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ARTICLE INFO ABSTRACT

Keywords: Background and aims: DNA methylation is associated with gene silencing, but its clinical role in cardiovascular
Extracellular vesicles diseases (CVDs) remains to be elucidated. We hypothesized that extracellular vesicles (EVs) may carry epigenetic
Exosome

changes, showing themselves as a potentially valuable non-invasive diagnostic liquid biopsy. We isolated and

Epigenetics characterized circulating EVs of acute coronary syndrome (ACS) patients and assessed their role on DNA
DNA methyltransferase L . N e .
Heart methylation in epigenetic modifications.

Methods: EVs were recovered from plasma of 19 ACS patients and 50 healthy subjects (HS). Flow cytometry, qRT-
PCR, and Western blot (WB) were performed to evaluate both intra-vesicular and intra-cellular signals. ShinyGO,
PANTHER, and STRING tools were used to perform GO and PPI network analyses.

Results: ACS-derived EVs showed increased levels of DNA methyltransferases (DNMTs) (p<0.001) and Ten-
eleven translocation (TET) genes reduction. Specifically, de novo methylation transcripts, as DNMT3A and
DNMT3B, were significantly increased in plasma ACS-EVs. DNA methylation analysis on PBMCs from healthy
donors treated with HS- and ACS-derived EVs showed an important role of DNMTs carried by EVs. PPI network
analysis evidenced that ACS-EVs induced changes in PBMC methylome. In the most enriched subnetwork, the hub
gene SRC was connected to NOTCH1, FOX03, CDC42, IKBKG, RXRA, DGKG, BAIAP2 genes that were showed to
have many molecular effects on various cell types into onset of several CVDs. Modulation in gene expression after
ACS-EVs treatment was confirmed for SRC, NOTCHI1, FOX03, RXRA, DGKG and BAIAP2 (p <0.05).
Conclusions: Our data showed an important role for ACS-derived EVs in gene expression modulation through de
novo DNA methylation signals, and modulating signalling pathways in target cells.

Acute coronary syndrome

1. Introduction and includes acute myocardial infarction (AMI) and unstable angina,
which are both life- and health-threatening [1]. The World Health Or-
Acute coronary syndrome (ACS) is associated with high mortality ganization (WHO) has estimated that the number of people with
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cardiovascular disease (CVDs) could increase to about 23 million by
2030. In the last years, the interest in the role of nano-sized vesicles,
commonly referred to as extracellular vesicles (EVs), is significantly
increased in both physiological and pathological conditions. The EVs, as
defined by the International Society of Extracellular Vesicles (ISEV)
include exosomes, microvesicles (MVs) and apoptotic bodies [2]. Recent
evidence has suggested a key role for EVs in CVDs [3]. EVs are lipid
bilayer membrane vesicles that carry a variety of molecules such as
proteins, lipids and nucleic acids. Circulating EVs are being largely
studied since they could represent an ideal sample for “liquid biopsy” as
their content reflects changes in the condition of the cell of origin.
However, to date, it is not clear whether they carry “damage” or
“repairing” signals. In vitro experiments report that all cell types,
included cardiomyocytes, endothelial cells (ECs) and fibroblasts, release
EVs [4,5]. It is now known that the content of EVs depends in part on the
secretion stimuli. Indeed, in hypoxic conditions, stem cells derived EVs
were able to enhance they content of both angiogenic and survival
factors [6,7]. Furthermore, it has been shown that EVs derived from
mesenchymal cardiac progenitor cells (CPCs), in a model of myocardial
infarction (MI), can inhibit cardiomyocyte apoptosis, induce cardiac
repair and regeneration and promote angiogenesis [8-11]. For the above
reasons, CPCs has emerged as one of the most promising types of pro-
genitor cells for cardiac regeneration and repair [12,13]. Although there
is expanding interest in the role of EVs in CVDs, their use as biomarkers
in clinical research is still very limited [14-16]. Epigenetic mutations,
including aberrant DNA methylation, histone modifications, and RNA
silencing, are found in several human diseases, such as CVDs [17]. In the
eukaryotic genome, the principal methylation marks are often found in
CpG dinucleotides, presenting as C5-methylcytosine (5 mC), generated
by writers DNA methyltransferases (DNMTs) enzymes. These factors,
through a covalent reaction, form an intermediate complex between the
enzyme and the substrate base [18]. The human genome encodes five
DNMTs: DNMT1, DNMT2, DNMT3A, DNMT3B and DNMT3L. The main
members of the family include DNMT1, DNMT3A and DNMT3B, which
are canonical cytosine-5 DNMTs that catalyse the addition of methyl-
ation marks to genomic DNA. The expression of DNMTs in different
tissues is associated with aberrant methylation [19], occurring in the
gene promoters and acting as a transcriptional mechanism silencer
switch [20]. On the other hand, DNA demethylation is intrinsically
linked to DNA repair. DNA demethylation is either a passive mechanism
or an active process regulated by erasers ten-eleven translocation (TET)
enzymes. TETs catalyse the oxidation of 5-methylcytosine to allow the
insertion of unmethylated cytosine in the deleted base site and the in-
duction of base excision repair [21]. Emerging evidence suggests
interplay between DNMTs, TETs, active DNA instability and the DNA
damage response [22]. Several studies reported that epigenetic marks
are associated with the pathogenesis of coronary heart disease (CHD)
and significantly contribute to atherosclerosis progression [23-31]. The
aim of this study was to elucidate the potential role of circulating EVs in
ACS patients in the modulation of gene expression through
epigenetic-sensitive mechanisms.

2. Materials and methods

For the expanded methods section please refer to Supplementary
material.

2.1. Sample collection — EV characterization

In accordance with the principles outlined in the Declaration of
Helsinki and with prior informed consent, a peripheral venous blood
sample was taken from subjects with ACS in the acute condition enrolled
in the DIANA clinical study (NCT04371809) according to Prot. No. 683
of 10/10/2018 [21]. The blood sampling was obtained at presentation
to the emergency department, within about 5 h after the onset of chest
pain in ACS patients. The bio-clinical characteristics of all ACS patients
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are reported in Supplementary Table 1.

EVs isolation and nanoparticle tracking analysis (NTA) were used to
confirm EVs isolation and purification. Flow cytometry, quantitative
Real Time PCR (qRT-PCR) and Western blot analysis were performed to
evaluate intra-vesicular and intra-cellular signals. DNA integrity was
checked on 1% agarose gel (Supplementary Figure 1). The oligonucle-
otide sequences are shown in Supplementary Table 2.

2.2. Functional analyses and protein-protein interaction network analysis

PBMCs DNA methylome data have been deposited in the ArrayEx-
press database at EMBL-EBI (www.ebi.ac.uk/arrayexpress) under
accession number E-MTAB-11641. Enrichment analysis, gene ontology
(GO) and pathway analysis of DMR-related genes (DMG) located at
different regions were done with the ShinyGO v0.75 application (htt
p://bioinformatics.sdstate.edu/go/) [32] and PANTHER (Protein Anal-
ysis Through Evolutionary Relationships, http://www.pantherdb.org)
(version 16.0) [33] for comparison of PBMC results after ACS- vs HS-EV
treatments.

The protein-protein interaction (PPI) network was constructed by
Search Tool for the Retrieval Interacting Genes (STRING) v9.1 (htt
ps://string-db.org) to build four unique methylome protein-protein
interaction (PPI) sub-networks in ACS-EV treatment by mapping both
hyper- and hypo-methylated DMGs, independently of their genomic
localization [34].

2.3. Data and statistical analysis

Kolmogorov-Smirnov test was used to assess variable distribution.
Normally distributed variables were expressed as mean =+ standard de-
viation (SD) and analyzed by Student t-test for independent variables.
Non-normally distributed variables were expressed as median and
interquartile range and analyzed with Mann-Whitney non-parametric
test. Ordinal variables were expressed as absolute number and per-
centage and analyzed using chi-square test, or Fisher test, as appro-
priated. Correlations between gene expression data and patient
characteristics were assessed by Spearman Rho test. p-values less than
0.05 were considered significant. IBM SPSS Statistics 26 (IBM, New
York, USA) was used for statistical analyses. Results are shown as mean
+ standard error of mean (SEM) from >3 independent experiments.
Statistical analyses of differences between 3 groups were performed by
one-way ANOVA followed by post-hoc Tukey’s multiple tests, and those
of differences between 2 groups were performed using unpaired t-test
with Prism Version 9 GraphPad Software. Statistical significance was
defined as p<0.05.

3. Results
3.1. Baseline characteristics

Our study population included a total number of 69 subjects (19
were ACS patients, 50 HS). The clinical characteristics of ACS patients
are shown in Supplementary Table 1. Ninety percent of the subjects
included in the study were male (17). Among 19 ACS patients enrolled in
this study, 68.4% (13) showed ST-segment elevation myocardial
infarction (STEMI) and 31.6% non-ST-segment elevation myocardial
infarction (NSTEMI) (6). STEMI patients had higher cardiac Troponin I
(ng/L) (50.9 £ 57.0 vs 4.3 £+ 5.9) (p<0.05) and CK-MB (U/L) (1371.3 +
1264.2 vs 331.2 + 271.2) (p<0.05) at the time of blood collection
within 5 h of onset of chest pain, and they were younger (age 62 + 11 vs
68 + 12 years, p > 0.05) than NSTEMI patients (6). In contrast, patients
with NSTEMI had hypertension (100.0% vs 76.9%) and a family history
of coronary heart disease (83.3% vs 53.8%, p<0.05) more often than
STEMI patients.


http://www.ebi.ac.uk/arrayexpress
http://bioinformatics.sdstate.edu/go/
http://bioinformatics.sdstate.edu/go/
http://www.pantherdb.org
https://string-db.org
https://string-db.org

C. Schiano et al.

3.2. EVs isolation and characterization

EVs obtained from HS and ACS plasma were isolated by ultracen-
trifuge and characterized using NTA and Western blot analysis. After
EVs isolation, NTA showed no differences in the number and size of
vesicles (mean and modal values) from both groups (Fig. 1A). This result
could derive from the heterogeneity of the pathological cohort, since it
included STEMI and NSTEMI, and from the time of blood sampling.
Indeed, we have previously reported that a significant increase in the
number and size of circulating EVs is observed in STEMI patients only
within 2 h of chest pain onset [35]. Western blot analysis for exosomal
markers, such as ALIX, TSG101 and CD81 confirm the presence of small
EV in the preparation, with no differences between HS and ACS groups
(Fig. 1B) [35]. Statistically significant decrease of APOB48 positivity,
compared to the total plasma, validated the quality of the isolation
method.

3.3. DNMTs/TETs cargo of EVs

In order to understand whether EVs can induce key epigenetic
changes in ACS patients, we focused on their cargo. It is known that EVs
contain a rich load of different RNA fragments with specialized functions
however, the transfer of potential bio-epigenetic molecules from circu-
lating EVs, remains largely unknown. RNA content isolated from ACS-
and HS-EVs showed no differences between the two groups, as reported
in Fig. 2A. The RNA amount from ACS-EVs was 13.2 + 2.6 ng/pl vs 15.4
+ 2.3 ng/pl from HS-EVs. Moreover, we tested whether DNMTs/TETs,
which are conserved epigenetic regulators of gene expression, could be
transported by the ACS-EVs. We found that DNMT1, DNMT3A, and
DNMT3B mRNA were significantly increased in plasma ACS-EVs. Spe-
cifically, DNMT1, DNMT3A and DNMT3B transcripts showed a fold
change (FC) 0f 99.88 (p <0.05), 103.80 (p <0.05) and 74.12 (p < 0.05) vs
HS-EVs, respectively (Fig. 2B). Among the 3 different TETs genes (TET1,
TET2, and TET3) only TET1 mRNA was found altered in EVs, showing a
slight, although not significant, decrease in ACS-EVs compared to HS-
EVs (Fig. 2B).

The transfer of RNA from EVs and cell target was evaluated using a
species-specific strategy. Rat cardiac fibroblasts were treated using
human EVs and RealTime PCR (RT-PCR) with specific human primers
was used to assess DNMT1, DNMT3A and DNMT3B levels transferred
from circulating human EVs. As shown in Fig. 2C, EVs were efficiently
able to transfer their RNA cargo to the target cells. DNA methylation is a
critical epigenetic regulator in humans. In our previous study, we found
a different methylation pathway between PBMCs isolated from HS or
ACS patients [21]. Here, in order to evaluate the role of ACS-derived EVs
on DNA methylation, we treated PBMCs from healthy donors with both
ACS- and HS-derived EVs. After 24 h of treatment, we found no differ-
ence in the percentage of the PBMC population measured by flow
cytometry analysis (Fig. 3A and B). To understand whether EVs could
induce epigenetic-sensitive changes in the treated cells, we validated all
genes that were altered in ACS- vs HS-PBMCs by RT-PCR analysis [23].
In particular, the ABCA1 gene, which is most directly involved in
cholesterol transport, showed a significant overexpression after ACS-EVs
treatment (Fig. 3C). ABCA1 is indeed a gene known to be altered in CHD
as previously reported from our laboratory [36]. On the other hand,
genes that were indirectly involved in the cholesterol pathway, ac-
cording to previous work, showed an increase for NFATC1 and PDGFA,
although not significant, while TCF7, PRKCB and PRKCZ showed a
reduced relative gene expression (Supplementary Figure 2).

3.4. Methylome analysis of EVs treated PBMCs

To better investigate the role of EVs in triggering epigenetic modi-
fication, we analyzed EVs treated PBMCs isolated from HS using reduced
representation bisulfite sequencing (RRBS). In order to compare PBMCs
methylome, dmCpG analysis was performed. Specifically, we considered
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PBMCs samples incubated with ACS-EVs, HS-EVs and untreated PBMCs
quantifying the amount of dmCpG sites after comparisons. After the
exclusion step of dmCpGs without the gene symbol annotation, called
“NA” (about 17%), we found that all dmCpGs were 920, of which 170
and 750 were hyper- and hypo-methylated, respectively for ACS-EVs vs
HS-EVs (Supplementary Table 3) and 3005, of which 1248 and 1757
were hyper- and hypo-methylated, respectively for ACS-EVs vs untreated
PBMCs comparisons (Supplementary Table 4). Of note, dmCpG number
is much higher when we consider the DNA methylome of untreated
PBMCs. The significant dmCpGs, which exhibited greater and lesser
methylation differences were: ring finger protein 166 (RNF166) and
Transmembrane Protein 177 (TMEM177), showing a q value of 3.86E-08
and 8.58E-03, respectively for hyper-methylated genes; whereas cyclin
D3 (CCND3) and protocadherin gamma subfamily B, 3 (PCDHGB3),
displayed a q value of 4.41E-09 and 1.37E-02, respectively for hypo-
methylated genes. According to the genomic annotation, the most
abundant dmCpGs were intergenic (81), among these 36% were hypo-
and 13% were hyper-methylated (Fig. 4A). Then, when dmCpGs were
annotated with respect to gene regions, we observed that DNA
methylation dynamics were rather concentrated among CpG islands
located in the non-coding intronic regions (74 hypo- and 23 hyper-
methylated) for ACS-EVs vs HS-EVs comparison (Fig. 4B). When we
considered only the gene symbol annotation, PBMCs after ACS-EVs
treatment showed approximately 75% (124) hypo- and approximately
25% (41) hyper-methylated CpGs comparing to HS-EVs. Finally, to
characterize the most significant specific annotated genes, which were
differentially methylated by ACS-EVs, we listed all genes that were
mapped based on their distance from the established differential
methylation positions (DMPs), in according with q value (Supplemen-
tary Table 5). In general, we observed that the number of hypo-
methylated was greater than that of hyper-methylated DMGs both for
ACS-EVs vs HS-EVs (114 vs 28) and ACS-EVs vs untreated cells (227 vs
310) (Supplementary Table 5 and Supplementary Table 6). In Supple-
mentary Tables 7 and 8, we reported the top 10 hyper- and hypo-
methylated related genes that showed a significant methylation differ-
ence in the promoter regions.

3.5. Gene functional enrichment analysis

To illustrate the biological classification of DMGs, GO term enrich-
ment analysis was carried out using ShinyGO and PANTHER applica-
tions. Three categories of GO terms including the biological process
(BP), cellular component (CC), and molecular function (MF) results are
presented in Fig. 5A-D. As reported in Supplementary Table 9, results
suggested that changes in BP of the top significant DMGs were signifi-
cantly enriched in signaling pathway as “Homophilic cell adhesion via
plasma membrane adhesion molecules”, “Nervous system develop-
ment”, “Anoikis”, and “Mitral valve formation” (FDR<0.05). On the
other hand, “Biological adhesion”, “Cell adhesion”, and “Cell-cell
adhesion” showed higher DMGs involved in the specific pathway
(Fig. 5A). As for the CC term, these genes showed enrichment in “Inte-
gral”, and “Intrinsic” component of plasma membrane (Fig. 5B and
Supplementary Table 10). Besides, the MF term indicated enrichment
predominantly at “Scaffold protein binding”, “Calcium ion binding”, and
“Metal ion binding”; whereas the most genes were in the “Cation bind-
ing”, and “Metal ion binding” (Fig. 5C and Supplementary Table 11).
The most hypo-methylated gene was CCND3 (q value 4.41E-09), and the
highest hyper-methylated gene was RNF166 (q value 3.86E-08) for ACS-
EVs vs HS-EVs, whereas AEBP2 (q value 4.32E-05) and TESC (q value
1.01E-03) were the most hypo-methylated and hyper-methylated genes
respectively, for ACS-EVs vs untreated PBMCs. Notable, it was reported
that CCND3 was involved in arterial endothelial dysfunction leading to
atherosclerotic lesions formation in human through SASH1 expression
[37], other than into lineage differentiation and cell cycle regulation of
cardiac cells [38]. For the second gene, instead there isn’t evidence of
potential link between RNF166 and CVD, although RNF166 represent a
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Fig. 1. Characterization of extracellular vesicles (EVs) ACS- and HS-derived.

(A) Extracellular Vesicle (EV) size and concentration detected by the nanoparticle tracking analysis in 3-5 independent samples per each group. (B) Western blots
with the indicated antibodies: ALIX, TSG101, and CD81 as EV markers and APO B48 as purity control. The corresponding densitometric quantification of changes in
the EV content of the indicated proteins in the experimental conditions is also represented. Equal amounts of proteins were loaded per lane. Experiments were

performed at least in triplicate. The data are mean + SE.
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Fig. 2. EV-derived mRNA DNMTs and TETs.
(A) EVs RNA content in each group. (B) Real
Time-PCR for DNMTs and TET1 expression in
HS-EVs and ACS-EVs. Data are expressed as fold
change (FC) of the HS-EVs mRNA content. (C)
Schematic illustration of the experimental
setting. Real Time-PCR for DNMT1, DNMT3A
and DNMT3B on rat cardiac fibroblasts treated
with HS-EVs and ACS-EVs. Data are expressed as
FC of the HS-EVs mRNA content. The data are
mean + SE.
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Fig. 3. PBMCs analysis.
(A) Schematic illustration of the experimental setting. (B) Flow cytometry analysis of PBMCs treated with HS- and ACS-EVs. (C) Real Time-PCR for ABCA1 expression

on PBMCs treated with ACS- and HS-EVs.
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potential novel target gene for thyroid hormone receptor al, including a
genomic sequence coding for 3'-UTR [39]. To further analyze the
DMG-enriched pathways, PANTHER pathway analysis was subsequently
conducted. As shown in Fig. 5D, it mostly covered the “Cadherin
signaling pathway” (P00012), “Wnt signaling pathway” (P00057),
“Angiogenesis” (P00005), “CCKR signaling map” (P06959), “Integrin
signaling pathway” (P00034), “PI3 kinase pathway” (P00048), “NOTCH
signaling pathway” (P00045), and “Gonadotropin-releasing hormone

47

receptor pathway” (P06664) (Supplementary Table 12). Specifically, a
total of 40 genes were found, of which 37 hypo-methylated and 3
hyper-methylated (SLC6A18, TF, SMURF1). Different genes, like
PCDHAS8, PCDHA1, PCDHA7, PCDHGBZ2, PCDHA10, PCDHAZ2, PCDHA4,
PCDHA9, PCDHGAS5, PCDHGA2, PCDHA12, PCDHA6, PCDHAI1I,
PCDHAS, PCDHGA3, PCDHA3, PCDHGA1, PCDHGB1, PCDHGB3, SRC,
CDC42, which were always hypo-methylated, were present in multiple
pathways.
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Fig. 5. Gene ontology (GO) enrichment and PANTHER pathway analysis of the DMGs dataset after PBMCs treatment with ACS-EVs and PPI network analysis.
GO enrichment was evaluated at three different levels: (A) biological process (BP), (B) cellular component (CC), and (C) molecular function (MF) by ShinyGO. The
colour gradient represents adjusted p-values and the differences in bubble size correlate with the enrichment factor. (D) PANTHER pathway analysis covering
signalling cathegories, ranked by fold enrichment following analysis of all DMGs PBMC-associated treatment. Only the categories showing a statistically significant
enrichment are depicted. (E) The second order analysis in order to identify DMGs, which could interact with atherosclerotic genes. Each node represents all the
proteins produced by a single, protein-coding gene locus. Filled nodes indicate protein with a known or predicted 3D structure; empty nodes indicate proteins of
Enknown 3D structure. Edges represent protein-protein associations that can be classified as known and predicted interactions, and others.

3.6. PPI network construction of DMGs

STRING database has been explored in order to assemble, predict and
evaluate protein-protein association information and co-expression in-
teractions/functions of DMGs that exhibited a significantly different
methylation level, including both hyper- and hypo-methylates [40-42].
The data output provided a network with 122 nodes and 70 edges, with a
PPI enrichment p value of 5.71E-06 (mean node grade of 1.15 and mean
local clustering coefficient of 0.36) (Supplementary Figure 3). The most
enriched networks collect terms included in the main pathways related
to the mechanism of “cell adhesion” and “cell-cell adhesion”, as emerged
in the first level GO analysis. In order to find out whether the “molecular
signals” conveyed by ACS-derived EVs produce intracellular changes,
which underlie CVD, we focused our attention on the more enriched
network (Fig. 5E). The central assumption of the second order analysis
was to identify one or more DMGs that could interact with known genes
related to atherosclerosis and, therefore, could also be functionally
relevant for the development of ACS. Our cardiovascular sub-network
was characterized by 41 nodes and 29 edges with PPI enrichment p

value of 0.000101 (average node degree of 1.41 and average local
clustering coefficient of 0.344), where the hub DMG was the
proto-oncogene tyrosine-protein kinase Src (SRC) and the PPIs con-
nected others 10 hub DMGs: Notch Receptor 1 (NOTCH1), Forkhead Box
03 (FOX03), brain-specific angiogenesis inhibitor 1-associated protein 2
(BAIAP2), Cell Division Cycle 42 (CDC42), inhibitor of nuclear factor
kappa B kinase regulatory subunit gamma (IKBKG), retinoid X receptor
alpha (RXRA), diacylglycerol kinase gamma (DGKG), synaptophysin
(SYP), cell adhesion molecule L1 like (CHL1), and SH2 domain con-
taining adaptor protein B (SHB). Among all these genes, only for some
(NOTCH1, FOX03, CDC42, IKBKG, RXRA, DGKG, BAIAP2) there is
molecular evidence of their involvement in CVD, such as hypertension,
cardiac remodelling, vascular smooth muscle cells (VSMCs) and endo-
thelial cell (ECs) differentiation [43-53].

On the other hand, for the following genes: SYP, CHL1, and SHB
there are still no evidence in the literature about a possible role in CVDs.
In addition, the network analysis also revealed connections with genes,
which did not have direct links with SRC, such as CCND3 (as reported in
the “Gene Functional Enrichment Analysis” section), and STIPI
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Fig. 6. Revised. Expression validation of DMGs modified by EV-ACS treatment.

(A) RealTime-PCR for SRC, FOX03, NOTCH1, PARK2, RXRA, CHL1, SYP, SHB, DGKG and RNF166 on PBMCs treated with HS- and ACS-EVs. (B) Correlation between
gene expression of PBMCs treated with EV-ACS derived and clinical parameters of the patients.
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homology and U-box-containing protein 1 (STUB1), which are already
connected with CVD [54]. Indeed, the E3 ubiquitin ligase STUBI
down-regulation was detected during heart failure with preserved
ejection fraction (HFpEF), governing FOXO1 stability in cardiomyocytes
[54].

Finally, a new target appeared in the network, Parkin is a RING
domain-containing E3 ubiquitin ligase (PARK2), which did not emerge
from the selected list of 141 significantly differentially methylated, but
which is involved in atherosclerosis [55]. Genetic studies indicate that
PARK?2 is essential for heart repair, suggesting a requirement for mito-
chondrial quality control in regenerating myocardium [56]. In our
opinion, all these genes could be directly or indirectly altered in ACS
patients by EV signals.

3.7. Validation of hub gene expression by ACS-EVS treatment

To evaluate the results obtained with the RRBS method, we validated
a list of target genes, including the DMGs with the highest level of
methylation difference, such as RNF166 as hyper- and CCND3 hypo-
methylated genes; and the top 20 DMGs predicted by PPI network,
which were shown in Fig. 5E (NOTCH1, FOX03, CDC42, IKBKG, RXRA,
DGKG, STUBI1, SRC, PARK2, ASAP1, PCDHGA3, CHL1, SYP, SHB,
PRKD1, BAIAP2, 11411, ZFPM1, SMURF1 and TSPAN4), through RT-PCR
on PBMCs treated with ACS- and HS-derived EVs. Among all the vali-
dated genes we found significant altered expression between PBMCs
treated with ACS- and HS-EVs of SRC, FOX03, PARK2, SYP, SHB, DGKG,
RNF166 (p<0.05) and RXRA, CHCL1 (p<0.01) (Fig. 6A). Interestingly,
absolute gene expression of PARK2, RXRA, CHCL1, DGKG and RNF166
in PBMCs treated with ACS-EVs were also correlated with clinical pa-
rameters of the patients (Fig. 6A and B).

4. Discussion

The main findings of our study are that 1) plasma ACS-derived EVs
carry functional DNMTs mRNAs and 2) DNMTs in EVs plasma of ACS
patients are significantly overexpressed compared to HS (p<0.05)
(Fig. 2B). As reported, DNA methylation in humans is basically per-
formed by three functional DNMTs; constitutive DNMTT1 is responsible
for baseline methylation based on hemimethylated DNA, while
DNMT3A and DNMT3B are responsible for de novo methylation in the
absence of hemimethylated DNA [57]. Therefore, DNMT1, DNMT3A
and DNMT3B regulate gene expression by modifying DNA methylation
and altering the transcription mechanism. Here we showed, for the first
time, the presence of DNMTs mRNAs into ACS patients derived EVs.
Considering that EVs are capable of directly transferring RNA to target
cells [58], we investigated the possible role of ACS-EVs in the modula-
tion of specific genes in target cells through epigenetic-sensitive modi-
fications. To determine a pathological correlation of known circulating
de novo methylators vs maintenance methylators in ACS patients, we
investigated PBMC-derived methylome after ACS- vs HS-EVs treatment
and validated mRNA expression of target genes, which were found to be
modulated by circulating EVs in response to ACS. We analyzed the hub
genes derived by epigenome-wide analysis in circulating cells of ACS
patients and HS [23]. First, we observed that ACS-derived EVs induced
ABCA1 significant gene expression alteration in healthy PBMCs
(Fig. 3C), in accordance with the modulation showed in our previous
study on PBMCs from ACS patients, suggesting that EVs has a funda-
mental role in gene expression alteration regulation [23]. In addition,
ACS-EVs induced a targeted modulation of SRC, NOTCH1, FOXO03,
BAIAP2, CDC42, IKBKG, RXRA, DGKG, SYP, CHL1, and SHB genes. As
previously reported, NOTCHI1, FOX03, CDC42, IKBKG, RXRA, DGKG,
SRC genes are already involved in CVDs [41,42,44-47,51,53,59,62]. In
particular, we observed that FOXO3 showed significant
hypo-methylated CpGs in the 5'UTR and exon regions (start108561195 -
end108561194) (q value 2.99E-04) and a corresponding significant
transcript overexpression in PBMC ACS-EVs treated (p <0.05). The same

50

Atherosclerosis 354 (2022) 41-52

trend was also evidenced for NOTCH1, and RXRA, which showed sig-
nificant intronic hypo-methylation (start136522549 - end136522548
and start134341611 - end134341610, respectively) (q value 1.69E-03
and 2.12E-03) and significant high expression levels in target cells
(p<0.05) (Fig. 6A). Some studies reported that reduced levels of FOXO3
correlates with atherosclerosis, vascular calcification, vascular
aging-related heart disease, and primary hypertension; NOTCHI muta-
tions or its down-regulation affect cardiac abnormalities in genetically
engineered mice and humans, other than abnormalities of the aortic
arch, and RXRA is considered to play an important role in the patho-
genesis of tetralogy of Fallot other than in lipid metabolism and dilated
cardiomyopathy [41,42,44,60-64]. Furthermore, SRC, the hub gene of
the predicted enriched sub-network, reported significant
hypo-methylated CpGs in the intronic region (q value 3.17E-03) and
most significant overexpression in its transcript after ACS-EVs treatment
(p<0.05). Interestingly, our study-design identified novel target genes,
which may be involved in the onset and progression of ACS. For the first
time, ACS-EVs induced significant activation of SYP, CHL1 and SHB
genes (p<0.05), for which the literature never showed a CVDs
involvement. Considering the above evidence and in according with
previous studies, our findings underlie the potential stress-response role
of ACS-EVs [65-69]. Our hypothesis that circulating EVs from ACS pa-
tients are secreted in response to cell damage and carry stress-response
effects molecules is also supported by the observed correlations between
clinical parameters, such as serum TnT and total cholesterol levels and
changes in gene expression by PBMCs from the same patients upon
EV-ACS treatment (Fig. 6B). Taken together, these findings suggest a
potential “novel” role for circulating EVs as epigenetic regulatory fac-
tors. These results improve our understanding of the role of EVs in the
epigenetic regulation of target cells and the development of CVD.
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