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Plasma extracellular vesicles microRNA-208b-3p
and microRNA-143-3p as novel biomarkers for
sudden cardiac death prediction in acute coronary
syndromef

Shuainan Huang,#® Jiahui Zhang,® Hua Wan, % Kang Wang,? Jiayi Wu,?
Yue Cao, 122 Li Hu,? Yanfang Yu,® Hao Sun,” Youjia Yu, €2 *2 Jie Wang*® and
Feng Chen () *2d

Acute coronary syndrome (ACS) occurs as a result of myocardial ischemia that can give rise to a variety
of acute cardiovascular events, including arrhythmia, heart failure and sudden cardiac death (SCD).
Currently, there are challenges and insufficient innovations regarding early diagnosis and therapeutic
approaches within ACS patients experiencing SCD. Plasma extracellular vesicles (EVs) might serve as
biomarkers of many diseases depending on the biological molecules of their cargo, such as miRNAs.
This study aims to identify the plasma EVs containing miRNAs as novel biomarkers for the prediction of
SCD in ACS patients. A total of 39 ACS patients experiencing SCD and 39 healthy control individuals
(HC) were enrolled, among which 9 samples in each group were randomly selected as testing groups
for miRNA sequencing in plasma EVs, and the remaining samples were assigned to the validation group.
The top 10 significant expression miRNAs were verified by the real-time quantitative polymerase chain
reaction. Upregulation of miR-208b-3p, miR-143-3p, miR-145-3p and miR-152-3p, and down-
regulation of miR-183-5p were further validated in the validation group. Spearman’s correlation analysis
and the receiver operating characteristic (ROC) curve showed that both miR-208b-3p and miR-143-3p
levels were positively correlated with myoglobin (MYO), and their predictive power for SCD was
confirmed. In conclusion, our findings indicate that plasma EVs miR-208b-3p and miR-143-3p may
serve as promising biomarkers in predicting SCD in patients with ACS, as well as postmortem forensic
diagnosis of the cause of death due to ACS.

deaths in the United States every year.® The incidence of SCD is
41.84/100 000 persons per year in China.* Eighty percent of SCD

Sudden cardiac death (SCD) is defined as the unexpected acute
death from cardiac causes within one hour of the onset of
symptoms or during sleep in a person who is previously stable."
SCD is a major cause of death, accounting for approximately
50% of all cardiovascular deaths® and causes 300 000 to 400 000
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cases are caused by coronary heart disease (CHD) and its
complications, while the rest are caused by cardiomyopathy,
heart valve disease, congenital heart disease, pulmonary embo-
lism, etc.”

Acute coronary syndrome (ACS) is the most serious subset of
CHD and is life-threatening, affecting over a million people per
year.® ACS occurs as a result of myocardial ischemia and
includes ST-segment elevation myocardial infarction (STEMI),
non-ST-segment elevation myocardial infarction (NSTEMI) and
unstable angina (UA).” ACS can give rise to a variety of acute
cardiovascular events, including arrhythmia, heart failure and
SCD.® At present, few biomarkers can be used as prognostic
indicators of ACS, partially due to the limitation in the mecha-
nism studies of ACS.? To date, identification of the cause of
death in SCD cases also remains one of the most challenging
subjects in forensic practice due to the lack of biomarkers.*
Hence, there is an urgent need for exploring novel functional
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biomarkers for the prediction of SCD in patients with ACS and
for forensic identification of SCD.

Extracellular vesicles (EVs) are nanometer-sized (50-150 nm)
lipid membrane vesicles secreted from all kinds of cell types into
the extracellular space.'® Multiple body fluids, including urine,
blood and amniotic fluid, contain abundant EVs.'* EVs can transfer
a large number of proteins, lipids, RNA, microRNAs (miRNAs), and
other substances from donor cells to recipient cells.'** It has been
shown that EVs are important carriers of bioactive molecules and
play essential roles in cell-cell communication, cell growth, cell
migration, angiogenesis and immune response during the progres-
sion of multiple diseases, prompting their application as early
detection and treatment response biomarkers.”>™” The potential
of plasma and serum EVs containing miRNAs as diagnostic
biomarkers for cardiovascular diseases has been demonstrated.'®
For instance, serum EVs containing miR-133a can be used as
biomarkers for cardiomyocyte death and may contribute to the
development of cardiovascular diseases.'® In addition, owing to the
stable double membrane structure, EVs are protected from being
degraded by humoral enzymes and they maintain their integrity in
body fluids.>® Therefore, EVs are considered to be ideal diagnostic
carriers for cardiovascular diseases.*'

MiRNAs are small noncoding RNAs (20-24 nucleotides) that
regulate post-transcriptional gene expression and play an
important role in a broad range of biological processes.”>?
To date, studies have highlighted the important roles of miR-
NAs in the pathological development of multiple cardiovascular
diseases.>® Preliminary evidence has indicated that miRNAs
may play essential roles in the pathogenesis of ACS. Previous
research has reported that miR-941 may be a potential biomar-
ker of STEMI since it is relatively higher in ACS patients with
STEM]I, and can be used to predict the severity and progression
of CHD.”® Platelet miR-142-3p is over-expressed in ACS and
shows great potential to be a prognostic biomarker in modeling
the risk of ACS.?° In addition, plasma miR-150-5p, miR-29a-3p
and miR-30a-5p may have the potential to predict SCD risk and
regulate pathways important for remodeling.”” Nevertheless,
the mechanisms or roles of miRNAs in paracrine crosstalk
during the progression of ACS or SCD remain largely unknown.

In this study, a total of 39 patients with ACS experiencing
SCD and 39 healthy control individuals (HC) were studied to
identify EV biomarkers that could predict SCD. By profiling the
miRNA content in EVs derived from plasma and validating the
expressions of differential miRNAs in SCD patients and HC, plasma
EVs miR-208b-3p and miR-143-3p were ultimately identified as
reliable biomarkers for the prediction of SCD. Furthermore, these
data may also contribute to forensic diagnostic purposes.***°

2 Materials and methods
2.1 Subject information and plasma sample collection

A total of 39 ACS patients experiencing SCD and 39 HC were
included in this study. The inclusion criteria were as follows:
(1) patients above 18 years old; (2) patients diagnosed with ACS
in accordance with the 2019 ACC/AHA Guideline; (3) patients
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with cardiopulmonary arrest. The exclusion criteria were as
follows: (I) malignant tumors, immune system diseases and
blood system diseases; (II) stroke; (III) previous coronary artery
bypass surgery; (IV) chronic obstructive pulmonary disease or
complicated with pulmonary infection; (V) history of gastric
ulcer or gastrointestinal bleeding; (VI) chronic or acute renal
impairment; and (VII) inorganic cardiopathy. HC who under-
went physical examination in the Sir Run Run Hospital were
enrolled in the HC group. The inclusion criteria of HC were as
follows: (1) above 18 years old; (2) no history of serious diseases;
(3) physical examination reports showed no significant
abnormalities in liver or kidney function. The medical history,
laboratory examination and echocardiographic results of SCD
patients were collected after admission. Experiments were
carried out under the approval of the ethics committee of the
Jiangsu Province Hospital and the Sir Run Run Hospital
(No. 2021-SR-320 and 2021-SR-003). Signed written informed
consents were obtained from all participants or their dependents.

For each patient, 10 mL of venous blood was collected using
the dipotassium ethylenediaminetetraacetic acid (EDTA-K,)
anticoagulant tube (BD Vacutainer, USA) immediately after
admission. For HC, the fasting blood samples were collected
in the morning. All the samples were kept at 4 °C and processed
within 1 h after collection. Whole blood was centrifuged at
1500g at 4 °C for 15 min. The supernatant platelet-free plasma
was collected and aliquoted into clean 1.5 mL Eppendorf tubes
and stored at —80 °C before use. We randomly selected 9 SCD
patients and 9 HC as testing groups. Every 3 samples were
randomly and equally mixed and used for miRNA sequencing.
The rest 30 SCD patients and 30 HC were assigned to validation
groups.

2.2 EV isolation

EVs were isolated by ultracentrifugation, 2 mL of plasma was
thawed at 37 °C in a water bath, diluted with phosphate
buffered saline (PBS) to 10 mL, and pre-cleared by centrifugation
at 2000g, at 4 °C for 20 min. The supernatant was centrifuged at
10000g for 30 min at 4 °C to remove cells and cell debris,
followed by filtration through a 0.22 pm filter (Millipore, USA).
The supernatant was then ultracentrifuged at 200 000g for 2 h at
4 °C using 10.4 mL Centrifuge Tubes, 70.1 Ti fixed angle rotor,
Beckman L-100XP Ultracentrifuge and Beckman Coulter.>® The
supernatant was discarded and the pellets were resuspended in
500 pL PBS and then mixed with PBS to a final volume of 10 mL
and ultracentrifuged for 2 h at 200 000g at 4 °C. The EVs (pellets)
were resuspended with PBS to a final volume of 100 pL.

2.3 Extraction of total RNA

EVs resuspended with 100 pL PBS were added to 1 mL of Trizol
reagent (Thermo Fisher Scientific, USA), mixed thoroughly, and
then immediately incubated for 5 min at room temperature
(RT), followed by mixing with 200 pL of chloroform. After
incubation for 15 min at RT, the sample was centrifuged at
12 000g at 4 °C for 15 min. The 500 pL supernatant was placed
in a new 1.5 mL RNA-free centrifuge tube in which 500 pL of
isopropanol was mixed. This mixture was left at —20 °C for
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20 min and then centrifuged at 12 000g for 10 min at 4 °C. The
supernatant was discarded, and 1 mL of 75% ethanol was
added to rinse the precipitate, followed by centrifugation for
5 min at 12 000g at 4 °C, after which the precipitate was washed
again using the procedure of the last step. Then, 40 uL of
diethyl pyrocarbonate (DEPC) water was added to dissolve the
RNA and then stored at —80 °C until use. The RNA concen-
tration determination was accomplished using NanoDrop 2000
(Thermo Fisher Scientific, USA).

2.4 Nanoparticle tracking analysis

The particle size and concentration analysis of EVs were
performed by nanoparticle tracking analysis (NTA) with Zeta-
View PMX 110 (Particle Metrix, Meerbusch, Germany) and the
corresponding software ZetaView 8.04.02 SP2.*" The EVs were
diluted in PBS to the concentration of 10’ particles per mL.
Laser scattering microscopy (LSM) images were recorded using
Particle Metrix system (Particle Metrix, Meerbusch, Germany).

2.5 Transmission electron microscopy

For transmission electron microscopy (TEM) analysis, the fol-
lowing procedure was employed: 1 pL of EVs were diluted
to 20 puL using PBS and added onto formvar-carbon coated
copper grids for 10 min. The grids were washed three times
with ddH,O and the excess solution was removed using a
filter paper. The grids were then negatively stained with
30 pL of 2% uranyl acetate and incubated for 10 min. Micro-
graphs of EVs were obtained on an FEI Tecnai G2 TEM
(FEI, USA).

2.6 Western blotting

For Western blotting, EVs were lysed with lysis buffer (10 mM
Tris pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.1% SDS, 1%
deoxycholate, 1% TritonX-100) supplemented with PMSF
(1 uM) and heated at 100 °C for 10 min. Proteins of EVs
(20 pg from each sample) were separated by 8%-12% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred onto polyvinylidene fluoride (PVDF) mem-
branes. After blocking with 5% skim milk at RT for 1 h, the
membranes were incubated with primary antibodies including
anti-CD9 antibody (#ab92726, 1:1000; Abcam, UK), anti-CD63
antibody (#25682-1-AP, 1:500; Proteintech, USA), anti-CD81
antibody (#ab109201, 1:1,000; Abcam, UK), anti-Hsp70 anti-
body (#610607, 1:1000; BD Biosciences, USA) and anti-Calnexin
antibody (#ET1611-86, 1:1000; HUABIO, China) overnight at
4 °C and then incubated with horseradish peroxidase (HRP)
conjugated anti-rabbit (#BS13278, 1:8000; Biogot Technology,
China) or anti-mouse (#BS12478, 1:8000; Biogot Technology,
China) secondary antibodies for 1 h at RT. The immunoreactive
bands were imaged using a luminescent imaging system
(Tanon, China).

2.7 MicroRNA sequencing and data analysis

Approximately 10 ng of RNA from each sample was used for the
preparation of a small RNA library according to the manu-
facturer’s instructions of TruSeq Small RNA Sample Prep Kits
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(Ilumina, San Diego, USA). The single-end sequencing
(1 x 50bp) was performed on the Illumina Hiseq 2500 platform
as described previously,*® and then, the data were analyzed
using ACGT101-miR software (LC Sciences, Houston, Texas,
USA) to remove junk reads, adapter sequences, reads less than
18 nt, reads more than 26 nt, and common RNA families (rRNA,
tRNA, snRNA, and snoRNA),** followed by comparing with the
Rfam database (https://rffam.xfam.org/) and the Repbase data-
base (https://www.girinst.org/education/index.html). We used
FastQC software to conduct quality control analysis.>* The
overall reads for each sample were 20 M. Student’s ¢-test was
used to screen for significantly different miRNAs. MiRNAs were
deemed significantly differentially expressed if (I) P value <
0.05; (II) fold change > 2 (upregulated miRNAs) or fold
change < 0.5 (downregulated miRNAs); (III) average raw value
of the group with a higher raw value among SCD and HC
groups > 100.

2.8 Reverse transcription and real-time quantitative
polymerase chain reaction

After the RNA concentration was determined, a reverse transcrip-
tion kit (Takara, Japan) was used for the synthesis of cDNA
according to the manufacturer’s instructions. Real-time quantita-
tive polymerase chain reaction (RT-qPCR) was used to detect
miRNA expression. The total reaction volume was 10 pL, including
1 pL of ¢DNA, 5 pL of 2 x qPCR MasterMix and 0.4 pL of primers.
Each experiment was repeated three times using a CFX Connect
TM Real-Time PCR Detection System (Bio-Rad). With U6 as the
internal reference, the comparative Ct (AACt) method was used to
quantify relative miRNA expression. Primer sequences were pre-
sented in Tables S1 and S2 (ESIf).

2.9 Target gene prediction and pathway analysis

The OmicStudio (https://www.omicstudio.cn/analysis/targetGene)
is an operation shell linking to API from TargetScan and miRanda
Target Prediction Database, which was used to identify EVs-
miRNAs targets. These target genes were uploaded into Metascape
to provide a comprehensive biological pathways enrichment
analysis.>® The identified terms were visualized through ggplot2
package in R.

2.10 Statistical analysis

The data were analyzed using GraphPad Prism 8.0.2 and IBM
SPSS Statistics 26.0. All data were represented as mean + SEM.
Student’s t-test and one-way ANOVA analysis with the Tukey
multiple comparison test were used to confirm statistical
significance. The correlations between miRNA expression levels
and myoglobin (MYO), Creatine Kinase-MB (CK-MB), Global
Registry of Acute Coronary Events (GRACE) Score, cardiac
troponins T (c¢TnT) and N-terminal pro-B natriuretic peptide
(NT-proBNP) were assessed by Spearman’s correlation analysis.
The receiver operating characteristic (ROC) curve was con-
structed using each miRNA relative expression value individu-
ally on the website (https://www.bioinformatics.com.cn/).
Pvalue < 0.05 was considered statistically significant.
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3 Results

3.1 Baseline characteristics of the study population

Table 1 summarizes the baseline characteristics of the 9 SCD
patients and 9 matched HC in testing groups. Every 3 samples
were randomly and equally mixed and used for miRNA sequencing.
The clinical characteristics of the 30 SCD patients and 30 HC
are summarized in Table 2. As shown, no statistical signifi-
cance was observed between the two groups with regard to age,
gender, body mass index (BMI), previous histories and platelet
(PLT). However, levels of WBC count, CK-MB, c¢TnT, MYO,
NT-proBNP and aspartate transaminase (AST) of the patients
in the SCD group were markedly higher than the normal value.
Killip class of patients in the SCD group was absolutely divided
into I-1V levels. In addition, the mean + SD GRACE score of the
SCD group was 219.3 &+ 21.5 in testing participants and 217.9 +
32.4 in validating participants.

3.2 Characterization of isolated EVs in plasma

The flow chart in Fig. 1A shows the procedure of isolating EVs
from the plasma by ultracentrifugation. EVs in the HC group and
the SCD group were identified by TEM and NTA measurements,
respectively. Western blotting was carried out to assess the positive
protein markers CD9, CD63, CD81, HSP70 and the negative marker
calnexin (Fig. 1B). Whole plasma was used as a positive control. As
shown in Fig. 1C, the EVs extracted from plasma were fully purified
and displayed round-shaped, vesicle-like structures under the TEM
in both the SCD group and the HC group. The concentration and
size distribution of the isolated EVs are shown in Fig. 1D, which
revealed that the diameters of EVs were predominantly < 150 nm
and corresponded to the typical diameter of EVs. All above results
indicated that the EVs were fully purified.
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Table 2 The baseline data of the validated participants

Characteristics HC SCD P value
Sample size 30 30 —
Age (y) 58.6 & 11.4 58.1 & 13.5 0.8936
Male (%) 23(76.7) 24 (80) 1.0000
BMI (kg m™?) 25.0 £33 25.0 £2.7 0.9757
Smoking (%) 13 (43.3) 13 (43.3) 1.0000
Hypertension (%) 17 (56.7) 19 (63.3) 0.7925
Diabetes (%) 2 (6.7) 6 (20) 0.2542
Hyperlipidemia (%) 4 (13.3) 3 (10) 1.0000
Killip class (%)

I — 1(3.3) —

I — 5 (16.7) —

I — 2 (6.7) —

v — 22 (73.3) —
Grace score — 217.9 + 32.4 —
WBC (x 109/L) 6.6 £ 1.6 15.5 £ 6.7 <0.0001
PLT (x 109/L) 231 + 48.0 215 + 166.7 0.6153
CK-MB (ng mL ™) — 102.4 + 120.1 —
¢TnT (ng mL ™) — 3600.2 £+ 3762.1 (n = 29) —
MYO (ng mL %) — 681.7 & 965.2 —
NT-proBNP (pg mL™") — 3476.2 + 6805.6 (n =29) —
AST (UL™Y) 25+ 11.0 449.4 + 629.7 (n=29)  0.0005

HC, healthy control; SCD, sudden cardiac death; BMI, Body Mass Index;
WBC, white blood cell; PLT, platelet; CK-MB, Creatine Kinase-MB;
c¢TnT, troponin T; MYO, myoglobin; NT-proBNP, N-terminal pro-B
natriuretic peptide; AST, Aspartate Transaminase.

3.3 MiRNA profile of plasma EVs by sequencing

Initially, a total of 1363 hsa-miRNAs were found in plasma EVs
of the 9 SCD patients and 9 HC by miRNA sequencing. A total of
111 miRNAs showed a significant difference between the two
groups after filtering (Table S3, ESIt). Of these, 55 miRNAs were
upregulated, and 56 miRNAs were downregulated. The heat-
map in Fig. 2A displays the patterns of miRNA expression
between the two experimental groups after filtering. The

Table 1 Comparison of clinical characteristics between the testing HC group and SCD group

Characteristics HC SCD P value
Sample size 9 9 —
Age (y) 49.4 + 6.8 49.6 + 5.3 0.9697
Male (%) 9 (100) 9 (100) 1.0000
BMI (kg m ?) 25.8 + 2.5 26.5 & 2.6 0.5822
Smoking (%) 6 (66.7) 5 (55.6) 1.0000
Hypertension (%) 1(11.1) 5 (55.6) 0.1300
Diabetes (%) 0 (0) 2 (22.2) 0.4700
Hyperlipidemia (%) 0 (0) 0 (0) 1.0000
Killip class (%)

I — 0 (0) —

I — 0(0) —

111 — 0 (0) —

v — 9 (100) —
Grace score — 219.3 + 21.5 —
WBC (x 109/L) 6.6 + 2.0 16.3 + 6.0 (2 = 8) 0.0004
PLT (x 109/L) 199.8 + 95.4 202.8 4 92.5 (1 = 8) 0.9499
CK-MB (ng mL™") — 74.5 +105.7 (n = 5) —
¢TnT (ng mL™ ) — 4309.8 + 4692.8 (n = 9) —
MYO (ng mL™%) — 1326.3 & 1397.4 (n = 8) —
NT-proBNP (pg mL ™) — 237.8 £ 146.2 (n = 8) —
AST (UL 244454 (n=9) 425.1 +283.2 (n=9) 0.0006

HC, healthy control; SCD, sudden cardiac death; BMI, body mass index; WBC, white blood cell; PLT, platelet; CK-MB, creatine kinase-MB; c¢TnT,
troponin T; MYO, myoglobin; NT-proBNP, N-terminal pro-B natriuretic peptide; AST, aspartate transaminase.
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Fig. 1 Working flow of EVs isolation from plasma and characterization of EVs. (A) The procedure of isolating EVs from the plasma by ultracentrifugation.
(B) Western blotting of EVs markers (positive markers CD9, CD63, CD81, HSP70 and negative marker calnexin). (C) TEM images of extracted EVs from HC
and SCD group; scale bar = 200 nm. NTA measurements of EVs extracted from HC and SCD group. (D) NTA measurements of EVs extracted from HC and
SCD group. EVs, extracellular vesicles; TEM, transmission electron microscope; HC, healthy control; SCD, sudden cardiac death; NTA, nanoparticle

tracking analysis.

expressions of identified miRNAs in the two groups were
assessed by plotting the Log2-ratio and volcano plot (Fig. 2B).

3.4 Confirmation of plasma EVs’ miRNA expression profiles
in testing groups

In consideration of the feasibility of subsequent validation, we
focused on the plasma EVs miRNAs with high expression levels.
To validate the accuracy and authenticity of sequencing results,
the top 5 upregulated miRNAs (miR-208b-3p, miR-143-3p,

This journal is © The Royal Society of Chemistry 2023

miR-145-3p, miR-145-5p and miR-152-3p) and the top 5 down-
regulated miRNAs (miR-144-5p, miR-182-5p, miR-144-3p, miR-
183-5p and miR-96-5p) in the SCD group compared to the
HC group were further quantified in the testing groups by
RT-qPCR (Fig. 2C-L). Because of the insufficient plasma
volume in testing groups, we could only detect the plasma
miRNAs expressions of 5 individuals in each group. Among
these 10 miRNAs, miR-208b-3p, miR-143-3p and miR-145-5p
were significantly upregulated. MiR-145-3p, miR-152-3p,
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Fig. 2 The miRNA profile of plasma EVs by miRNA sequencing and the confirmation of plasma EVs-miRNA expression profiles. (A) The heatmap of
differentially expressed miRNA in plasma EVs in HC (n = 9) and SCD (n = 9) group. Every three samples were randomly and equally mixed. (B) Volcano plot
of miRNA expression levels in plasma EVs between HC and SCD group. The P-value together with log 2 fold change was introduced with a cutoff value of
0.05 for the P-value and 2 for log 2 FC, respectively. (C-L) RT-gPCR expression analysis of indicated miRNAs in plasma EVs from the HC group (n = 5) and
SCD group (n = 5). Significance was determined by Student’s t test. *P < 0.05, ***P < 0.001. All graphs are shown as mean + SEM. MiRNA, microRNA;
EVs, extracellular vesicles; HC, healthy control; SCD, sudden cardiac death; RT-qPCR, reverse transcription and real-time quantitative polymerase chain

reaction.
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miR-144-5p, miR-182-5p, miR-144-3p, miR-183-5p and miR-96-
5p showed no statistical difference. Table 3 shows the specific
results of sequencing and RT-qPCR of the top 10 miRNAs.

3.5 Validation of differentially expressed EVs’ miRNAs using
samples in validation groups

To further validate the values of the selected top 10 differentially
expressed miRNAs as potential biomarkers, 30 SCD patients and
30 HC were enrolled in the validation group. As shown in
Fig. 3A-E, the expression levels of plasma EVs miR-208b-3p,
miR-143-3p, miR-145-3p and miR-152-3p were significantly upre-
gulated in SCD group compared to HC group, and miR-183-5p
was significantly downregulated in SCD group comapred to HC
group by RT-qPCR. The results were consistent with the miRNA
sequencing results. The expression levels of the other five
miRNAs showed no statistical significance (Fig. S1, ESIT).

3.6 Correlations between clinical indicators and levels of
plasma EVs’ miRNAs

We assessed the correlations between the expression levels of
validated plasma EVs miR-208b-3p, miR-143-3p, miR-145-3p,
miR-152-3p, miR-183-5p and MYO, CK-MB, GRACE Score,
c¢TnT, NT-proBNP by Spearman’s correlation analysis, respec-
tively. Plasma EVs miR-208b-3p level was not related to GRACE
Score (r = 0.3, P = 0.1), CK-MB (r = 0.36, P = 0.051), cTNT (r =
0.17, P = 0.38) or NT-proBNP (r = —0.002, P = 0.99) in SCD
patients (Fig. 3F-G, supplemental Fig. S2A and B, ESIY). As
shown in Fig. 3H, plasma EVs miR-208b-3p level was positively
correlated with MYO (r = 0.46, P = 0.011) in SCD patients.
Plasma EVs miR-143-3p level had no relation with GRACE Score
(r=0.35, P=0.059), CK-MB (r = 0.36, P = 0.052), ¢cINT (r = 0.17,
P =0.37) and NT-proBNP (r = 0.081, P = 0.68) in SCD patients
(Fig. 3I and J, Fig. S2C and D, ESIf) and was positively
correlated with MYO (r = 0.47, P = 0.0092) (Fig. 3K). We also
evaluated the correlations between plasma EVs miR-145-3p,
miR-152-3p and miR-183-5p and the above 5 clinical indicators,
which showed no statistical significance.

3.7 Evaluation of the diagnostic effects of Plasma EVs miRNAs

To determine the discriminatory power of the plasma EVs miR-
208b-3p and miR-143-3p, we plotted ROC curves (Fig. 3L). The
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AUC for miR-208b-3p was 0.7756 and that for miR-143-3p was
0.7778, indicating fair predictive power. The above results
indicated that miR-208b-3p and miR-143-3p in plasma EVs
may serve as biomarkers for predicting SCD.

3.8 The functional enrichment of miR-208b-3p and miR-143-
3p targets

Based on predicted target genes of miR-208b-3p and miR-143-
3p, functional enrichment analyses were performed. Significant
biological process and pathways regulated by miR-208b-3p were
obtained (Fig. 4A), including heart valve formation, regulation
of cardiac muscle cell contraction, and regulation of cardiac
muscle cell action potential. MiR-143-3p was involved in the
negative regulation of cardiac muscle contraction, cardiac
muscle hypertrophy in response to stress, cardiac muscle
adaptation, cardiac muscle cell apoptotic process and regula-
tion of cardiac muscle cell action potential, etc. (Fig. 4B). GO,
KEGG, Reactome and wiki database were used, but some of the
pathways enriched by miR-143-3p targets did not pass the
significance criteria, thus only pathways from GO and wiki
database are shown in Fig. 4B. The corresponding data including
q value, enrichment value, P value and so on are listed in
Table S4 (ESIY).

4 Discussion

In our present study, plasma EVs of 39 ACS patients experiencing
SCD and 39 HC were isolated and purified by ultracentrifugation
and subsequently characterized by NTA, TEM and Western
blotting. Nine samples from each group were randomly selected
for miRNA sequencing to obtain specific plasma EVs miRNA
biomarkers of SCD. Every 3 samples were randomly and equally
mixed and used for miRNA sequencing. The miRNA sequencing
results comprised statistically significantly increased miR-208b-
3p, miR-143-3p, miR-145-3p, miR-145-5p, and miR-152-3p with
decreased miR-144-5p, miR-182-5p, miR-144-3p, miR-183-5p and
miR-96-5p. To further validate the values of the selected top
10 differentially expressed miRNAs as potential biomarkers, 30
SCD patients and 30 HC were enrolled in the validation group.
Of these 10 miRNAs, miR-208b-3p, miR-143-3p, miR-145-3p and
miR-152-3p were significantly upregulated and miR-183-5p was

Table 3 The relative expression level of the top 10 expressed microRNAs selected for validation

Sequencing result

RT-qPCR result

Index Name Up/down Fold change Log2(fold change) P value Up/down Fold change P value
1 miR-208b-3p Up 5376.57 12.39 0.0402 Up 28.57 0.0083
2 miR-143-3p Up 13.82 3.79 0.0021 Up 14.90 0.0343
3 miR-145-3p Up 10.99 3.46 0.0133 Up 5.32 0.0787
4 miR-145-5p Up 7.35 2.88 0.0262 Up 15.80 0.0394
5 miR-152-3p Up 6.30 2.66 0.0143 Up 1.59 0.6738
6 miR-144-5p Down 0.07 —-3.74 <0.0001 Down 0.16 0.1485
7 miR-182-5p Down 0.08 —3.64 0.0268 Down 0.06 0.1495
8 miR-144-3p Down 0.09 —3.47 0.0188 Down 0.20 0.1942
9 miR-183-5p Down 0.10 -3.37 0.0105 Down 0.17 0.1931
10 miR-96—5p Down 0.15 —2.77 0.0370 Down 0.16 0.1780
miRNA, microRNA; RT-qPCR, real-time quantitative polymerase chain reaction.
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Fig. 3 Validation of miRNAs in plasma EVs and correlation between ACS relevant clinical indicators and plasma EVs miRNAs. (A—E) RT-gqPCR expression
analysis of miR-208b-3p, miR-143-3p, miR-145-3p, miR-152-3p and miR-183-5p in plasma EVs from HC (n = 30) and SCD (n = 30) group in the
validation group. Significance was determined by Student's t test. *P < 0.05, **P < 0.01, ***P < 0.001. (F-K) Correlations between ACS relevant clinical
indicators (Grace score, CK-MB and MYO) and plasma EVs miR-208b-3p and miR-143-3p. Significance was determined by Spearman'’s correlation
analysis. P < 0.05 was considered statistically significant. (L) The ROC curves of plasma EVs miR-208b-3p and miR-143-3p with the AUC value of 0.7756
for miR-208b-3p and 0.7778 for miR-143-3p. All graphs are shown as mean + SEM. MiRNA, microRNA; EVs extracellular vesicles; ACS, acute coronary
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MB, creatine kinase-MB; MYO, myoglobin; ROC, receiver operating characteristic.
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significantly downregulated between the two groups. By Spear-
man’s correlation analysis and ROC analysis, miR-208b-3p and
miR-143-3p were identified to be potential biomarkers for pre-
dicting SCD in ACS patients. The comprehensive biological
pathways enrichment analysis showed that the regulated genes
and pathways, including heart valve formation, regulation of
cardiac muscle cell contraction, regulation of cardiac muscle cell
action potential, were dysregulated by miR-208b-3p, which were
all critical for cardiac pacing. MiR-143-3p was involved in negative
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4 6
Enrichment score

regulation of cardiac muscle contraction, cardiac muscle hyper-
trophy in response to stress, cardiac muscle adaptation, cardiac
muscle cell apoptotic process and regulation of cardiac muscle
cell action potential, etc.

We choose EVs isolated from plasma as our samples because
EVs miRNAs are thought to be more specific and sensitive
biomarkers, given that EVs are secreted into extracellular space
in a selective approach when compared with free miRNAs or
total cellular miRNAs.*® Certain miRNA biomarkers of EVs can
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reflect the characteristics of their parent cells.’” Besides, EVs
are remarkably stable in biofluids, such as plasma and urine.*
Therefore, EVs are considered to be ideal diagnostic biomarker
carriers. The above advantages make EVs superior to whole
serum for screening biomarkers.>"*” Here, in this study, we
focused on the miRNA profile of plasma EVs from ACS patients
experiencing SCD to screen for biomarkers to predict SCD.

According to our findings, plasma EV miR-208b-3p was
significantly upregulated in ACS patients experiencing SCD
versus HC and the finding was in line with previous studies.
Previous study showed that there was a statistically significant
increase of circulating miR-208b-3p in ACS patients when
compared with cerebral ischaemic event (CIE) patients.*®
Hypoxia/reoxygenation (HR) increased the expression of miR-
208b-3p, and inhibition of miR-208b-3p had a protective influ-
ence on H9c2 cells against HR injury by negatively regulating
Med13 expression and aggravating HR injury through the Wnt/
B-catenin signaling pathway.*® Plasma expression of miR-208b
in MI patients was significantly upregulated with respect to
healthy individuals,*® which was consistent with our results. To
our best knowledge, miR-208b-3p has not been studied in
plasma EVs from ACS patients experiencing SCD. Combined
with the ROC curve, we found that miR-208b-3p (AUC = 0.7756)
showed the superior potency to predict SCD.

Besides miR-208b-3p, plasma EV miR-143-3p was signifi-
cantly upregulated in ACS patients experiencing SCD versus HC
in our results. MiR-143-3p is related to cardiovascular diseases
and has been found to be observably upregulated in the
myocardium after MI in the infarct zone of human MI samples.
MiR-143-3p, along with SPRY3, regulates biological functions via
the activation of p38, ERK, and JNK pathways."' MiR-143-3p is
found to be upregulated in the rabbit CHD model and associated
with cell viability, apoptosis and migration of vascular smooth
muscle cells by targeting killin (KLLN).*> Melatonin regulates
cardiomyocyte proliferation and cardiac regeneration after MI
via the Yap/Ctnnd1 signaling pathway, which are regulated by
miR-143-3p.” In addition, suppressing the miR-143-3p expres-
sion level can protect myocardial ischemia-reperfusion (I/R)
injury by activating the AMPK/Foxo1 pathway.** We compared
the hsa-miR-143 expression profile of EVs with the reported
profile of plasma. Interestingly, hsa-miR-143 showed an inverse
expression pattern when measured in the plasma.*®

To assess the relationships of the identified plasma EVs
miRNAs with clinical features, MYO, CK-MB, c¢TnT, NT-proBNP
and GRACE Score were selected, which were widely used
clinical indicators in ACS diagnosis.*® MYO exists in heart
and striated skeletal muscle and is released rapidly after
myocardial injury but is less cardiospecific than CK-MB and
¢TnT.”” CK-MB and cTnT have been taken as sensitive and
specific biomarkers of myocyte necrosis.** NT-proBNP is
secreted from the heart, resulting from myocyte stretch, endo-
crine activation, and myocardial hypoxia.*> GRACE Score is the
preferred scoring system for risk stratification in ACS and can
be used to predict the risk of death.>>>' By Spearman’s correla-
tion analysis, both plasma EVs miR-208b-3p and miR-143-3p
levels were positively correlated with MYO in SCD patients,
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respectively, indicating their potential functions during the
progression of myocardial injury.

To date, identification of the cause of death in SCD cases
also remains one of the most challenging subjects in forensic
practice due to the lack of biomarkers.” Previous studies have
shown that it is feasible to isolate EVs from post-mortem body
fluids, and EVs RNAs are well-preserved, which could be used
for forensic diagnosis.”” It has been considered that miRNAs in
EVs play an important role in cardiovascular diseases and may
be able to provide objective evidence of SCD identification in
forensic diagnosis.”® In our study, we found that miR-208b-3p
and miR-143-3p in EVs derived from plasma were significantly
upregulated in ACS patients experiencing SCD compared with
HC. The measurement of biomarkers in EVs on forensic biopsy
will be performed in our future studies. We hope our work will
provide a novel aspect for forensic researchers.

We did acknowledge several limitations to our work: (1) the
sample size of our study was relatively limited, while a larger
sample size would be more credible. However, though we tried
our best to collect samples, it was challenging to exclude non-
cardiac causes of death, particularly when autopsies were not
routinely performed in the hospital. Nevertheless, interrogation
of the available data still provided new insights into SCD
epidemiology both for SCD prediction in ACS patients and
forensic investigation. (2) Lack of the clinical indicators’ infor-
mation of healthy people made it difficult to compare the ROC
for the two miRNAs and the cardiac biomarkers including
MYO, CK-MB, cTnT, GRACE Score and NT-proBNP. (3) The
mechanism was not clearly established on the identified
miRNAs, which was the direction that needs further exploration
in the future.

In conclusion, this study indicated that expression levels of
plasma EVs miR-208b-3p and miR-143-3p were significantly
increased in ACS patients experiencing SCD, thus might be
identified as novel biomarkers for predicting SCD in patients
with ACS. Overall, our results may provide new insights for
clinical prevention and management of SCD, and expand the
scope of miRNA application in forensic science.
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