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ABSTRACT

The role of epigenetics in endothelial cell senescence is a cutting-edge topic in ageing research.
However, little is known of the relative contribution to pro-senescence signal propagation
provided by microRNAs shuttled by extracellular vesicles (EVs) released from senescent cells.
Analysis of microRNA and DNA methylation profiles in non-senescent (control) and senescent
(SEN) human umbilical vein endothelial cells (HUVECs), and microRNA profiling of their cognate
small EVs (sEVs) and large EVs demonstrated that SEN cells released a significantly greater sEV
number than control cells. sEVs were enriched in miR-21-5p and miR-217, which target DNMT1
and SIRT1. Treatment of control cells with SEN sEVs induced a miR-21/miR-217-related impair-
ment of DNMT1-SIRT1 expression, the reduction of proliferation markers, the acquisition of a
senescent phenotype and a partial demethylation of the locus encoding for miR-21. MicroRNA
profiling of sEVs from plasma of healthy subjects aged 40–100 years showed an inverse U-shaped
age-related trend for miR-21-5p, consistent with senescence-associated biomarker profiles. Our
findings suggest that miR-21-5p/miR-217 carried by SEN sEVs spread pro-senescence signals,
affecting DNA methylation and cell replication.
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Introduction

Cellular senescence is considered as a hallmark of age-

ing and a major risk factor for the development of the

most common age-related diseases (ARDs) [1].

Senescent cells (SCs) are characterised by a signifi-

cantly reduced replicative potential and by the acquisi-

tion of a pro-inflammatory senescence-associated

secretory phenotype (SASP) [2], which involves the

paracrine induction of a senescent state in younger

cells through a “bystander effect” [3]. Since this effect

fuels inflammaging – the systemic, low-grade, chronic

inflammation that accompanies human ageing [4] – it

appears to be a critical step in SC accumulation during

organismal ageing [5]. The clinical relevance of inflam-

maging in ARD development and progression has

become clearly established [6]. SC clearance and

attenuation of the bystander effect have been proposed
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as innovative therapeutic approaches to address, ame-

liorate or prevent a range of human disorders [7–10].

In this framework, unravelling the contribution of the

epigenetic mechanisms involved in the senescence pro-

cess would be a major step forward [11]. Considerable

effort is being devoted to discriminating the effects of

several epigenetic mechanisms, including DNA methy-

lation and long and small non-coding RNA activity, on

the modulation of the transcriptional programme lead-

ing to cellular senescence [12,13]. Senescence-asso-

ciated (SA) genome-wide hypomethylation has been

described in SCs, whereas the expression and activity

of DNA methyltransferase 1 (DNMT1) decline with

ageing [14]. DNMT1 is involved in maintaining the

methylation pattern and works with Sirtuin 1

(SIRT1), an enzyme exerting mono-ADP ribosyltrans-

ferase or deacetylase activity, in ensuring genome

integrity and in exerting pro-longevity effects [15,16].

As a result, DNMT and SIRT activators/inhibitors are

being investigated as therapeutic agents against

ARDs [17].

Senescence modulation by microRNAs (miRNAs) is

a major senescence-related epigenetic mechanism. This

has been suggested, among other findings, by the iden-

tification of discrete miRNA signatures associated with

senescence in different cell types [18] and by the fact

that living cells can actively release extracellular vesicles

(EVs), which contain different species and amounts of

non-coding RNAs. EVs comprise large particles (lEVs;

also known as micro-vesicles) and small particles (sEVs

or exosomes) and differ both in their intra-cellular

origin and in the cargo they transport [19]. lEVs and

sEVs seem to reflect the molecular characteristics of

their cells of origin and to modulate the phenotype of

recipient cells both in a paracrine and in a systemic

manner [20,21]. Despite the major contribution to

organismal ageing demonstrated for EVs and their

miRNA cargo [22,23], too little is known of the effect

of ageing on human EV content, on the miRNA reper-

toire shuttled by SCs and their cognate EVs, and on

circulating EVs. Evidence from a variety of cellular

models suggests that the senescence phenotype is char-

acterised by increased EV secretion [24–26], although

circulating EV concentrations seem to decline with age,

possibly as a consequence of increased internalisation

by immune cells [27]. Notably, the pro-inflammatory

effects of EVs released from SCs seem to be related to

their DNA/RNA cargo, which suggests that EVs belong

to the SC secretome [25,26,28]. Recently, the effects of

EVs have been explored in relation to vascular ageing

[28]. EVs from the plasma of elderly subjects and from

senescent endothelial cells (ECs) promote vascular cal-

cification [29], reduce the bone formation rate [30] and

reprogram monocytes towards a pro-inflammatory

phenotype [31].

Altogether, our knowledge of the in vivo effects of

cellular senescence is quite limited. Moreover, the het-

erogeneous senescence phenotypes characterising liv-

ing animals entail that there are currently no wholly

reliable universal markers to identify senescent ECs in

vivo [32].

This study was devised to unravel the relative con-

tribution of EVs released from senescent ECs in

spreading pro-senescence signals to proliferating cells

via their miRNA cargo. Based on the evidence that the

in vitro replicative senescence of ECs substantially

mimics the progressive age-related impairment of

endothelial function described in vivo [33], we set out

to identify the miRNAs that are differentially expressed

in senescent and non-senescent human umbilical vein

endothelial cells (HUVECs) and their cognate EVs

(lEVs and sEVs). We then correlated the miRNA levels

with the methylation state of their genetic loci and

assessed their interactions with the enzymes involved

in the maintenance of the methylation pattern during

ageing. Finally, we compared the SA-miRNAs isolated

from EVs released from senescent HUVECs with the

miRNAs showing a differential expression in circulat-

ing EVs obtained from subjects of different ages.

Materials and methods

Cell lines and cell culture

An in vitro model of replicative cell senescence was estab-

lished using long-term cultured HUVECs and human

aortic endothelial cells (HAECs). Cryopreserved

HUVECs and HAECs obtained from pool of donors

were purchased from Clonetics (Lonza, Switzerland) and

cultured in endothelial basal medium (EBM-2, CC-3156,

Lonza) supplemented with SingleQuot Bullet Kit (CC-

4176, Lonza) containing 0.1% human recombinant epider-

mal growth factor (rh-EGF), 0.04% hydrocortisone, 0.1%

vascular endothelial growth factor (VEGF), 0.4% human

recombinant fibroblast growth factor (rh-FGF-B), 0.1%

insulin-like growth factor-1 with the substitution of argi-

nine for glutamic acid at position 3 (R3-IGF-1), 0.1%

ascorbic acid, 0.1% heparin, 0.1% gentamicin and ampho-

tericin-B (GA-1000) and 2% foetal bovine serum (FBS).

Cells were seeded at a density of 5000/cm2, sub-cultured

when they reached 70–80% confluence, and maintained in

a humidified atmosphere of 5% CO2 at 37°C. All cells

tested negative for mycoplasma infection. Before replating,

harvested cells were counted using a haemocytometer.

Population doublings (PDs) were calculated by the for-

mula: (log10F – log10I)/log102, where F is the number of

2 E. MENSÀ ET AL.
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cells at the end of the passage and I is the number of seeded

cells. Cumulative population doubling (cPD) was calcu-

lated as the sum of PD changes. Cells were cultured until

the arrest of replication and classified based on SA β-Gal

activity into control (CON, SA β-Gal < 5%) and senescent

(SEN, SA β-Gal > 60%) cells. For the drug-induced senes-

cence model, HUVECs and HAECs were treated with

doxorubicin hydrochloride (Sigma Aldrich, Italy) at 50

nM for 24 h and were harvested following a 72-h recovery

period with fresh medium.

Biomarkers of the HUVEC and HAEC senescent

phenotype

SA β-galactosidase staining

SA β-galactosidase (β-gal) activity was assessed using

Senescence Detection Kit (cat. no. K320, BioVision

Inc., USA) as described previously [34].

Telomere length

Telomere length was analysed by quantitative PCR

using Cawthon’s method [35]. Genomic DNA was iso-

lated from young and senescent HUVECs using

Norgen’s RNA/DNA Purification Kit (cat. no. 48,700,

Norgen Biotek Corporation, Canada).

p16, IL-1β, IL-6, IL-8, DNMT1 and SIRT1 mRNA

expression level

For mRNA gene expression, 1 μg of purified RNA was

reverse-transcribed with OneScript® cDNA Synthesis

Kit (Applied Biological Materials Inc., Canada) accord-

ing to the manufacturer’s instructions. qPCR reactions

were conducted in a Rotor Gene Q 5plex HRM appa-

ratus (Qiagen, Germany) in a 10 μl total reaction

volume using TB Green Premix Ex Taq II (Clontech

Laboratories, USA) according to the manufacturer’s

instructions. Each reaction was run in triplicate and

always included a no-template control. The mRNA

expression of the genes of interest was calculated

using GAPDH as the reference gene.

mRNA expression levels were analysed by the 2−ΔCt

method. The value of the relative expression of the

genes of interest is given as mean ± standard deviation

(SD) of three independent experiments.

The primers sequences (written 5ʹ-3ʹ) were: p16, Fw:

CATAGATGCCGCGGAAGGT, Rv: CTAAGTTTCCC

GAGGTTTCTCAGA; IL-1β, Fw: CCAGCTACGAATC

TCCGACC, Rv: TGGGGTGGAAAGGTTTGGA; IL-6,

Fw: CCAGCTACGAATCTCCGACC, Rv: CATGGCC

ACAACAATGACG; IL-8, Fw: TCTGCAGCTCTGTG

TGTGAAGG, Rv: TGGGGTGGAAAGGTTTGGA; β-a

ctin, Fw: TGCTATCCCTGTACGCCTCT, Rv:

GTGGTGGTGAAGCTGTAGCC; DNMT1, Fw: AGA

ACGCCTTTAAGCGCCG; Rv: CCGTCCACTGCCAC

CAAAT; SIRT1, Fw: AGGCCACGGATAGGTCCATA;

Rv: GTGGAGGTATTGTTTCCGGC. Primer concen-

tration was 200 nM.

p16, DNMT1 and SIRT1 protein quantification

In HUVECs, total proteins were purified using RIPA

buffer (150 mM NaCl, 10 mM Tris, pH 7.2, 0.1% SDS,

1.0% Triton X-100, 5 mM EDTA, pH 8.0) containing a

protease inhibitor cocktail (Roche Applied Science,

USA). Protein concentration was determined using

the Bradford method (Sigma-Aldrich, Italy). Total pro-

tein extracts (30 μg) were separated by SDS-PAGE and

transferred to nitrocellulose membranes (Whatman,

Germany). Membranes were blocked in phosphate-

buffered saline (PBS) with 0.1% Tween 20 (PBS-T)

containing 5% fat-free dry milk for 1 h and then

incubated overnight at 4°C with primary antibodies

targeting p16(Ink4a) (1:200; sc-377,412, Santa Cruz

Biotechnology, USA), pH2AX (1:1000; #9718, Cell

Signaling, USA), DNMT1 (1:1000; ab19905; Abcam,

UK) and SIRT1 (1:1000; ab12193, Abcam), using β-

actin (1:10,000; Santa Cruz Biotechnology) or α-tubulin

(1:1000; #2144, Cell Signaling) as normalizers. All pri-

mary antibodies were probed with a secondary horse-

radish peroxidase (HRP)-conjugated antibody (Vector,

USA). A chemiluminescence assay (ECL, Amersham,

USA) was used for detection; the autoradiographic

films thus obtained were quantified using ImageJ2 soft-

ware [36]. Independent samples t-test was used to

analyse the differences between samples. p values <

0.05 were considered significant.

Genome-wide DNA methylation analysis

Genomic DNA was extracted in triplicate from CON

and SEN HUVECs using Qiagen’s QiAmp mini kit

following the manufacturer’s recommendations.

Accordingly, 1 μg DNA was bisulphite-converted using

EZ DNA Methylation (Zymo Research, USA) and ana-

lysed by the Infinium HumanMethylationEPIC BeadChip

(Illumina Inc., USA) according to the manufacturer’s

instructions. The DNA methylation levels from the EPIC

kit [37] were quantified by applying the workflow

described for EPIC array analysis in the Minfi v1.28.3

vignette [38]. The IlluminaHumanMethylationEPICanno.

ilm10b2.hg19_0.6.0.tar.gzmanifest was employed to anno-

tate the EPIC probes.

Quality control of raw and normalised data was

performed with the ShinyMethyl v1.18 package, avail-

able in Bioconductor 3.8 [39]. Data normalisation

included noob background correction [40] followed

by functional normalisation implemented in the Minfi

JOURNAL OF EXTRACELLULAR VESICLES 3
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function “preprocess Funnorm” [41]. Probes matching

single nucleotide polymorphism (SNP) loci were not

deployed for downstream analysis and were removed

by running the Minfi function “dropLociWithSnps”.

DNA methylation polymorphisms (DMPs) were

assigned to a genomic category following the annota-

tion available in the IlluminaHumanMethylationEPIC

manifest under the column “UCSC_RefGene_Group”.

Probes not assigned to any category were classified as

“others”. DMPs were split into hyper- and hypo-

methylated sites and plotted using an in-house-devel-

oped R script.

The methylation state of differentially expressed

miRNAs (see below “Small RNAseq analysis [NGS] of

cells and EVs”) was inferred by evaluating the probes

within −2 kb of the miRNA annotation start and +2 kb

of their end in the hg19 genome assembly. DMPs

associated with each miRNA were deployed to build a

methylation state heatmap and linked to the miRNA

expression state using an in-house-developed R script.

The methylation landscape of the DNMT1 and

SIRT1 genes was characterised by estimating the nor-

malised beta values of all probes occurring within −2

kb of the TSS of the gene and +2 kb of the gene end

coordinate. Probes were classified by the

“UCSC_RefGene_Group”. Probes matching each geno-

mic window were then plotted in boxplot format using

an in-house-developed R script.

Electron microscopy analysis

HUVECs were plated on Aclar film (Ted Pella Inc.,

USA), sectioned tangential to the substrate and exam-

ined by TEM. HUVECs were fixed for 1 h at room

temperature in 2.5 glutaraldehyde solution in 0.1 M

cacodylate buffer (pH 7.4), post-fixed in 1% osmium

tetroxide in the same buffer for 30 min at room tem-

perature, dehydrated in an acetone series and

embedded in epoxy resin (cat. no. 43,359, Sigma-

Aldrich, Italy). Ultrathin (40 nm) sections were stained

with lead citrate and uranyl acetate and examined in a

Philips CM12 transmission electron microscope

(Philips, Netherlands) at 100 kV. Scanning electron

microscopy analysis was performed on HUVECs plated

on Aclar film fixed and dehydrated as described above,

critical point-dried (Balzers union cpd 020), gold-

coated and imaged using a Philips XL20 microscope

at 15 kV. The release of multi-vesicular bodies (MVBs)

was evaluated by counting their number/µm2 of cyto-

plasmic area in 24 CON and 22 SEN cells.

For TEM analysis of lEVs and sEVs, EVs were

adsorbed to formvar carbon-coated 200 mesh grids

(Agar Scientific Ltd., UK) for 2 min, gently washed

with filtered PBS and immediately fixed on the grids

with 2.5% glutaraldehyde for 1 min. The grids were

incubated with 2% (w/v) sodium phosphotungstate for

1 min and observed in a Philips CM10 transmission

electron microscope.

EV purification and characterisation (Nanosight

tracking analysis and western blotting)

When CON and SEN HUVECs reached 70% conflu-

ence in T75 flasks, they were thoroughly washed with

PBS and incubated in EGM-2 containing exosome-

depleted FBS (cat. no. A2720801, Thermo Fisher

Scientific, USA). Conditioned medium from 8ʹ000ʹ000

± 1ʹ000ʹ000 cells was collected after 18 h and EVs (lEVs

and sEVs) were purified by ultracentrifugation [42].

EVs released from SEN and CON cells were charac-

terised according to the Minimal Information for Studies

of Extracellular Vesicles guidelines, which were developed

by the International Society for Extracellular Vesicles

(ISEV) in 2018 [43]. Specifically, we (i) adopted the EV

nomenclature suggested by the ISEV position papers; (ii)

performed basic characterisation of the EV-releasing cells

before the collection of conditioned medium (culturing

condition details such as passage number, seeding den-

sity, confluence at harvest have been reported); (iii)

employed a variety of techniques such as size-exclusion

chromatography (SEC), serial ultracentrifugation or a

combination of ultracentrifugation and density gradient

separation to isolate EVs; (iv) characterised and quanti-

fied isolated EVs using nanoparticle tracking assay, trans-

mission electron microscopy and western blot analysis

using well-established markers (CD63, TSG101,

calnexin).

EVs were purified by centrifugation at 1ʹ000g for 15

min and then at 2ʹ000g for 15 min to eliminate cell

debris. Supernatants were further centrifuged at

18ʹ000g for 30 min to obtain the lEV pellet. The result-

ing supernatant was pelleted by ultracentrifugation at

110ʹ000g for 70 min. The sEV pellet was washed in 3

ml PBS, centrifuged again and resuspended in PBS.

EV amount and size was measured by NanoSight

tracking analysis (NTA). sEVs and lEVs were loaded

into the sample chamber of an LM10 unit (NanoSight,

Malvern Instruments Ltd, UK). Three 30 or 60 s videos

were recorded for each sample and analysed with

NanoSight NTA 3.1 software. Data were expressed as

mean ± SD of the three recordings. Samples containing

a large number of particles were diluted before the

analysis and the relative sEV and lEV concentration

was calculated according to the dilution factor. Control

beads (100 and 400 nm) were supplied by Malvern

Instruments. EV lysates were prepared in RIPA buffer

4 E. MENSÀ ET AL.
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containing a protease inhibitor cocktail (Roche Applied

Science) and quantified using the Bradford method.

Next, the lysates were subjected to SDS-PAGE and

transferred to nitrocellulose membranes (Whatman).

Membranes were then incubated with the primary

antibodies overnight at 4°C. The following primary

antibodies were used: calnexin (clone C4731, Sigma-

Aldrich; 1:2000 dilution), TSG101 (ab125011, Abcam;

1:1000 dilution) and CD63 (ab59479, Abcam; 1:1000

dilution). After incubation with the specific HRP-con-

jugated antibody (Vector; 1:10,000 dilution), the che-

miluminescent signal was detected using Clarity and/or

Clarity Max (Bio-Rad, Italy). The autoradiographic

films thus obtained were quantified using ImageJ2

software.

In order to exclude that protein-miRNA complexes

could co-precipitate with EVs during the isolation pro-

cedure, we used a combination of density gradient

separation and treatment of isolated vesicles with pro-

teinase K 20 μg/ml to confirm that miR-21-5p is truly

loaded into EVs. MiR-21-5p levels were not signifi-

cantly different between the two conditions (miR-21-

5p relative expression; control = 0.383 ± 0.050; protei-

nase K = 0.259 ± 0.063; n = 3; p = 0.185), confirming

the intra-vesicular presence of the miRNAs.

Data regarding the EV-related aspects of the experi-

ments conducted on HUVECs have been deposited to

the EV-TRACK knowledge base (http://evtrack.org)

[44] under accession number EV190105.

RNA extraction from HUVECs and EVs

Small RNAs (< 200 nucleotides) were extracted from

HUVECs and sEV and lEV pellets using, respectively

Norgen’s total RNA Purification Kit and Total

Exosome RNA & Protein Isolation Kit (Thermo

Fisher Scientific) according to the manufacturer’s pro-

tocol. Purified RNA was stored at −80°C until use.

Small RNA sequencing analysis (NGS) of HUVECs

and EVs

CON and SEN cells, their EVs (lEVs and sEVs) and 12

samples of sEVs purified from plasma of four young,

four elderly and four centenarian subjects were sub-

jected to small RNA sequencing. RNA for the analysis

was obtained from 6 ml of media from the culture of

2.000.000 CON cells and 1.600.000 SEN cells, in tripli-

cate. TruSeq Small RNA Library PrepKit v2 (Illumina;

RS-200-0012/24/36/48) was used for library prepara-

tion according to the manufacturer’s indications.

Briefly, 35 ng purified RNA was linked to RNA 3ʹ

and 5ʹ adapters, converted to cDNA, and amplified

using Illumina primers containing unique indexes for

each sample. Each library was quantified using Agilent

Bioanalyzer and High Sensitivity DNA Kit (cat. no.

5067-4626, Agilent Technologies, USA) and equal

amounts of libraries were pooled together. Size selec-

tion allowed keeping 130–160 bp fragments. After

ethanol precipitation, the library pool was quantified

with Agilent High Sensitivity DNA Kit, diluted to 1.8

pM and sequenced using NextSeq® 500/550 High

Output Kit v2 (75 cycles) (Illumina; FC-404-2005) on

the Illumina NextSeq500 platform.

Raw base-call data generated by the Illumina NextSeq

500 system were demultiplexed using Illumina BaseSpace

Sequence Hub (https://basespace.illumina.com/home/

index) and converted to FASTQ format. After a quality

check with FastQC (https://www.bioinformatics.babra

ham.ac.uk/projects/fastqc/), the adapter sequences were

trimmed using Cutadapt (http://cutadapt.readthedocs.io/

en/stable/index.html), which also removed sequences <

10 nucleotides. Reads were mapped using the STAR

algorithm (https://www.ncbi.nlm.nih.gov/pubmed/

23104886). The reference genome consisted of human

miRNA sequences from the miRbase 21 database [45].

Raw counts from mapped reads were obtained using the

htseq-count script from the HTSeq tools (http://www-

huber.embl.de/HTSeq/doc/overview.html).

Raw counts were further normalised using DESeq2

bioconductor package (http://bioconductor.org/packages/

release/bioc/html/DESeq2.html). NGS raw data are avail-

able through European Nucleotide Archive (http://www.

ebi.ac.uk/) under accession number PRJEB33703.

MiRNAs expressed in SEN cells and their EVs were

identified to obtain a normalised expression above the

40th percentile in at least one sample of the group.

Statistical analysis of NGS data

NGS data were analysed using Genespring GX software

v14.8 (Agilent Technologies). The miRNAs showing a

differential expression were identified by comparing

SEN and CON cells using a fold change ≥ 1.5 filter and

FDR 5% at moderated t-test with Benjamini-Hochberg

correction. A fold change ≥ 1.3 with FDR 20% or 30%

was used in lEV and sEV analysis, respectively. Cluster

analysis was performed using GeneSpring GX software

with Manhattan correlation as a similarity measure.

Quantitative PCR of mature miRNAs

MiRNA expression was measured by qPCR using the

TaqMan miRNA assay (Catalogue #4427012 Thermo

Fisher Scientific) as previously described [46].
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Methylome analysis of loci coding for SA miRNAs

The sequences and genomic coordinates (GRCh38) of

predicted hairpin precursor miRNAs were retrieved

from miRbase 21 (Supplementary Table 7). The CpG

nucleotide clusters (CpG islands) associated with

miRNA genes within a distance of 2 kb were identified

by visual inspection of the miRNA gene neighbour-

hood using the University of California Santa Cruz

(UCSC) Genome Browser. Putative proximal promoter

regions within 2 kb of the TSS were obtained from the

database http://bicresources.jcbose.ac.in/zhumur/pirna

quest/.

Computational prediction of SA miRNA targets

To gain further insights into the relationship between

SA miRNAs and the DNA methylation pattern of SEN

cells, we explored the ability of SA miRNAs to target

DNMT1 and/or SIRT1 using the StarBase v3.0 public

platform (http://starbase.sysu.edu.cn) [47]. TargetScan,

starBase and miRTarBase were used to predict poten-

tial miRNA-DNMT1/SIRT1 interactions. DIANA-

mirPath v3 and Ingenuity Pathway Analysis (IPA)

were used to identify the pathways targeted by SA

miRNAs.

Uptake of sevs released from SEN HUVECs

An amount of 2 × 1011 sEVs has been collected from

6ʹ000ʹ000 of SEN HUVECs. sEVs released from SEN

HUVECs were fluorescently labelled using PKH67

membrane dye (Sigma-Aldrich). Labelled sEVs were

washed in 10 ml PBS, collected by ultracentrifugation

and resuspended in PBS. Next, 109 sEVs were incu-

bated with 5 × 104 recipient CON HUVECs for 4, 12,

18 and 24 h. An incubation time of 18 h was estab-

lished to be optimal for sEV uptake by CON cells.

Then, 109 sEVs released from SEN cells were incubated

with 5 × 104 recipient CON HUVECs.

CON HUVECs were also treated for 18 h with sEVs

transfected with miR-217 and miR-21-5p inhibitors

(respectively, MH12774 and MH10206, Thermo

Fisher Scientific). The transfection process was pro-

moted by Exo-Fect kit (System Bio, USA) according

to the manufacturer’s recommendations. Briefly, sEVs

were prepared for transfection by combining Exo-Fect

solution, miRNA inhibitors, PBS and purified sEVs.

The transfection solution was incubated at 37°C for

10 min and then put on ice. To stop the reaction, the

EXoQuick-TC reagent supplied in the kit was added.

After centrifuging for 3 min at 140,000 rpm, the super-

natant was removed. The transfected sEVs pellet was

suspended in 300 μl PBS and 150 μl of transfected sEVs

were added to each well. The same method was used to

load non-human cel-mir-39 into sEVs to assess the

possibility of delivering miRNAs and their inhibitors

through sEVs.

Assessment of the effects induced by SEN sEVs on

CON cells

Immunofluorescence and western blot analysis of

SIRT1 and DNMT1

CON HUVECs were seeded in BD Falcon chamber

slides (cat. no. 354104; Falcon, USA) and treated with

SEN sEVs and SEN sEVs transfected with miR-217 and

miR-21-5p inhibitors as described above. Cells were

washed twice with PBS and then fixed in 4% parafor-

maldehyde in PBS for 15 min at room temperature.

After three washes in PBS they were incubated with

0.3% Triton X-100 in 2.5% bovine serum albumin

(BSA) for 1 h at room temperature and then with

KI67 antibody (dilution 1:150; Dako, Denmark), in

2.5% BSA overnight at 4°C. Cells were washed in PBS

and incubated with secondary anti-rabbit Alexa Fluor

488 antibody (cat. no. 111-545-003, Jackson

Laboratories, USA; dilution 1:200), at room tempera-

ture in 2% BSA for 1 h. After a wash in PBS, cells were

stained with nuclear HOECHST 33,342 (cat. no. H-

3570; Molecular Probes, USA) at 1:10,000 dilution in

PBS for 5 min, coverslipped with Vectashield mounting

medium (H-1200, Vector Laboratories) and viewed in a

fluorescence microscope. Omission of the primary

antibody resulted in lack of labelling, confirming the

specificity of the antibody. The presence of senescence-

associated heterochromatin foci (SAHF) was assessed

by measuring the coefficient of variation (CV) of the

HOECHST staining intensity in each nucleus. At least

200 nuclei have been assessed for each condition and

each replicate using the using the CellProfiler image

analysis software, version 3.1.9 [48].

The Ki67 proliferative index was expressed as a

percentage based on the number of Ki67-positive cells.

Expression levels of PCNA and cyclins A, B1, D1

OneScript® cDNA Synthesis Kit was used to reverse-

transcribe 1 μg of purified RNA according to the man-

ufacturer’s instructions. qPCR reactions were con-

ducted on the Rotor Gene Q 5plex HRM apparatus in

a 10 μl total reaction volume using TB Green Premix

Ex Taq II (Clontech Laboratories) according to the

manufacturer’s recommendations. Each reaction was

run in triplicate and included no-template controls.

The mRNA expression of the genes of interest was

calculated using GAPDH as the reference gene.
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Relative mRNA levels were calculated with the 2−ΔCt

method. Relative expression values were reported as

mean ± SD of three independent experiments.

Primer sequences (written 5ʹ-3ʹ) were: PCNA, Fw:

CGGATACCTTGGCGCTAGTA, Rv: CACAGCTGT

ACTCCTGTTCTGG; Cyclin D1, Fw: CCCTCGGT

GTCCTACTTCAA, Rv: AGGAAGCGGTCCAGGTAG

TT; Cyclin A, Fw: TTGAAGAAATATACCCCCCAG,

Rv: AATGATTCAGGCCAGCTTTG; Cyclin B1, Fw:

TTGGTGTCACTGCCATGTTT, Rv: TAAGCAAAAA

GCTCCTGCTG.

Annexin V assay

Apoptosis was evaluated by annexin V staining fol-

lowed by flow cytometry. Briefly, CON cells and

CON cells treated with 109 SEN sEVs were plated in

a 12-well plate at a density of 2 × 105 cells/well.

Apoptosis was evaluated by staining cells with

Annexin V and 7-AAD followed by fluorescence flow

cytometry as described in Giuliani et al. [46]. The

results were expressed as percentage of apoptotic cells

out of total live cells.

Methylation status of MIR21 locus

Quantitative analysis of DNA methylation of the MIR21

TSS200 region was performed using the EpiTYPER assay

(Agena). Briefly, genomic DNA was bisulphite converted

and the region chr17:57,918,197-57,918,709 (GRCh37/

hg19 assembly) was amplified using the following primers:

Fwd: aggaagagagTTTATATAAGTGAAAGGATATTGG

AGAGA; Rev: cagtaatacgactcactatagggagaaggctAAATAC

CAAAATATCAAACAACCCA. PCR products were

then processed according to standard EpiTYPER protocol.

Each sample was analysed in triplicate.

Plasma samples and EV isolation

Plasma samples were obtained from 12 healthy subjects

enrolled for the study. Subjects were considered healthy

if they did not present type 1 or 2 diabetes, liver

diseases, renal failure, history of cancer, neurodegen-

erative disorders, infectious or autoimmune diseases.

Samples were collected at IRCCS INRCA (Ancona) and

at Sant’Orsola University Hospital (Bologna). The pro-

cedure was approved by the respective ethics boards

(Prot. no. 2006061707, amended on 08/11/2011).

Written informed consent was collected from all parti-

cipants. EVs were purified from 500 μl of plasma by

qEVoriginal column (IZON, USA) according to the

manufacturer’s indications.

Statistical analysis

Principal component analysis (PCA) with varimax

orthogonal rotation and Kaiser normalisation was per-

formed to investigate possible common trends in the

miRNAs contained in circulating EVs. Only miRNAs

that were detected in at least one subject were included

in the analysis. Scree plots and the Kaiser-Meyer-Olkin

(KMO) test were applied to evaluate the suitability of

the correlation matrix. Anti-image-correlation was

assumed as adequate for KMO > 0.5. The number of

factors to be retained was determined by examining the

scree plots. Each retained factor was assigned a score,

determined as the linear combination of each miRNA

weighted by its respective PCA loading. Factor scores

were tested for normality using the Shapiro-Wilk test

and compared by one-way ANOVA followed by

Tukey’s multiple comparison test for pairwise compar-

isons. p values < 0.05 were deemed significant.

Results

Characterisation of the senescence status of

HUVECs

HUVEC senescence was characterised by analysing a

number of well-established senescence biomarkers in

non-senescent (control, CON) and senescent (SEN)

HUVECs.

Compared with CON cells, SEN cells were charac-

terised by growth arrest, which was documented by

reduced cumulative population doublings (cPDs)

(Figure 1(a)), progressive telomere shortening

(Figure 1(b)), increased SA β-gal activity (Figure 1

(c)), up-regulation of the cell cycle regulator p16

(INK4a) both at the transcriptional and the protein

level (Figure 1(d,d’)); up-regulation of phospho-his-

tone H2AX (pH2AX), a biomarker of persistent DNA

damage [49] (Figure 1(e)) and significantly increased

mRNA transcription of the pro-inflammatory SASP

components interleukin (IL)-1β, IL-6 and IL-8 (Figure

1(f–h)). A similar model of replicative senescence was

replicated also in HAECs. Moreover, we established a

model of drug-induced senescence by treating

HUVECs and HAECs with 50 nM doxorubicin for

24 h. The characterisation of these additional models

is reported in Supplementary Figure 1.

Human cell senescence is also marked by progres-

sive, widespread genomic hypomethylation and focal

hypermethylation at specific CpG sites [50]. Further

characterisation and comparison of the epigenetic pro-

file of SEN and CON cells demonstrated a differential

methylation state at 335ʹ495 CpG sites; in particular,
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Figure 1. Characterisation of replicative senescence in human umbilical vein endothelial cells (HUVECs). (a) Cumulative population
doubling (cPD) curves. (b) Telomere/single copy gene ratio (T/S) in DNA from HUVECs at different passages. (c) Representative
positivity and quantification of the SA β-Gal staining in control (CON, < 10%) and senescent (SEN, > 60%) cells. (d) mRNA relative
expression. (d’) Western blot and densitometric analysis of p16(Ink4a) in CON and SEN cells. Protein expression values are reported
as p16(Ink4)/β-actin ratio. (e) Western blot and densitometric analysis phospho-histone H2AX (pH2AX) in CON and SEN cells. Protein
expression values are reported as pH2AX/β-actin ratio. (f) mRNA relative expression of interleukin (IL)-1β, (g) IL-6, (h) IL-8. (i)
Boxplots of DNA methylation values of InfiniumEPIC probes in CON and SEN triplicates. The probes were divided in four groups
according to their genomic location and t-test was applied to each group in order to compare mean beta values between CON and
SEN. (l) mRNA relative expression. (l’) Western blot and densitometric analysis of DNMT1 in CON and SEN cells. Protein expression
values are reported as DNMT1/α-tubulin ratio. (m) Methylation status of CpGs among a genomic region covering the DNMT1 gene ±
2kb. The region is split in multiple windows based on Illumina Infinium annotation assigned to each CpG as reported in the Methods
section. Methylation status of each window is represented with a boxplot. Each dot corresponds to the mean B value of an
annotated CpG across the three replicates. Blue: SEN cells; Orange: CON cells. **, q-val < 0.01. Scale of the Methylation status
corresponds to the B value. (n) mRNA relative expression. (n’) Western blot and densitometric analysis of SIRT1 in CON and SEN cells.
Protein expression values are reported as SIRT1/α-tubulin ratio. (o) Methylation status of CpGs among a genomic region covering
the SIRT1 gene ± 2kb. The region is split in multiple windows based on Illumina Infinium annotation assigned to each CpG as
reported in the Methods section. Methylation status of each window is represented with a boxplot. Each dot corresponds to an
annotated CpG. Methylation status expressed in B value. Blue: SEN cells; Orange: CON cells. **, q-val < 0.01. For qPCR and western
blot analysis data from three independent experiments are represented as mean ± SD. **, p < 0.01 from paired t-tests.
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SEN cells showed significant hypomethylation in CpG

island/shore/shelf regions located in intergenic regions

and significant hypermethylation of non-CpG sites

inside genes (Figure 1(i)).

Since DNMT1 and SIRT1 co-operate in maintaining

the methylation pattern [15], we analysed their mRNA

and protein levels and the methylation state of their

loci in SEN and CON cells. We found that DNMT1

mRNA and protein levels were down-regulated in SEN

cells (Figure 1(l,l’)), even though methylation analysis

disclosed significant loss of methylation at the DNMT1

transcription start site (TSS)-1500 promoter region,

which according to the ENCODE ChIP-Seq data

binds the transcription factor c-MYC (Figure 1(m)).

SIRT1 mRNA levels were similar in CON and SEN

cells (Figure 1(n)); in contrast, the SIRT1 protein

level was significantly reduced in SEN compared with

CON cells (Figure 1(n’)), despite the similar methyla-

tion state of SEN and CON cells (Figure 1(o)). These

data suggest that during HUVEC replicative senescence

DNMT1 and SIRT1 protein levels are modulated by

post-transcriptional regulatory mechanisms.

Analysis of the senescence biomarkers confirmed

that HUVECs aged in culture exhibit a senescent phe-

notype characterised by most of the established hall-

marks of ageing [51]. This model can, therefore, be

considered as an archetypal “in vitro model” of cellular

senescence.

Senescent HUVECs release more sEVs than control

cells

We characterised the structure and content of EVs

released from SEN and CON cells according to

Minimal Information for Studies of Extracellular

Vesicles guidelines, which were proposed by the

International Society for Extracellular Vesicles (ISEV)

in 2018 [43]. Scanning electron micrograph analysis of

EVs released from SEN and CON cells demonstrated a

significantly greater number of vesicular bodies emer-

ging from the cell surface of SEN cells (Figure 2(a,b)).

To purify these small (sEVs) and large (lEVs) EV frac-

tions, sEVs and lEVs were collected after ultracentrifu-

gation and further characterised by Nanoparticle

Tracking Analysis (NTA), transmission electron micro-

scopy (TEM) and western blot analysis of some relevant

biomarkers. Representative distribution plots of sEVs

and lEVs released from CON (Figure 2(c,d)) and SEN

cells (Figure 2(c’,d’)) indicated that sEVs and lEVs had a

different size distribution. Representative TEM images

of sEVs and lEVs purified from CON and SEN (Figure 2

(e)) confirm their different size. Analysis of calnexin,

TSG101 and CD63 membrane protein expression by

western blotting demonstrated the efficient separation

of supernatant-derived EV sub-populations: sEVs were

positive for the exosomal markers CD63 and TSG101,

whereas lEVs were positive for the endoplasmic reticu-

lum marker calnexin (Figure 2(e’)). Comparison of their

number demonstrated that SEN and CON cells released

more sEVs than lEVs. Moreover, NTA assay revealed

that SEN cells released a threefold, significantly greater

amount of sEVs (t-test for unpaired samples, p < 0.01)

but a similar number of lEVs (Figure 2(f)) compared

with CON cells. Notably, the size of sEVs and lEVs

released from either cell type was not significantly dif-

ferent (Figure 2(g)). The increased release of sEVs from

SEN cells was confirmed also in HUVECs undergoing

drug-induced senescence following treatment with dox-

orubicin, and in HAECs undergoing both replicative

and drug-induced senescence (Supplementary Figure

1d and 1d’).

To further substantiate these data, multi-vesicular

bodies (MVBs), a specialised subset of endosomes

that contain sEVs, were identified and quantified in

TEM images of SEN and CON HUVECs (Figure 2

(h)). A significantly greater number of MVBs at differ-

ent stages of maturation was detected in SEN com-

pared to CON cells (t-test for unpaired samples, p <

0.01) (Figure 2(i)).

MiRNome analysis of CON and SEN HUVECs and

their cognate EVs

The expression of the whole miRNome was analysed in

triplicate in SEN and CON cells and cognate lEVs and

sEVs from different pools of donors. The list of all

miRNAs thus detected is reported in Supplementary

Table 1. The miRNAs showing a significant differential

expression in sEVs and lEVs released from SEN cells

and in SEN compared with CON cells are listed in

Figure 3(a–c), respectively. The miRNAs showing a

differential expression in sEVs, lEVs and their parental

SEN cells, the relevant fold changes, Benjamini-

Hochberg adjusted p values and the normalised expres-

sion in SEN and CON are reported in Supplementary

Tables 2–4. The miRNAs showing a differential expres-

sion were used to cluster miRNAs and samples. The

resulting heatmaps – of the miRNAs showing signifi-

cant de-regulation in sEVs released from SEN cells, of

the miRNAs showing significant de-regulation in lEVs

released from SEN cells, and of the miRNAs showing

significant de-regulation in SEN cells – are reported in

Supplementary Figure 2a, 2b and 2c, respectively.

Supplementary Tables 5 and 6 report miRNAs showing

differential expression between SEN cells and their

cognate sEVs and lEVs, respectively. As previously
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Figure 2. Characterisation of sEVs and lEVs released from CON and SEN cells. (a,a’) SEM analysis of extracellular vesicles emerging
from the CON cell plasmalemma. (b,b’) SEM analysis of extracellular vesicles emerging from the SEN cell plasmalemma. Scale bars of
20 and 5 µm are applied for low and high magnification, respectively. (c) Average size distribution curve of sEVs released from (c)
CON and (c’) SEN cells. (d) Average size distribution curve of lEVs released from (d) CON and (d’) SEN cells. EVs size was determined
by NTA Nanoparticle Tracking Assay (NTA). Three 60 s videos were recorded for each sample, and NTA analysis settings kept
constant between samples. The average concentration of vesicles was plotted against their size, with the black lines and the colour
areas representing the fitting curve and the error bar, respectively. (e) Representative TEM analysis of sEVs and lEVs released into the
culture media by CON and SEN cells with a scale bar of 100 nm. (e’) Representative western blot analysis of calnexin, TSG101 and
CD63 in isolated lEVs and sEVs. (f) Comparison of the number of sEVs and lEVs released per cell in CON and SEN cells as determined
by NTA. (g) Comparison of the size of sEVs and lEVs released from CON and SEN cells as determined by NTA. Data from three
independent experiments are represented as mean ± SD. **, p < 0.01 from paired t-tests. (h) Representative TEM photomicrograph
of multi-vesicular bodies (MVBs) of SEN cells with a scale bar of 1 µm. (i) Comparison of the number of MVBs per µm2 measured in n

= 24 TEM images of CON and SEN cells. Data are represented as mean ± SD. **, p < 0.01 from unpaired t-test.
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Figure 3. MiRNAs showing differential expression in SEN cells and cognate sEVs and lEVs. Bar charts reporting the (log2) fold
changes of the miRNAs showing a differential expression (a) in sEVs released from SEN cells, (b) in lEVs released from SEN cells and
(c) in SEN cells. The miRNA de-regulation trend is indicated by bar colour; red, over-expression; green, under-expression in SEN sEVs/
SEN lEVs/SEN cells compared with CON sEVs/CON lEVs/CON cells, respectively. Only miR-21-5p (highlighted in red) showed
significant SA de-regulation in SEN cells and cognate sEVs and lEVs. Data from small RNAseq of n = 3 independent replicates for
each condition. MiRNAs showing a differential expression were identified by comparing SEN and CON cells using a fold change ≥ 1.5
filter and FDR 5% at moderated t-test with Benjamini-Hochberg correction. A fold change ≥ 1.3 with FDR 20% or 30% was used in
lEV and sEV analysis, respectively. (d) Summary of the results of small RNAseq analysis on CON and SEN cells and cognate sEVs and
lEVs. Briefly, 556 miRNAs were detected in at least one compartment (cells, sEVs and lEVs). Of the 355 miRNAs carried by EVs, only
42 (12%) were selectively packaged in sEVs; 86 (24%) were carried by both lEVs and sEVs and 227 (64%) were found only in lEVs.
None of the miRNAs shared a common SA modulation trend in lEVs and sEVs. Only miR-21-5p was significantly de-regulated in both
sEVs and lEVs released from SEN cells; however, it was over-expressed in sEVs and under-expressed in lEVs from the same SEN cell
pool. (e) qPCR validation analysis of miR-21-5p and miR-217 in different pools of SEN cells and their cognate sEVs. Data from n = 3
independent experiments are represented as mean ± SD. **, p < 0.01 from unpaired t-test.
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reported [52], the levels of miRNAs loaded onto EVs

are significantly lower compared to their parent cells.

Overall, 22 miRNAs were differentially expressed in

sEVs released from SEN cells; of these, 12 (55%) were

up-regulated and 10 (45%) were down-regulated

(Figure 3(a)). Of the 55 miRNAs that were significantly

modulated in SEN compared with CON cells 14 were

up-regulated (25%) and 41 (75%) were down-regulated

(Figure 3(c)). Only five miRNAs – miR-21-5p, miR-

217, miR-30a-3p, miR-130b-3p and miR-92a-3p – were

differentially expressed in sEVs and parental SEN cells

(Table 1 and Figure 3(d)). Their analysis in a different

batch of cells from a different pool of donors con-

firmed these findings. qPCR analysis confirmed the

NGS data for miR-21-5p and miR-217 in cells and

their sEVs (Figure 3(e)), whereas no differential expres-

sion was detected for miR-30a-3p, -92a-3p and -130b-

3p (data not shown). The up-regulation of miR-21-5p

and miR-217 in SEN cells and their cognate sEVs was

confirmed also in HAECs undergoing replicative senes-

cence, as well as in the model of drug-induced senes-

cence established in both HUVECs and HAECs

(Supplementary Figure 1(e,f,e’,f’)).

The results of miRNome analysis of SEN cells and

cognate sEVs and lEVs are summarised in Figure 3(d).

miRNAs capable of targeting DNMT1 and SIRT1

and showing a differential expression in SEN cells

and cognate EVs

To unravel the complex interaction between miRNA

expression and methylation state in cells with the senes-

cent phenotype we tried to establish which miRNAs

capable of targeting DNMT1 and SIRT1 were signifi-

cantly de-regulated in SEN cells and cognate EVs. Of the

12 miRNAs that were up-regulated in SEN sEVs, 4 –

including miR-21-5p and miR-217 (Figure 4(a)) – were

capable of targeting DNMT1 and/or SIRT1, whereas

none of the nine miRNAs up-regulated in SEN lEVs

were able to target DNMT1 and/or SIRT1 (Figure 4(b)).

Five of the 14 miRNAs showing up-regulation in SEN

cells were able to target DNMT1 and/or SIRT1; of them,

only miR-21-5p and miR-217 were also up-regulated in

SEN sEVs (Figure 4(c)).

Surprisingly, SEN lEVs carried no up-regulated SA

miRNAs targeting DNMT1 and/or SIRT1.

Altogether, these data suggest that miR-21-5p and

miR-217 are the only miRNAs shuttled by SEN sEVs

that are also expressed in SEN cells and are capable

of targeting DNMT1 and SIRT1. This observation,

coupled with the finding that SEN cells released

three times more sEVs than CON cells, prompted

further investigation on the effects of SEN sEVs on

CON cells.

Methylation state of the loci coding for miRNAs

showing differential expression in SEN and CON

cells

To clarify whether miRNA expression in SEN cells was

epigenetically regulated, we analysed the methylation

state of the genetic loci encoding the miRNAs showing

differential expression in SEN and CON cells. The

genomic locations and sequences of the miRNAs show-

ing significant down- or up-regulation in SEN cells are

reported in Supplementary Table 5.

The methylation state was obtained by conducting a

global methylation analysis, assessing CpG site methy-

lation within 2000 bp upstream and downstream of

each miRNA transcription start site (TSS).

The methylation changes observed at the loci

encoding the 55 miRNAs showing significant de-reg-

ulation in SEN cells are reported in Figure 5(a).

Principal component analysis (PCA) revealed signifi-

cantly different methylation profiles of the miRNA

genes that were differentially expressed in SEN com-

pared with CON cells (Figure 5(b)); however, only

about 50% showed SA methylation consistent with

Table 1. MiRNAs commonly de-regulated in SEN cells and their EVs.

CON normalised expression (log2) SEN normalised expression (log2)

miRNA Cells sEVs lEVs Cells sEVs lEVs Cells sEVs lEVs

hsa-miR-21-5p + + - 9.70 4.78 5.03 11.60 7.33 4.40
hsa-miR-217 + + 5.88 2.11 0.95 9.38 5.47 0.31
hsa-miR-30a-3p + + 4.13 0.00 0.00 4.89 0.56 0.40
hsa-miR-130b-3p - - 7.05 1.82 1.11 6.06 0.50 0.82
hsa-miR-92a-3p - + 11.19 2.44 4.56 10.35 3.40 4.70
hsa-miR-221-3p + + 8.76 3.64 3.19 9.89 3.20 1.17
hsa-miR-216a-5p + + 2.09 0.98 0.00 5.02 0.07 0.70
hsa-miR-323b-3p - + 3.68 0.00 0.00 2.92 0.00 0.70
hsa-miR-584-5p - - 7.99 1.18 2.32 5.63 0.00 0.49
hsa-miR-1246 - - 2.41 0.00 1.06 1.33 0.00 0.00

For each miRNA and condition, the log2 normalised expression values are reported for cells, sEVs, and lEVs. The reader is referred to Supplementary Tables
2–6 for detailed data on miRNAs differentially regulated across the various sample types. sEVs, small extracellular vesicles; lEVs, large extracellular vesicles;
(+) over-expressed; (-) under-expressed.
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SA expression changes (Figure 5(c)). Of the miRNAs

that exhibited differential methylation in SEN and

CON cells, only miR-21-5p showed concordant

DNA demethylation and RNA over-expression both

in SEN cells and SEN sEVs (Figure 5(c)). The methy-

lation state of miR-217 was not evaluated, because no

CpG in the neighbourhood of its locus was covered

by genome-wide methylome analysis.

Overall, in half of the loci encoding the miRNAs

showing differential expression in SEN cells, the gene

methylation and expression data were not consistent,

suggesting that additional post-transcriptional regula-

tion mechanisms are involved in the modulation of SA

miRNAs. These data support the hypothesis of a

complex interaction among different epigenetic

mechanisms in inducing and maintaining a senescent

phenotype.

SEN sEVs significantly reduce CON cell DNMT1 and

SIRT1 levels and proliferation markers

Previous work has shown that miR-21-5p directly tar-

gets SIRT1 and indirectly down-regulates DNMT1 by

targeting the RASGRP1 gene, an upstream component

of the Ras-MAPK pathway that regulates DNMT1

expression [53]. MiR-21-5p has also been demon-

strated to inhibit DNMT1 activity by binding to its

catalytic site [54]. As regards miR-217, it directly
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Figure 4. MiRNAs showing differential expression in SEN cells and their cognate sEVs and lEVs targeting DNMT1 and/or SIRT1. (a)
MiRNAs showing over and under-expression in SEN sEVs compared with CON sEVs, (b) in SEN lEVs compared with CON lEVs, (c) and
in SEN compared with CON cells targeting DNMT1 and/or SIRT1. Straight lines represent miRNA-mRNA interaction based on
bioinformatic prediction from three different algorithms. Dotted lines represent miRNAs reducing DNMT1 activity by binding to its
catalytic site, according to the report from Zhang et al. [54].
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targets DNMT1 in fibroblasts [55] and SIRT1 in

endothelial cells [56].

Based on these findings, we assessed the func-

tional potential of sEVs released from SEN cells to

modulate DNMT1 and/or SIRT1 in CON cells. To

do this, CON cells were treated with sEVs released

from SEN cells. Their uptake was demonstrated by

tracking sEVs with a fluorescent, membrane-perme-

able dye (Figure 6(a)). The possibility of delivering

small RNAs through sEVs was further tested by

loading non-human cel-miR-39 onto sEVs released

from SEN cells. The latter treatment resulted in

qPCR-detectable levels of cel-miR-39 in CON cells,

confirming the delivery of a considerable amount of

cargo in this setting (Figure 6(b)). Treatment of

CON cells with sEVs from SEN cells resulted in a

significantly increased expression of miR-21-5p and

miR-217 (Figure 6(c)). To evaluate whether this

observation was related to the intracellular delivery

of the copies of miR-21-5p and miR-217 loaded onto

SEN sEVs or to the induction of the transcription of

the two miRNAs in the recipient cells, we assessed

the levels of pri-miR-21 using SEN cells as a positive

control. Treatment of CON cells with SEN sEVs was

not able to induce the up-regulation of pri-miR-21

(Figure 6(d)).
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Figure 6. Modulation of DNMT1/SIRT1 and of replicative rate biomarkers induced in CON cells by treatment with sEVs released from
SEN cells. (a) Immunofluorescence staining showing effective uptake in CON of sEVs released from SEN cells. sEVs were labelled with
PKH67 green fluorescent dye. Scale bars of 10 µm are applied. (b) qPCR analysis of cel-miR-39 in CON cells treated with sEVs loaded
with cel-miR-39. (c) qPCR analysis of miR-21-5p and miR-217 in CON cells treated with sEVs from SEN and with sEVs from CON. (d)
qPCR analysis of pri-miR-21 in CON cells treated with sEVs from SEN and with sEVs from CON, and in SEN cells. (e) Western blots
showing modulation of DNMT1 and SIRT1 protein levels in CON cells treated with sEVs released from SEN without and with miR-217
and miR-21 inhibitors. CON sEVs and cel-miR-39 were used as negative controls to exclude non-specific effects due to the treatment
with sEVs and miRNAs, respectively. (f) Densitometric analysis of SIRT1 and DNMT1 protein level modulation in CON cells treated
with sEVs released from SEN without and with miR-217 and miR-21 inhibitors. The effects of sEVs on SIRT1 and DNMT1 appear to be
miR-21-5p- and miR-217-dependent. Protein expression values are reported as SIRT1/α-tubulin and SIRT1/α-tubulin ratios. (g)
Immunofluorescence Ki67 staining of CON cells CON cells treated with sEVs released from SEN without and with miR-217 and
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Treatment of CON cells with SEN sEVs also signifi-

cantly reduced the expression of DNMT1 and SIRT1

(Figure 6(e,f)). This effect was not reproducible by

treating CON cells with CON sEVs and was signifi-

cantly rescued when SEN sEVs were loaded with miR-

21-5p and miR-217 inhibitors, alone or combined

(Figure 6(e,f)). This suggests that both miRNAs are

involved in DNMT1 and SIRT1 modulation.

A reduction in CON cell replication ability,

demonstrated by reduced Ki67 staining, was observed

during the 18-h treatment with SEN sEVs (Figure 6(g,

h)) and was associated with reduced PCNA (Figure 6

(i)), cyclin D1 and cyclin A (Figure 6(m)) expression.

Importantly, the effects of SEN sEV uptake in CON

cells appeared to be miR-21-5p-dependent. A trend

towards the reduction of cyclin B mRNA was

observed in treated CON cells, even if it did not

reach statistical significance (Figure 6(m)). Notably,

CON cells treated with SEN sEVs showed an

increased formation of SAHF, as confirmed by the

increased CV of the HOECHST staining intensity.

This effect was not rescued by the addition of miR-

21-5p/miR-217 inhibitors (Figure 6(l)).

We then performed Annexin V and 7-AAD staining

and flow cytometry to quantify the rate of apoptosis in

CON cells after treatment with SEN sEVs. As shown in

Figure 6(n), the percentage of cells undergoing early

(Annexin V+/7-AAD-) and late (Annexin V+/7-AAD

+) apoptosis was significantly increased in CON cells

treated with SEN sEVs compared with CON cells,

demonstrating that SEN sEVs are able to induce apop-

tosis in CON cells after 18-h treatment.

Next, we evaluated whether treatment with SEN

sEVs was capable of inducing a senescent phenotype

in CON cells. A significant increase in the expression

of p16, IL-6 and IL-8 mRNAs was observed, whereas

no significant up-regulation of IL-1β mRNA was

reported (Figure 6(o)).

As a final experiment, we assessed the methylation

level of MIR21 locus in CON and SEN cells, and in

CON cells treated with SEN sEVs using the quantitative

EpiTYPER assay. Treatment of CON cells with SEN

sEVs was able to induce a significant demethylation of

the fourth CpG site of the amplicon (corresponding to

the microarray probe cg02515217, located in the TSS200

region), resulting in methylation levels comparable to

those observed in SEN cells (Figure 6(p)).

Overall, SEN sEVs proved capable of modulating

apoptosis and a number of key senescence features, i.

e. cellular proliferation, SASP acquisition and

DNMT1/SIRT1 expression. The effects on prolifera-

tion appear to be at least partly miR-21-5p-depen-

dent, whereas those on DNMT1-SIRT1 expression

appear to be dependent on miR-21-5p as well as

miR-217. The down-regulation of DNMT1 in CON

cells treated with SEN sEVs induced a partial

demethylation of the MIR21 locus which, however,

was not associated to an increased transcription of

miR-21-5p in treated cells.

miRNA profiling in circulating EVs from healthy

adults of different ages

The finding that SEN cells can spread pro-senescence

signals via miRNAs carried by their sEVs suggested a

further experiment, where EVs purified from plasma of

12 healthy adult donors of different ages were subjected

to NGS analysis. Donors were grouped into three gen-

der-matched age groups, young (n = 4), elderly (n = 4)

and centenarians (n = 4), whose mean age was 50 ± 8

years, 74 ± 9 years and 102 ± 1 year, respectively. The

demographic and clinical characteristics of the 12

donors are reported in Supplementary Table 8. There

were no age-related differences in the number of sEVs

purified from plasma among the groups (p = 0.873,

data not shown). Of the 1186 miRNAs detected by the

miR-21 inhibitors. Scale bars of 100 µm are applied. (h) Quantification of Ki67-positive cells. (i) PCNA, (m) cyclin D1, cyclin A,
cyclin B1 mRNA relative expression in CON cells treated with sEVs released from SEN cells without and with miR-217 and miR-
21 inhibitors. (l) Evaluation of senescence-associated heterochromatin foci (SAHF) based on the calculation of the CV of the
HOECHST staining in at least 200 nuclei of CON cells treated with sEVs without and with miR-217 and miR-21 inhibitors.
Treatment of CON cells with sEVs released from SEN cells induced significant reduction of proliferation markers and the
formation of SAHF. These effects were significantly reduced by treatment with sEVs released from SEN cells loaded with miR-
21-5p inhibitor, suggesting that the effects of SEN sEVs on CON cell replication are, at least partly, miR-21-5p-dependent. (n)
Assessment of apoptosis rate in CON cells treated with sEVs released from SEN cells. Annexin V+/AAD7- and annexin V+/7AAD
+ cells were respectively considered to be early- and late-apoptotic cells. (o) p16, IL-6, IL-8, IL-1β mRNA relative expression in
CON cells treated with sEVs released from SEN cells. (p) Methylation status of the MIR21 locus in SEN cells and in CON cells
treated with sEVs released from SEN cells. The microarray probe cg02515217 is significantly under-methylated in SEN cells and
in CON cells treated with SEN sEVs compared to CON cells. *, CON vs CON + SEN sEVs; #, CON vs SEN. Data from n = 3
independent experiments are represented as mean ± SD. */#, p < 0.05; **, p < 0.01; ***, p < 0.001 from one-way ANOVA
followed by Tukey’s multiple comparison test for pairwise comparisons.
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analysis, 360 were expressed in EVs from at least two

subjects in at least one group. These were included in

the subsequent analysis. Age-related trends were iden-

tified by applying PCA with varimax rotation conver-

ging after 11 iterations and yielding 11 components

with an eigenvalue > 1.0. Three components explaining

more than 45% of the total variance were retained. The

PCA plot (Figure 7(a)) indicates that PC1 and PC2

enable clear separation of the miRNA expression pro-

files of the three groups of subjects, explaining

respectively 18.8% and 15.1% of the total variance.

The component loading for each miRNA is reported

in Supplementary Table 9. Analysis of the factor scores

reflecting the weighted level of the miRNAs expressed

in the three groups identified an inverted U-shape

distribution for factor 1, a slightly declining trend for

factor 2 and a rising trend for factor 3 (Figure 7(b)).

MiR-21-5p showed a strong loading on factor 1 (load-

ing score = 0.655) (Figure 7(b)), whereas miR-217 was

not detected in circulating EVs. We further validated
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Figure 7. Profiling of miRNAs identified in circulating EVs purified from plasma of healthy adult subjects of different ages. (a) PCA
factor analysis with varimax rotation of 360 miRNAs detectable in at least two samples of at least one group of healthy donors.
Rotation converged after 11 iterations and yielded 11 components with an eigenvalue > 1.0. Three components explaining more
than 45% of the total variance were retained. PC1 and PC2, explaining respectively 18.8% and 15.1% of the total variance, are
represented. Circles represent 95% confidence intervals. (b) Line plots showing the estimated marginal means for factors 1, 2 and 3
regression scores across the three age groups (<65 years, ≥65 years and centenarians). (c) qPCR validation of miR-21-5p levels in EVs
from healthy donors. Data from four subjects in each age group are displayed as mean ± SD. *, p < 0.05; **, p < 0.01; ***, p < 0.001
from one-way ANOVA followed by Tukey’s multiple comparison test for pairwise comparisons. (d) Ingenuity Pathway Analysis (IPA)
on miRNAs loading on factor 1 with a score > 0.60 or < −0.60. Association of this dataset with the “diseases and disorders” IPA
database revealed a significant enrichment of the subcategory “inflammation of organ”.

JOURNAL OF EXTRACELLULAR VESICLES 17

 20013078, 2020, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1080/20013078.2020.1725285 by U

niversita D
i Ferrara, W

iley O
nline L

ibrary on [25/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



miR-21-5p levels in plasma EVs from the same subjects

by qPCR and confirmed that miR-21-5p levels follow

the same age-related inverted U-shaped trend observed

for factor 1 (Figure 7(c)).

These data showed that in elderly people circulating

EVs are characterised by increased miR-21-5p levels

compared with either younger adults and healthy cen-

tenarians, suggesting that the EV miR-21-5p content

can be a marker of cellular senescence and inflamma-

ging. This finding lends support to our group’s earlier

report of an inverse U-shaped age-related trend of

miR-21-5p purified from total plasma [57].

According to IPA, SIRT1 and miR-21-5p are spokes

in a network that includes miRNA loading on factor 1

with a score > 0.60 or < −0.60. TNF and TP53 can be

considered as hubs. The association of the miRNAs

loaded on factor 1 with the IPA database “diseases

and disorders” revealed a significant enrichment of

the sub-category “inflammation of organ”, confirming

the hypothesis that an inverse U-shaped trend reflects

high circulating levels of the biomarkers of inflamma-

ging in elderly individuals (Figure 7(d)).

Putative SA loop involving miR-21-5p and miR-217

The main results of the study are reported in Figure 8,

which depicts a putative SA loop encompassing miR-

21-5p and miR-217. In particular, the miR-21 locus is

demethylated in SEN cells, resulting in miR-21-5p

over-expression in these cells, which are marked by

low levels of DNMT1 and SIRT1. sEVs released from

SEN cells are enriched in miR-21-5p and miR-217 and

can contribute to reduce DNMT1 and SIRT1 expres-

sion in younger recipient cells, promoting demethyla-

tion of the locus encoding miR-21 and increasing its

transcription. This vicious circle could be critical in the

maintenance of the epigenetic “senescence program”

that propagates senescence signals from SEN to CON

cells through sEVs. The inverse U-shaped age-related

trend of miR-21-5p carried by circulating sEVs sug-

gests a potential role for it as a circulating biomarker

associated with senescence and inflammaging.

Discussion

Emerging evidence strongly supports the hypothesis

that EVs mediate the effects of senescent cells on

their micro-environment and that they do so at least

partly through their miRNA cargo [23,58–61]. We set

out to establish the relative contribution of the

miRNAs carried by EVs released from senescent ECs

in spreading pro-senescence signals to younger cells.

The first relevant finding was that senescent cells

release a significantly greater number of sEVs than

control cells, a finding that was corroborated by the

detection in senescent cells of a significantly increased

number of MVBs, the endocytic organelles that gener-

ate sEVs. These data agree with recent studies of a

mouse model of oncogene-induced senescence and

human lung fibrotic lesions enriched in senescent

cells [62], bone marrow stromal cells [63], human

prostate cancer cells [24] and chondrocytes [64].

Another major question was whether EVs contained

the same miRNA repertoire as the cells that had

released them. Global miRNA profiling of SEN and

CON cells and their cognate EVs (sEVs and lEVs)

showed that cells and their EVs shared about 33% of

the miRNAs. Surprisingly, lEVs and sEVs shared only

24%, supporting the hypothesis that different EVs shut-

tle different cargo [65,66]. Since SEN cells released

significantly more sEVs than CON cells, we focused

on the miRNAs showing concordant modulation in

sEVs and their parental SEN cells. This, we reasoned,

would also help reduce the risk of potential contamina-

tion from the EVs contained in the FBS serum supple-

ment used in the culture medium [67].

Analysis of SEN sEVs showed that they were

enriched in miR-21-5p and miR-217, both of which

were over-expressed in SEN cells and were capable of

targeting DNMT1 and SIRT1, two key enzymes in

methylation pattern maintenance. Our data are in line

with previous reports associating miR-21-5p and miR-

217 with cellular senescence. MiR-21-5p over-expres-

sion has been seen to reduce EC replicative lifespan,

whereas its stable knockdown by sponges has been

reported to extend it [68,69]. MiR-21-5p over-expres-

sion has also been related to the development of car-

diac fibrosis [70], T-cell subset alteration [71] and

imbalances in platelet function [72], all functions that

are affected by ageing. An intriguing mechanism has

also been described, where DNMT1 inhibition was

induced by miR-21-5p binding the DNMT1 catalytic

site rather than its mRNA [54]. As regards miR-217

over-expression, it has been related to a premature

senescence-like phenotype both in EC models (through

impaired angiogenesis via SIRT1 inhibition [56]) and

in fibroblasts (through direct suppression of DNMT1-

mediated methylation of p16 and pRb [55]).

Notably, we were able to replicate the same obser-

vations in another EC lineage undergoing replicative

senescence, and in a model of drug-induced senes-

cence. The expression levels of cellular and sEV miR-

21-5p and miR-217 in drug-induced senescence were

comparable to those obtained in the replicative

senescence models. The variations of the miRNA

pool according to the different mechanisms of
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senescence are under-investigated. In this context,

our results support the hypothesis that senescence-

associated miRNAs participate in the control of a

core set of senescence genes regardless of the pro-

senescence stimulus [73].

When we explored the biological effects of SEN

sEVs on younger cells, treatment of CON cells with

SEN sEVs induced a significant reduction in DNMT1

and SIRT1 expression, which was associated with a

reduction in cell replicative rate, with the acquisition

DNMT1

SIRT1

DNMT1

SIRT1

CON SEN

a

b

DNMT1 DNMT1

SIRT1 SIRT1

Ki67 Ki67

PCNA PCNA

Cyclin D1 Cyclin D1

miR-21-5p

miR-217

sEVs

lEVs

Tetraspanin

other miRNAs

< 65 years ≥ 65 years Centenarians

miRNA inhibitors

p16 IL-6 IL-8

Apoptosis

p16 IL-6 IL-8

Apoptosis

Figure 8. Overview of the SA effects of miR-21-5p and miR-217 carried by SEN sEVs into CON cells. (a) Graphic representation of the
SA loop involving miR-21-5p. The miR-21 locus is de-methylated in SEN cells; the resulting miR-21-5p over-expression can contribute
to reduce DNMT1/SIRT1 expression in SEN cells. sEVs released from SEN cells are enriched in miR-21-5p; their delivery to CON cells
modulates DNMT1/SIRT1 and impairs their replication rate. This vicious cycle may be critical in maintaining the epigenetic
“senescence program” through the spread of pro-senescence signals to younger cells through an increased sEV release. (b) MiR-
21-5p in sEVs purified from plasma of healthy young, elderly and centenarian individuals showed an inverse U-shaped age-related
trend, suggesting that miR-21-5p loaded on sEVs could be a systemic biomarker of senescence and inflammaging.
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of a senescent phenotype, and with a partial demethy-

lation of the locus encoding for miR-21. The demethy-

lation of the MIR21 locus was not coupled with the

enhanced transcription of the miR-21-5p precursor

pri-miR-21 in recipient cells. This suggests that (i) the

increased levels of miR-21-5p and miR-217 in CON

cells treated with SEN sEVs are related to the intracel-

lular delivery of the sEV cargo, and (ii) a prolonged

exposure to SEN sEVs could be required to establish

the vicious cycle leading to miR-21-5p transcription in

cells treated with CON sEVs. The most striking finding

in this context was that miR-21-5p and miR-217 loaded

on sEVs played a key role in DNMT1-SIRT1 modula-

tion, with miR-21-5p being the major factor inducing

replicative rate reduction in recipient cells. The under-

expression of DNMT1 and SIRT1 detected in SEN

HUVECs is not induced by changes in the methylation

state of their loci, but by fine regulation by miR-21-5p

and miR-217. These findings shed new light on the

mechanisms promoting the spread of senescence via

the bystander effect. Notably, miR-21-5p shuttling

through sEVs has been associated with different biolo-

gical functions depending on donors and recipient cell

types [74,75]. While miR-21-5p has been extensively

designated as an oncomiR [76], its role on the prolif-

erative rate of non-cancer and replicative senescent

cells is still debated. Our findings are in agreement

with previous reports showing an anti-proliferative

role of miR-21 on endothelial cells [68,77]. We can

hypothesise that these effects could be related to the

different transcriptional landscape between normal and

cancer cells. In the latter, the inhibitory effects of miR-

21 on many cell cycle regulators are potentially over-

whelmed by gain-of-function somatic mutations.

As a final experiment, we set out to find in vivo evidence

to compare with our in vitro data. Analysis of themiRNome

profile of EVs purified from plasma of healthy subjects of

different ages demonstrated for the first time that miR-21-

5p shuttled by circulating EVs shows an inverse U-shaped

trend, and that the trend becomes apparent only when

centenarians are included in the analysis. We previously

described an inverse U-shaped age-related trend for miR-

21-5p during normal ageing and significantly increased

miR-21-5p plasma levels in patients with ARDs such as

cardiovascular disease and type 2 diabetes [57,61,78].

Notably, non-monotonic age-related trends have

first been described for genetic determinants of

human longevity; these studies suggested that the

effects of mortality trends for different genotypes

observed in cross-sectional studies could depend on

interactions between genetic and epigenetic factors

[79]. Experimental data about such interactions have

begun to emerge only in recent years [80].

Our findings strongly support the hypothesis that cir-

culatingmiR-21-5pmay be an archetypal “inflamma-miR”

related to cellular senescence and inflammaging, and that

its non-monotonic age-related trend may be the result of

the complex adaptive/selective remodelling that occurs

during ageing. Crucially, therapies targeting miR-21 are

already progressing to the clinical trial phase [81,82].

Interestingly, DNMT1 levels in circulating cells from

healthy subjects of different ages exhibit a U-shaped

pattern that mirrors the expression of miR-21-5p car-

ried by circulating EVs [83].

Altogether, we provide proof of principle that senes-

cent endothelial cells can spread their miRNA signa-

ture, thus contributing to the development of a pro-

ageing environment, and that these miRNAs can be

selectively packaged in and delivered through sEVs.

Critically, the results obtained in vivo for miR-21-5p

lend strong support to the in vitro observations and to

the notion that cellular senescence is, at least partly,

fractal of the ageing process; they also indicate that

circulating factors derived from senescent cells can be

used as biomarkers to depict and track ageing trajec-

tories [84]. Even though senescence has been described

as a terminal process, mounting evidence supports the

view that the adverse effects of the senescence program

can be attenuated or delayed [85] and that sEVs could

play a critical anti-senescence role [86–88].

In conclusion, our findings pave the way for further

research, in particular to work out how circulating pro-

senescence signals carried by vesicles can become drug-

gable targets that can helpmodulate the ageing process and

delay ARD development. The discovery of several drugs

targeting DNMT1 and SIRT1 and the possibility to mod-

ulate miRNA expression are making this ambitious goal

easier to reach.
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