined
if the 2-tailed P value was <0.05.

Acknowledgments

Funding: This work was financially supported by the National
Natural Science Foundation of China (82470304).

Author contributions: Y. Zhao wrote the manuscript. Y. Zhao,
Y. Zhou, and S.Z. performed the experiments. B.X. prepared
the samples and analyzed the data. X.Z. designed the study and
revised the manuscript.

Competing interests: The authors declare that they have no
competing interests.

Data Availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Supplementary Materials
Tables S1 to S5

References

1. Fahed AC, Jang IK. Plaque erosion and acute coronary
syndromes: Phenotype, molecular characteristics and future
directions. Nat Rev Cardiol. 2021;18(10):724.

2. Wang L, Xu GE, Spanos M, Li G, Lei Z, Sluijter JPG, Xiao J.
Circular RNAs in cardiovascular diseases: Regulation and
therapeutic applications. Research. 2023;6:0038.

3. Bhatt DL, Lopes RD, Harrington RA. Diagnosis and
treatment of acute coronary syndromes: A review. JAMA.
2022;327(7):662.

4. Mueller C, McDonald K, de Boer RA, Maisel A, Cleland JGE,
Kozhuharov N, Coats AJS, Metra M, Mebazaa A, Ruschitzka F,
et al. Heart Failure Association of the European Society of
Cardiology practical guidance on the use of natriuretic peptide
concentrations. Eur ] Heart Fail. 2019;21(6):715.

5. Gulati M, Levy PD, Mukherjee D, Amsterdam E, Bhatt DL,
Birtcher KK, Blankstein R, Boyd J, Bullock-Palmer RP,

Zhao et al. 2025 | https://doi.org/10.34133/research.0803

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Conejo T, et al. 2021 AHA/ACC/ASE/CHEST/SAEM/SCCT/
SCMR guideline for the evaluation and diagnosis of CHEST
pain: A report of the American College of Cardiology/
American Heart Association joint committee on clinical
practice guidelines. ] Am Coll Cardiol. 2021;78(22)

Article e187.

Horiuchi Y, Wettersten N, Patel MP, Mueller C, Neath SX,
Christenson RH, Morgenthaler NG, McCord ], Nowak RM,
Vilke GM, et al. Biomarkers enhance discrimination

and prognosis of type 2 myocardial infarction.

Circulation. 2020;142(16):1532. https://doi.org/10.1161/
circulationaha.120.046682

Wang C, Jing Q. Non-coding RNAs as biomarkers for acute
myocardial infarction. Acta Pharmacol Sin. 2018;39(7):1110.
Hotta Y, Bassel A. Molecular size and circularity of DNA in
cells of mammals and higher plants. Proc Natl Acad Sci USA.
1965;53(2):356.

Wang Z, Yu ], Zhu W, Hong X, Xu Z, Mao S, Huang L,

Han P, He C, Song C, et al. Unveiling the mysteries of
extrachromosomal circular DNA: From generation to
clinical relevance in human cancers and health. Mol Cancer.
2024;23(1):276.

Paulsen T, Kumar P, Koseoglu MM, Dutta A. Discoveries of
extrachromosomal circles of DNA in normal and tumor cells.
Trends Genet. 2018;34(4):270.

Ling X, Han Y, Meng J, Zhong B, Chen J, Zhang H, Qin J,
Pang J, Liu L. Small extrachromosomal circular DNA
(eccDNA): Major functions in evolution and cancer. Mol
Cancer. 2021;20(1):113.

Wu S, Turner KM, Nguyen N, Raviram R, Erb M, Santini J,
Luebeck J, Rajkumar U, Diao Y, Li B, et al. Circular ecDNA
promotes accessible chromatin and high oncogene expression.
Nature. 2019;575(7784):699.

Lin Z, Dai F, Li B, Zhao Y, Wang C. Integrating Circle-seq
with transcriptomics reveals genome-wide characterization of
extrachromosomal circular DNA for dilated cardiomyopathy.
Biol Direct. 2024;19(1):125.

Cai ZX, Chen G, Zeng YY, Dong XQ, Lin MJ, Huang XH,
Zhang D, Liu XL, Liu JE. Circulating tumor DNA profiling
reveals clonal evolution and real-time disease progression

in advanced hepatocellular carcinoma. Int J Cancer.
2017;141(5):977. https://doi.org/10.1002/ijc.30798

Cen Y, Fang Y, Ren Y, Hong S, Lu W, Xu J. Global
characterization of extrachromosomal circular DNAs in
advanced high grade serous ovarian cancer. Cell Death Dis.
2022;13(4):342.

Lv W, Pan X, Han P, Wang Z, Feng W, Xing X, Wang Q,
QuK, Zeng Y, Zhang C, et al. Circle-seq reveals genomic
and disease-specific hallmarks in urinary cell-free
extrachromosomal circular DNAs. Clin Transl Med.
2022;12(4):Article e817.

Zhang C, Du Q, Zhou X, Qu T, Liu Y, Ma K, Shen Z, Wang Q,
Zhang Z, Zhang R. Differential expression and analysis of
extrachromosomal circular DNAs as serum biomarkers in
pulmonary arterial hypertension. Respir Res. 2024;25(1):181.
Prada-Luengo I, Krogh A, Maretty L, Regenberg B. Sensitive
detection of circular DNAs at single-nucleotide resolution
using guided realignment of partially aligned reads. BMC
Bioinformatics. 2019;20(1):663.

Zhu ], Chen S, Zhang F, Wang L. Cell-free eccDNAs: A new
type of nucleic acid component for liquid biopsy? Mol Diagn
Ther. 2018;22(5):515.

12


https://doi.org/10.34133/research.0803
https://www.graphpad.com
https://www.graphpad.com
https://doi.org/10.1161/circulationaha.120.046682
https://doi.org/10.1161/circulationaha.120.046682
https://doi.org/10.1002/ijc.30798

Research

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Kumar P, Dillon LW, Shibata Y, Jazaeri AA, Jones DR,

Dutta A. Normal and cancerous tissues release
extrachromosomal circular DNA (eccDNA) into the
circulation. Mol Cancer Res. 2017;15(9):1197.

Sin STK, Jiang P, Deng J, Ji L, Cheng SH, Dutta A,

Leung TY, Chan KCA, Chiu RWK, Lo YMD. Identification
and characterization of extrachromosomal circular

DNA in maternal plasma. Proc Natl Acad Sci USA.
2020;117(3):1658.

Sin STK, Ji L, Deng J, Jiang P, Cheng SH, Heung MMS,

Lau CSL, Leung TY, Chan KCA, Chiu RWK, et al.
Characteristics of fetal extrachromosomal circular DNA in
maternal plasma: Methylation status and clearance. Clin Chem.
2021;67(5):788.

Xu G, Shi W, Ling L, Li C, Shao F, Chen J, Wang Y. Differential
expression and analysis of extrachromosomal circular DNAs
as serum biomarkers in lung adenocarcinoma. J Clin Lab Anal.
2022;100-114.

Wang Y, Wang M, Djekidel MN, Chen H, Liu D, Alt FW;,
Zhang Y. eccDNAs are apoptotic products with high innate
immunostimulatory activity. Nature. 2021;599(7884):308.
Wang X, Shi Y, Shi H, Liu X, Liao A, Liu Z, Orlowski RZ,
Zhang R, Wang H. MUC20 regulated by extrachromosomal
circular DNA attenuates proteasome inhibitor resistance of
multiple myeloma by modulating cuproptosis. ] Exp Clin
Cancer Res. 2024;43(1):68.

Degterev A, Huang Z, Boyce M, Li Y, Jagtap P, Mizushima N,
Cuny GD, Mitchison T7J, Moskowitz MA, Yuan J. Chemical
inhibitor of nonapoptotic cell death with therapeutic potential
for ischemic brain injury. Nat Chem Biol. 2005;1(2):112.
Kaczmarek A, Vandenabeele P, Krysko DV. Necroptosis:

The release of damage-associated molecular patterns and its
physiological relevance. Immunity. 2013;38(2):209.

Lawlor KE, Murphy JM, Vince JE. Gasdermin and MLKL
necrotic cell death effectors: Signaling and diseases. Immunity.
2024;57(3):429.

Vandenabeele P, Bultynck G, Savvides SN. Pore-forming
proteins as drivers of membrane permeabilization in cell death
pathways. Nat Rev Mol Cell Biol. 2023;24(5):312.

Zhou Y, She R, Mei Z, Liu D, Ge J. Crosstalk between
ferroptosis and necroptosis in cerebral ischemia/reperfusion
injury and Naotaifang formula exerts neuroprotective effect via
HSP90-GCN2-ATF4 pathway. Phytomedicine. 2024;130:
Article 155399.

Ibanez B, James S, Agewall S, Antunes M]J, Bucciarelli-Ducci C,
Bueno H, Caforio ALP, Crea F, Goudevenos JA, Halvorsen S,
et al. 2017 ESC Guidelines for the management of acute
myocardial infarction in patients presenting with ST-segment
elevation: The task force for the management of acute
myocardial infarction in patients presenting with ST-segment
elevation of the European Society of Cardiology (ESC). Eur
Heart J. 2018;39(2):119.

Zhao et al. 2025 | https://doi.org/10.34133/research.0803

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

Martin M. Cutadapt removes adapter sequences from high-
throughput sequencing reads. EMBnet.journal. 2011;17(1):10.
Li H, Durbin R. Fast and accurate short read alignment with
Burrows-Wheeler transform. Bioinformatics. 2009;25(14):1754.
Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N,
Marth G, Abecasis G, Durbin R, 1000 Genome Project Data
Processing Subgroup. The sequence alignment/map format
and SAMtools. Bioinformatics. 2009;25(16):2078.

Robinson MD, McCarthy DJ, Smyth GK. edgeR: A
Bioconductor package for differential expression analysis of
digital gene expression data. Bioinformatics. 2010;26(1):139.
Quinlan AR, Hall IM. BEDTools: A flexible suite of utilities for
comparing genomic features. Bioinformatics. 2010;26(6):841.
Du Q, Kotlyar A, Vologodskii A. Kinking the double helix by
bending deformation. Nucleic Acids Res. 2008;36(4):1120.
Palomer X, Romdn-Azcona MS, Pizarro-Delgado J,

Planavila A, Villarroya F, Valenzuela-Alcaraz B, Crispi F,
Septlveda-Martinez A, Miguel-Escalada I, Ferrer J, et al.
SIRT3-mediated inhibition of FOS through histone H3
deacetylation prevents cardiac fibrosis and inflammation.
Signal Transduct Target Ther. 2020;5(1):14.

Bei Y, Wang H, Liu Y, Su Z, Li X, Zhu Y, Zhang Z, Yin M,
Chen C, Li L, et al. Exercise-induced miR-210 promotes
Cardiomyocyte proliferation and survival and mediates
exercise-induced cardiac protection against ischemia/
reperfusion injury. Research (Wash D C). 2024;7:0327.

Anders S, Pyl PT, Huber W. HTSeq--A Python framework to
work with high-throughput sequencing data. Bioinformatics.
2015;31(2):166.

Wang J, Huang P, Hou E, Hao D, Li W, Jin H. Predicting
gestational diabetes mellitus risk at 11-13 weeks’ gestation: The
role of extrachromosomal circular DNA. Cardiovasc Diabetol.
2024;23(1):289.

LiL, Chen X, Liu C, He Z, Shen Q, Zhu Y, Wang X, Cao S, Yang S.
Endogenous hydrogen sulphide deficiency and exogenous
hydrogen sulphide supplement regulate skin fibroblasts proliferation
via necroptosis. Exp Dermatol. 2024;33(1):Article e14972.

Liu M, Li H, Yang R, Ji D, Xia X. GSK872 and necrostatin-1
protect retinal ganglion cells against necroptosis through
inhibition of RIP1/RIP3/MLKL pathway in glutamate-induced
retinal excitotoxic model of glaucoma. J Neuroinflammation.
2022;19(1):262.

Zheng X, Zhong T, Ma Y, Wan X, Qin A, Yao B, Zou H, Song Y,
Yin D. Bnip3 mediates doxorubicin-induced cardiomyocyte
pyroptosis via caspase-3/GSDME. Life Sci. 2020;242:117186.
Cook NR, Paynter NP. Performance of reclassification statistics
in comparing risk prediction models. Biom J. 2011;53(2):237.
Miihlenbruch K, Heraclides A, Steyerberg EW, Joost HG,
Boeing H, Schulze MB. Assessing improvement in disease
prediction using net reclassification improvement: Impact of
risk cut-offs and number of risk categories. Eur J Epidemiol.
2013;28(1):25.

13


https://doi.org/10.34133/research.0803

	Extrachromosomal Circular DNA MIRECD Enhances Necroptosis and Predicts Prognosis of Myocardial Infarction
	Introduction
	Results
	The landscape of eccDNA in MI
	Identification of MIRECD in MI
	Functional study of MIRECD
	Cohort study of patients with MI
	Analysis of survival using the Kaplan–Meier method
	Cox regression analysis

	Discussion
	Materials and Methods
	Patient enrollment and eccDNA sequencing
	Circle-Seq data analysis
	Sanger sequencing validation
	Synthetic MIRECD preparation
	Cell culture and transfection
	RNA sequencing
	RT-qPCR analysis
	Cell death assay
	Western blot
	Clinical research
	Statistical analysis

	Acknowledgments
	Data Availability
	Supplementary Materials
	References


