' [ ] [ ) [ )
Wl hiomedicines
(<o =]

Review

Exosomes and Micro-RNAs in Aging Process

Yousra Hamdan

check for

updates
Citation: Hamdan, Y.; Mazini, L.;
Malka, G. Exosomes and Micro-RNAs
in Aging Process. Biomedicines 2021, 9,
968. https://doi.org/10.3390/
biomedicines9080968

Academic Editor: Christos K. Kontos

Received: 24 May 2021
Accepted: 15 July 2021
Published: 6 August 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Loubna Mazini * and Gabriel Malka

Institute of Biological Sciences, Université Mohammed VI Polytechnique, Lot 660 Hay Moulay Rachid,
Ben Guerir 3150, Morocco; yousra.hamdan@umép.ma (Y.H.); gabriel. malka@umé6p.ma (G.M.)
* Correspondence: loubna.mazini@umép.ma; Tel.: +212-6-66-392899

Abstract: Exosomes are the main actors of intercellular communications and have gained great
interest in the new cell-free regenerative medicine. These nanoparticles are secreted by almost
all cell types and contain lipids, cytokines, growth factors, messenger RNA, and different non-
coding RNA, especially micro-RNAs (mi-RNAs). Exosomes’ cargo is released in the neighboring
microenvironment but is also expected to act on distant tissues or organs. Different biological
processes such as cell development, growth and repair, senescence, migration, immunomodulation,
and aging, among others, are mediated by exosomes and principally exosome-derived mi-RNAs.
Moreover, their therapeutic potential has been proved and reinforced by their use as biomarkers
for disease diagnostics and progression. Evidence has increasingly shown that exosome-derived
mi-RNAs are key regulators of age-related diseases, and their involvement in longevity is becoming a
promising issue. For instance, mi-RNAs such as mi-RNA-21, mi-RNA-29, and mi-RNA-34 modulate
tissue functionality and regeneration by targeting different tissues and involving different pathways
but might also interfere with long life expectancy. Human mi-RNAs profiling is effectively related
to the biological fluids that are reported differently between young and old individuals. However,
their underlying mechanisms modulating cell senescence and aging are still not fully understood,
and little was reported on the involvement of mi-RNAs in cell or tissue longevity. In this review, we
summarize exosome biogenesis and mi-RNA synthesis and loading mechanism into exosomes’ cargo.
Additionally, we highlight the molecular mechanisms of exosomes and exosome-derived mi-RNA
regulation in the different aging processes.
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1. Introduction

Almost every cell, including stem cells, naturally release extracellular vesicles (EVs)
responsible for cell-to-cell communication. Based on the evolution of the collective knowl-
edge for the last decade, the International Society for Extracellular Vesicles endorsed EV
as the generic term for particles deprived of the nucleus and delimited by a lipid bilayer
without replication capacity [1]. EVs are differently sized vesicles released in vivo and
in vitro and are classified based on the mode of release, size, and method of purification [1].
They are split into three categories: microvesicles or ectosomes are submicron vesicles
with a diameter of 100 nm-1000 nm, distinguished by biogenesis mechanisms including
cytoskeleton remodeling and phosphatidylserine externalization. These microvesicles
are formed by the outward budding and fission of the plasma membrane (PM) after cell
stimulation or stress [2-6]. The other EVs are apoptotic bodies with a diameter between
50 nm—4000 nm and are usually released during the stage of cell apoptosis [7]. Compared to
the microvesicles, the apoptotic bodies contain contact organelles, chromatin, histones, and
glycosylated proteins [3]. Exosomes are the most common EVs studied and the smallest
ones with a diameter of 30 nm-100 nm. They were first considered as a cell metabolic prod-
uct by the inward blebbing [6] and described as a part of disposal mechanisms discarding
unwanted material from cells [8,9]. Their biogenesis is orchestrated from PM followed by
the maturation process determining their cargo composition [7,10,11].
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Exosomes are considered key regulators of many biological settings and are present
in several extracellular fluids to mediate cellular communication. Recently, they were
suggested as biomarkers for several diseases to set up diagnosis and disease progression.
Their characteristics hold a great interest in designing therapeutic purposes in metabolic
and genetic disorders, neurodegenerative and cardiovascular diseases, and cancer [12-15].
Nevertheless, different characterizations and validation methods have been developed
whereby exosome purification and drug delivery are improved [1,15-17]. A recent study
used a high-efficiency 3D nanostructured microfluidic ship to capture intact exosomes
and a dual ligand to encapsulate the drug as an innovative and promoting methodology
compared to ultracentrifugation and ultrafiltration [18]. The same team has also developed
an engineered biological and synthetic hybrid designer exosome with photoresponsive
functionalities targeting cancer cells [19].

Advancements in exosome identification and analysis have concluded on their en-
richment of micro-RNAs (mi-RNAs), proteins, lipids, and DNA [1,14,20]. Mi-RNAs are
described as a ~22-nt RNA, binding to their targets messenger RNAs (mRNAs) by base-
pairing between 5’ end sequences of mi-RNA and mRNAs sequences located at 3’ untrans-
lated regions (3’ UTR) [21]. Consequently, gene expression levels were found to contribute
to fine-tuning and buffering the activity of different signaling pathways [22]. Increasing
evidence has involved mi-RNAs in the regulation of different biological processes such as
immune responses, apoptosis, metabolism, cancer, and cell aging [23-28]. These mi-RNAs
are expressed differently according to the age and age-related diseases in blood [29-31],
plasma [32-34], and serum [35]. Their expression was associated with aging mechanisms
and targeted the transcription and translation of the molecular pathways involved in
human longevity [32,34,36,37].

Epigenetic factors might also be age predictors through mi-RNAs expression lev-
els [37]. Recently, different authors have proposed the involvement of lin-4, let-7, mi-RNA-
17, and mi-RNA-34 as age and longevity-related mi-RNAs [36]. Other mi-RNAs were
reported significantly different in long- versus short-lived individuals [36,38]. Most of
these mi-RNAs were downregulated and predicted to target hundreds of genes outlined in
many mi-RNAs databases making it difficult to understand the physiological pathways
involved in longevity.

On the other side, the first signature of human aging is the decrease of tissue regen-
eration and repair, leading to the accumulation of senescent cells. These cells have been
described to release more exosomes with different compositions than a normal cell [39].
Moreover, the senescence-associated secretory phenotype (SASP) was described to induce
pro-inflammatory cytokines, chemokines, and tissue-damaging proteases [40]. Senescent
cells were shown to accumulate senescence-associated £3-galactosidase (SA 3-gal) activity
and the senescence marker p16™&4 [41,42]. In vitro, early expanded mesenchymal stem
cells (MSCs) also presented a stemness profile, while the long-term expanded were as-
sociated with a senescence phenotype [43,44]. A cellular transcriptional program is thus
induced whereby the number and composition of exosomes are changed, consequently
reflecting the current parent cell profile [45-47].

Much evidence has increasingly involved exosomes and exosome-derived mi-RNAs
in both normal and pathological aging processes [48-53]. Evidence has also increasingly
involved exosome-derived mi-RNAs in aging-associated diseases. In this work, we review
exosome biogenesis and its involvement in the mechanisms related to aging with a focus
on the different pathways described for their secreted mi-RNAs.

2. The INS and Outs of Exosomes
2.1. The INS of Exosomes: The Biogenesis

Exosome biogenesis remains incompletely understood even though different strategies
have been described, especially the involved pathways. Biogenesis starts with the selective
removal of the PM by an inward budding into the cell, constituting the intraluminal vesicles
(ILVs). These endocytic vesicles mainly emerge from the lipid raft domains of PM and
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occur quite fast, so that 50-180% PM of reticulocyte can be recycled in only one hour [54],
resulting in the intracellular generation of early endosomes [3,4,54,55]. Thereafter, these
early endosomes can have different destinations depending on the enclosed cargo. The
PM can be directly recycled by endosomes, and the MVBs can fuse with the lysosome if
the content is targeted for degradation [3,55,56]. Early endosomes might mature to the
late endosome by ILVs accumulation to multivesicular bodies (MVBs) [3,57]. Finally, these
MVBs might fuse with the cellular membrane to release the ILVs as exosomes into the
extracellular space [2,3,54,55,57] (Figure 1).
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Figure 1. The biogenesis of exosomes, starting from the early endosomes, including both endosomal-sorting complex
required for transport pathway (ESCRT). In the ESCRT pathway family (in the upper half of the cell), four sub-proteins 0, I,
II, III, and charged multivesicular body protein- 4 (CHMP-4), hepatocyte growth factor-regulated tyrosine kinase substrate

(Hrs), Programmed cell death 6-interacting protein (ALIX), signal-transducing adapter molecule 1 (STAM-1), vacuolar

protein sorting proteins (Vps), and tumor susceptibility gene 101 (TSG-101) are identified. The ESCRT independent pathway
(in the lower half of the cell) includes tetraspanin protein (CD9, CD84, CD81, CD63, CD47) and syndecan-Syntenin-ALIX.
Exosome release results from the interaction of the Rab family, including Rab-7, 11, 35, 27 with Tspan and the Soluble

N-ethylmaleimide-sensitive-fusion attachment protein receptor (SNARE).

ILV formation or exosome biogenesis can be performed by two distinct processes.
Both mechanisms occur depending on the physiological state and the type of the parent cell
and are involved synergistically but might not be separated [58]. ESCRT proteins consist of
four different protein complexes ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-III [3,11,59]. One
of the most complete studies about ESCRT proteins was made by Colombo et al. in 2013,
using an RNA interference screen targeting 23 ESCRT and their associated proteins VP4,
VTA1, and ALIX [59]. Depleting ESCRT-0 and ESCRT-I and its associated proteins “Hrs,
TSG101, and STAM-1,” respectively, reduced exosome secretion. Nonetheless, exosome
oversecretion was reported as one of ESCRT-III, and its associated protein ALIX, CHMP-4C,
VPS4B, and VTA1 were knockdowns, suggesting the involvement of the VPS4B protein [59].
In addition, silencing ALIX protein changed the exosome protein content rather than
secretion, indicating its contribution to the exosomes cargo process [60]. Sterzenbach et al.
used the L-domain containing protein Ndfip1 to increase ALIX protein recruitment in the
ESCRT-pathway, thus loading exogenous proteins and delivering active proteins across
the blood-brain barriers [61]. Moreover, depletion of Hrs, ESCRT-0 associated protein was
associated with a decrease in exosome secretion and a reduced level of Wnr3A and Evi in
human embryonic kidney 293 cells (HEK293) [62].

Tspans are other actors implicated in exosome biogenesis and can be used as exosome
markers. The most-reported Tspans are CD9 and CD82 enhanced in the exosomal release
of B-catenin from HEK293 cells. Knockdown of CD9 bone marrow dendritic cells secrete
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less affiliated flottin-1 suggesting the importance of this Tspan in exosome formation and
release [63]. CD81 is involved in mRNA and protein composition in rat adenocarcinoma
cell-derived exosomes [64]. A knockout of Tspan63 reduced exosome formation and
secretion. A recent finding has demonstrated that the latent membrane protein-1 (LMP-1)
is a major viral oncogene expressed in most Epstein-Barr viruses, suggesting a role in
packaging and particle secretion by CD63 [65]. Actually, TSG101 and CD9, CD63, LMP-1,
CD81, CD82 are used for exosome identification and characterization [1,60,66—-68]. In a
follow-up, the Syndecan-syntenin-ALIX pathway is a non-ESCRT-mechanism facilitating
the ILV formation, exosome-containing syntenin, syndecan, and CD63 are released by
heparanase and play a key role in endosomal membrane budding controlled by ARF-6 and
PLD-2 [3,57,69]. This mechanism controls approximately 50% of the secreted exosome in
the Michigan Cancer Foundation-7 (MCF-7) cells [70].

2.2. The Out of Exosomes: The Release

Several key molecules are involved in exosome secretion. The Rab families are small-
molecule GTP-binding proteins known to play a pivotal role in transferring vesicles be-
tween intracellular compartments and trafficking MVB to the plasma membrane (Figure 1).
Rab-5 and Rab-7 are common markers of early and late endosomes, respectively. In MCF-7
cells, Rab-7 was reported to regulate the secretion of syndecan and syntenin [69], resulting
in the enrichment of exosomes with ALIX and syntenin [69]. Furthermore, blocking Rab-27
GTP prevented exosome secretion while silencing Rab-27-a and Rab-27-b resulted in the in-
hibition of docking with the cellular membrane redistribution to the perinuclear space [71].
Moreover, Rab-11 involvement is differently appreciated in exosome secretion. In the
K562 human leukemic cell line, a recent study showed that this CD47 expression allows
exosomes to escape from phagocytosis by macrophages and monocytes, consequently
increasing their life shelf in blood circulation. However, CD47 does not play a significant
role in exosome cell but enhanced micropinocytosis in Kras mutant cells and favored
exosomes uptake [72]. Rab-11 also inhibits the exosomal release where no consequence
was demonstrated in Henrietta Lacks (HeLa) cells [60].

Another point of view, the ionophore MON was shown to induce the formation of
a large MVB and stimulates the release of exosome through a Ca?" dependent manner
in K562 cells. The same results were obtained by chloroquine and bafilomycin as they
elevate the Ca?* [73]. The dissociation of the subunit of V1-ATPase by autophagy protein
5 (Atgb) and autophagy protein 6L1 abolishes its proton transporter activity, and both
reduce the acidification of the MVBs, increasing exosome release in human cells [74]. The
Ca?* dependent SNAP receptor Munc13-4 also regulates exosome release in metastatic
cells [75]. The soluble N-ethylmaleimide-sensitive-fusion attachment protein receptor
(SNARE) complex is another mechanism reported to facilitate the fusion of vesicles with
their target membrane. In the K562 leukemic cell line, overexpression of VAMP-7, one of
the SNARE proteins, reduced exosome release [76]. Another SNARE protein, YKT6, was
related to exosome release in HEK293 human embryonic kidney cells and A549 human
lung cells and involved in the secretion of Wnt-bearing exosome and sny-5 [62].

3. Composition of Exosome’s Cargo

Different technologies were used to characterize the exosome’s cargo, including
transmission electron microscopy, scanning electron microscopy, atomic force microscopy,
nanoparticle tracking analysis, dynamic light scattering, resistive pulse sensing, enzyme-
linked immunosorbent assay, flow cytometry, fluorescence-activated cell sorting, microflu-
idics, and electrochemical biosensors [77]. Under electron microscopy, exosome morphol-
ogy is cup-shaped after ultra-centrifugation and sucrose gradient step; they are highly
enriched in CD63, ALIX, TSG-101, and HSC-10 [78]. Two sub-populations were described
by Layden et al.: large exosomes with 90-120 nm average and small exosomes with 60-80
nm average [79].
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Based on the type and size, exosomes cannot be distinguished from small microvesicles
and other soluble molecules like exomeres [80]. Surprisingly, the same exosomes are
expected to contain similar protein, nucleic acid, and lipid composition; however, their
content might differ even from the same parental cell [81]. It was demonstrated that high
cholesterol content is a maturation marker of MVBs and can participate in exosome release
by fusing with plasma. However, exosomes secreted from the apical and basolateral sides
of polarized cells are reportedly different in their composition, probably explaining the
differences observed in MVB populations [60]. Moreover, exosome secretion levels can be
increased, and their cargo can be enriched in specific proteins or mi-RNA by using genome
editing [11,50,82,83].

Exosomes play an important role in the circulating secretome stability in blood and
tissues; nonetheless, their composition remains dependent on their surrounding micro-
environment [46]. On one side, Salomon et al. have published a large panel of proteins
secreted by exosomes after MSCs exposition to different O, concentrations. Different
proteins such as Annexin Al, A2, and A3, ADP-ribosylation factor, BMP-1, COL6-A1, A2
and A3, BCL3, Heat Shock-90, PI3KR-4, TIMP-1, IL-25, actin, myosin, and integrin were
differently quantified [47]. On the other side, exosome RNA levels reflect the cytoplasm
composition [84]. The formation of these RNAs requires both nuclear and cytoplasmic
phases leading to several non-coding RNA (long non-coding RNAs, mi-RNAs, circular
RNA). Besides mi-RNA, other nucleic acids have been discovered in exosomes: PIWI-
interacting RNA, small nucleolar RNAs, yRNAs, and vault RNAs [11,85]. Mi-RNAs are
transcribed by RNA polymerase II and I1I, leading to the formation of pri-mi-RNA with
a cap and a poly-A tail in the nucleus and a hairpin structure [86,87]. This pri-mi-RNA
contains a terminal consisting of two flanking unstructured single-stranded tails and a
double-stranded tail with about 30 base pairs [88]. Thenceforward, pri-mi-RNA is cleaved
by a class 2 ribonuclease III enzyme (Drosha) and DiGeorge syndrome critical region 8
(DGCR-8), an RNA binding protein giving to a pre-mi-RNA of ~70 nt [87]. This pre-miR
is transferred from the nucleus to the cytoplasm by exportin-5 [89] and further cleaved
by an enzymatic complex set up by the Dicer endonuclease and TRBP or PACT protein
activator of the interferon-induced protein kinase to deliver a mature duplex of mi-RNA of
~22 nt [90]. Thereafter, Dicer/ TRBP assists the mature duplex mi-RNA complex loading
into one of the four Argonaute proteins (AGO2), which are part of the RNA-induced
silencing complex (RISC). Thus, heat shock protein-70 (Hsp-70) and heat shock protein-90
(Hsp-90) is also needed [91]. Once loaded, one of the mi-RNA strands, «the passenger
strand» is expulsed, and the «guide strand» mi-RNA is retained in this complex to bind the
functional mRNA target [12,92].

Moreover, various mechanisms were suggested describing mi-RNA loading into
exosomes. Indeed, hnRNPA2B1, a ribonucleoprotein, has been reported to recruit mi-RNAs
bearing exosomes by interacting with a four nucleotide motif (GGAG) [93,94]. The latter
plays a crucial role in exosome formation but was not incorporated in it [94,95]. Mi-RNA
is released through a ceramide-dependent secretory whose biosynthesis is regulated by
neutral sphingomyelinase-2 (nSMase-2) [96]. Overexpression of this protein increased
extracellular amounts of exosome-derived mi-RNA, as it is also described in exosome
biogenesis [96]. The association of the AGO2 and the RISC complex are involved in RNA
silencing and are believed to control the loading of mi-RNAs into exosomes [97]. Bone
marrow mononuclear cells and myeloma cancer cell 9 showed that exosome contains
mRNA and mi-RNA at a sufficient level to support complementary DNA synthesis even
after treatment with RNase, suggesting the protective role of exosome [98].

4. General Molecular Mechanisms Related to Aging Dysfunction

Molecular science advancements have underlined the aging mechanisms and led
to the identification of multiple key drivers. Cellular aging is due to various biological
features and changes accelerating or delaying the longevity process. These hallmarks
include genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis,
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deregulated nutrient-sensing, mitochondrial dysfunction, cellular senescence, stem cell
exhaustion, and altered intercellular communication [11,99]. Understanding these mecha-
nisms might increase our knowledge of the multiple intracellular interactions governing
cell aging and the balance between cell senescence and rejuvenation.

4.1. Genome Instability and DNA Damages

In normal conditions, cells do not divide indefinitely because of the termed process of
replicative senescence as a permanent state of growth arrest. It was estimated that tens of
thousands of damaging events occur each day in every single cell. The genotoxic attacks
can originate from extrinsically inflicted radiation damage or chemicals as well as from
endogenous sources [100]. One cannot define and explain aging without the cell changes
during senescence induction.

DNA damages occur with age when single-stranded or double-stranded DNA breaks.
These changes are mostly generated extrinsically by radiation or chemical toxicity. Two
distinct outcomes are identified: cancer by erroneous repair leading to mutation and
chromosomal aberration and cellular senescence by blocking transcription and replication
to prevent tumorigenesis [100]. However, some studies have reported the crucial role of the
mini-chromosome maintenance 2-7 (MCM2-7) [101,102]. The protein family is essential for
DNA replication and binds to replication origins during the G; phase of the cell cycle along
with members of the pre-replication complex (origin recognition complex, cell division
cycle 6, chromatin licensing, and DNA replication factor 1). Once DNA replication is
initiated, the MCM2-7 proteins were shown to move along with the replication fork, further
supporting their possible role as a replicative DNA helicase [103]. P53 is another protein
considered as a tumor suppressor gene playing an important role in controlling cellular
proliferation in the context of DNA damage. During genomic DNA duplication, p53
transcriptionally activates the mi-RNA-34, thus downregulating the MCM2-7 factor and
resulting in cell cycle arrest and senescence [49,101]. Additionally, Zhang et al. found
that mi-RNA-124 inhibited keratinocyte proliferation and collagen biosynthesis, while
activation of Wnt/ 3-catenin occurred by targeting stress-associated endoplasmic reticulum
protein-1 [104]. This mi-RNA-124 was also reported to inhibit proliferation, migration,
and invasion of malignant melanoma cells (A375) [105]. Moreover, UVB irradiated normal
human epidermal keratinocytes resulted in DNA damage and increased mi-RNA-124
expression after a comparison between young and old skin. Mi-RNA-124 was found
to be upregulated in aged humans, thus inducing a senescent profile. Interestingly, a
forced expression of mi-RNA-124 in squamous cell carcinoma resulted in a decrease in
cell number [106].

4.2. Mitochondrial Decline

Mitochondrial activity is crucial for cell function and is implicated in a plethora of
metabolic networks, and plays a significant role in sustaining the life and health of hu-
mans [107]. For instance, mitochondria do not display any repair mechanisms to eliminate
DNA lesions; they reveal a base excision against oxidative damage, and the mutation
frequencies in mtDNA are greater than nuclear DNA. When this happened, dysfunctional
or damaged mitochondria are removed by autophagy and restored by fusion with healthy
elements of the mitochondrial network. However, during aging, autophagy declines, and
fission outpaces fusion leading to the accumulation of dysfunctional mitochondria [49].
The first evidence that mitochondrial DNA (mtDNA) might be important for aging and
aging-related diseases was derived from the identification of human multisystem disorders,
which were caused by mtDNA mutations that partially phenocopy aging. Besides, mtDNA
doesn’t have histones, which increases its susceptibility to oxidative stress-induced dam-
age [108]. Defective mitochondria will generate ROS, resulting in cellular aging and related
disorders. Cells from mutant mice deficient in mtDNA polymerase showed impaired mito-
chondrial function but were not accompanied by an increase in reactive oxygen species
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(ROS) production [99]. One of the common features of aging is mitochondrial dysfunction
associated with the decline of cell function and tissue decay [109].

Degenerated mitochondria are identified by PINKI1, then E3 ligase parkin is recruited,
and the channel protein VDAC1 is localized to the outer mitochondrial membrane. Finally,
the autophagic adaptor p62/SQSTM1 recognizes and triggers mitophagy [110]. A recent
study reported that the upregulation of mi-RNA-155 disturbed mitophagy in MSCs by
targeting BCL2 associated athanogene 5 (BAG5), which directly interacts with PINK1 and
protects mitochondria from degradation and mitophagy through the ubiquitin-proteasome
system [111]. Therefore, mi-RNA-103a-3p was upregulated and target Parkin/Ambra-1
mRNA in the human brain and Parkinson’s disease leading to their decrease. A defect in
the mitophagy process occurs, suggesting that mi-RNA-103a-3p inhibition shows protective
effects in neuronal aging-related disease [112].

Moreover, the free-radical theory of aging implies that the production of ROS results
in aging where the antioxidative system fails to remove oxidative damages such as DNA,
protein, and lipids. Mi-RNA-335 and mi-RNA-34a can modulate mesangial cell senescence
via inhibition of the expression and function of the mitochondrial antioxidative enzymes
superoxide dismutase 2 (SOD2) and thioredoxin reductase 2 (Txnrd2), both suspected to
play a key role in modulating cellular aging by detoxifying ROS generated in the mito-
chondria. Aging mesangial cells exhibited significant upregulation of mi-RNA-335 and
mi-RNA-34a, inducing premature senescence with a concomitant increase in ROS [113].
In line with ROS production, Sirtuins (SIRT) were largely described for the regulation of
lifespan and metabolism control due to the progress of mitochondrial function during di-
etary restriction. In mammals, seven members of the SIRT protein family known as class III
histone deacetylase have been identified for their enzymatic activities, molecular functions,
and involvement in diseases [114]. For instance, SIRT-1 was described to regulate longevity
through maintenance of mitochondrial homeostasis [115] and may have a central role in
mitophagy through regulation of mitochondrial uncoupling protein 2 (UCP-2) by targeting
PPARG coactivator 1 alpha (PCG-1«). SIRT-1 inhibited mitophagy by depressing PCG-1x
and UCP-2, and its inhibition may lead to the activation of DNA damage [116]. Lang et al.
linked SIRT with cellular senescence and mitochondrial function. The upregulation of
mi-RNA-15b negatively impacted stress-induced SIRT-4 expression countering senescence-
associated mitochondrial dysfunction and possibly regulating organ aging [117]. SIRT-3
plays a key role in human physiology; its impact on nuclear and muscular function reduces
the aging effect by its ability to regulate thermogenesis, DNA repair, and anti-oxidative
stress. Knockout of SIRT-3 in mice led to mitochondrial dysfunction in the heart with
cardiac hypertrophy [118]. Additionally, SIRT-3 interacts with the transcription factor
forkhead box-O3-a and appears to regulate intracellular processes like cellular resistance
to oxidative stress and general metabolism [119]. Interestingly, SIRT-7-catalysed H3K122
is significantly implicated in DNA-damage response and cell survival, suggesting its im-
plication in cellular function during aging [120]. SIRT-6 is shown to play different roles
in the metabolism of aging. The intensification of mitochondria stress signaling through
the change of NAD* levels is described as a target to improve mitochondrial function and
prevent or treat age-associated decline [115].

4.3. Telomeres Involvement

Telomere constitutes a repetitive DNA sequence “TTAGGG” located at the end of
chromosomes, playing a protective role from degradation. Human telomeres typically
range between 10 to 15 kb. In 1961, Leonard Hayflick discovered the in vitro limit of
somatic cell division called later the “Hayflick limit”. Telomeres were proposed as mitotic
clocks for cell division [121]. Accordingly, human fibroblasts dividing in a cell culture died
after nearly 50 divisions. The cells stopped dividing and underwent a programmed cell
death [122]. Telomere shortening is explained by the fact that adult cells do no express
DNA telomerase to replicate telomeres [49]; 30 to 200 sequences present at the end will
be lost at every replication [123]. Additionally, telomeres are covered by a complex of six
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proteins called shelterin: TRF-1 determines the structure of telomeric end, TRF-2 implicated
in telomerase protection and telomerase length homeostasis, TIN-2, RAP-1 POT-1, and
TPP-1 [124].

When a telomere shortens to a certain length, the cell acquires the senescence sta-
tus. This finding has been observed in several diseases such as cardiovascular diseases,
cancer initiation, type 2 diabetes, and weakened immune function [99,125]. Nonetheless,
mi-RNA has been described to regulate telomerase activity. Hrdlickova et al. determined
six mi-RNAs, mi-RNA-133a, mi-RNA-138-5p, mi-RNA-491-5p, mi-RNA-342-5p, and mi-
RNA-541-3p regulating the telomerase catalytic subunit through TERT and involving the
Wnt pathway [126]. Mi-RNA-138 has been reported to regulate cell longevity by control-
ling the telomerase reverse transcriptase, while mi-RNA-155 targets TRF-1 [49,127]. On
the other side, mi-RNA-490 was reported to regulate the telomere maintenance program
by directly targeting TRE-2 [128]. Besides, acute exercise can transcriptionally regulate
several key telomeric genes. Four mi-RNAs were involved in telomeric gene mRNAs
mi-RNA-15-a, mi-RNA-96, mi-RNA-181, and mi-RNA-186 after 60 min post-exercise [129].
The mi-RNA-34 family is related to telomere length and displays a regulatory role in stem
cell division and cancers, and is actually proposed as the mi-RNA of longevity [36,125].
Recently, mi-RNA-185 was shown as a key aging-related biomarker accelerating the replica-
tive senescence process in primary human fibroblasts in a POT-1 dependent manner [130].

4.4. Epigenetic Impact

Epigenetic means “outside conventional genetics” and is considered a key regulator of
the aging process allowing genome changes without sustainable modification of the DNA
sequence [49,99]. These modifications can be spontaneous or driven by external or internal
factors. Those affecting longevity acted primarily via the modification of the epigenome,
adding complexity to the aging process [131]. Different epigenetic mechanisms have been
described, including DNA methylation [132-134], histone modification (including post-
transcriptional modifications, structural and functional variants of the histones) [134,135],
and transcription of noncoding mi-RNA [49,132,136].

The most described epigenetic mechanism is DNA methylation, where DNA is cat-
alyzed by the DNA methyltransferase (DNMTs) family and transfers the methyl group from
S-adenyl methionine to the fifth carbon of cytosine residue to form 5mC. This mechanism
regulates gene expression by restraining or repressing the binding of a transcription factor
by recruiting proteins [133]. Dnmt3a and Dnmt3b are described as a new methylation
pattern adding the methylation to the unchanged DNA, while Dnmt1 functions during
DNA replication and copies the existing parental DNA methylation [137]. DNMT1 plays a
key role in maintaining genomic methylation patterns, and its activity seems to decrease
during aging [138].

The methylation of mi-RNA-9-1 was found to increase the chance of contracting dia-
betic retinopathy disease by five-fold, and both methylations of mi-RNA-9-1 and mi-RNA-
9-3 increased this chance by eight-fold [139]. Additionally, downregulation of mi-RNA-29b
is promoted via Dnmt3b, and its overexpression is found to prevent osteoarthritis through
the Dnmt3b/mi-RNA-29b/PTHLH/CDK4/RUNX2 axis, thus suppressing chondrocyte
apoptosis and extracellular matrix degradation [140]. Furthermore, communication be-
tween mitochondria and the nucleus is a must for any cell, and the disruption of this
mechanism is implicated in cancer development. Mi-RNA-663 is regulated epigenetically
by mitochondria, and its downregulation by DNA methylation and was described to
reduce patient survival [141].

Epigenetic modification has also opened the way to post-transcriptional changes
restoring specific cell functions. Although, their use in therapeutic purposes raised hope in
treating metabolism, degenerative, and even genetic diseases. Chronic myelomonocytic
leukemia is one of the most aggressive cancers affecting hematopoietic stem and progenitor
cells. Downregulation of mi-RNA-125a is mediated by hypermethylation of its upstream
region and was used as leukemic treatment [142]. Also, increasing Wnt10-b was associated
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with the decrease of mi-RNA-7113 and the H3K4me3 methylation increase, which resulted
in an inflammatory profile of immune cells [143].

5. Exosomes Implication in Aging Process

During aging, cells accumulate genetic damages, epigenetic changes, gene expres-
sion alterations leading to cancer, age-associated diseases, and neurodegenerative dis-
orders [87,99,125]. Moreover, defects in molecular secretomes such as growth factors,
chemokines, mRNA, mi-RNA, and signaling molecules could highly interfere with the ag-
ing machinery where exosomes could be the key. Adding to that, exosomes are responsible
for intercellular communications mediating signal transmissions between surrounding and
distant tissues in normal and pathological conditions [6,8,12]. These characteristics have
opened the way to their use as biomarkers of tissue dysregulations and as intercellular
drug delivery [50,55,56,63,70,76].

Since the last two decades, evidence has increasingly identified the pivotal role of
exosomes in regulating aging mechanisms [52,53,144]. By targeting mRNA transcrip-
tion and translation, the exosome ‘s cargo is presumably related to and impacted by
the status of the parent cell and its microenvironment. Despite exosomes containing
several proteins, lipids, and DNA, among other compounds, mi-RNAs have attracted
more attention because of their implication and interconnection with biological mech-
anisms; their expression is considered the main reflection of the responses induced by
exosomes [55,84,119,144]. It is largely accepted that exosomes act through their mi-RNAs
in paracrine and autocrine pathways to modulate their micro-environment and induce
cell senescence [28,36,41,107,145-148]. Moreover, exosome implication in the aging process
is also closely related to their parent cells [47,149]. When released from senescent cells,
SASP, including exosomes, spread senescence to the surrounding microenvironment and
to young cells [42,145,146,150,151]. Additionally, senescent cells seemed to secrete more
exosomes than the younger ones, especially in cancer conditions [152], while their human
plasma concentration decreased during age in normal conditions [153]. However, exo-
somes were identified to promote cell migration, proliferation, and anti-senescence when
released from stem cells [145]. Interestingly, their cargo was correlated to the proliferation
and lifespan of fibroblasts [146]. In the same way, highly purified exosomes derived from
induced pluripotent stem cells (iPSCs) reduced the level of ROS expression when added
to senescent cells and resulted in an anti-aging phenotype [51]. Normal human dermal fi-
broblast aging and photoaging have also been alleviated phenotypically and genotypically
after adding iPSCs conditioned medium containing exosomes [52,154].

Another point of view is that aging is associated with the reduction of the regenerative
and reparative activity in organs and tissues, leading to the increase of senescent cells.
Different findings have highlighted the interaction of aging with exosomes’ composition.
Exosomes from young donors appeared more proliferative, promoting osteogenic differen-
tiation and maturation of MSCs through the enriched protein Galectin-3 being decreased
in plasma exosomes of aged individuals [155]. During aging, senescent cells are negatively
impacted in their exosome composition of mi-RNAs and proteins, including transforming
growth factors (TGF-f3), growth differentiation factor-11 (GDF-11), interleukin-6 (IL-6),
toll-like receptor 2 (TLR-2), TLR-4, tumor necrosis factor-« (TNF-«), insulin-like growth
factor (IGF), hepatocytes growth factor (HGF), and IL-1 [53]. Some miRs mi-RNAs are
upregulated or downregulated in senescent cells and are identified as targeting specific
genes and pathways of senescence, such as p53-p21 and p-16p-RB [147,156-159].

Nevertheless, inflammatory cytokine secretion and release, including TNF-«, IL-6,
and IL-13, induced the secretion of larger and irregular-shaped exosomes from stem cells.
Therefore, these signaling pathways are involved in the modulation of different gene ex-
pression and signaling molecules involved in the cell cycle arrest, including MAPK, VEGF,
Wnt, NF-kB, JNK, CD4/6, SIRT1, Cyclin D1, E2F, PI3K-AKT, and IL-6 [53,68,147,148,158-161].
These interaction mechanisms might explain the changes induced by inflammatory cy-
tokines in biological aging, also called inflamm-aging [162]. Actually, MSCs implication in
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aging process remains indisputable; among their role in secreting the rejuvenating factor
GDF-11 within exosomes, these cells might change the polarization of macrophages from
M1 to M2 profile in response to exosome derived anti-inflammatory cytokines under stress
conditions, thus improving tissue regenerative capacity [158,163,164]. Moreover, stimula-
tion of MSCs by interferon-gamma (IFN-y) and TNF-« increased exosomes secretion and
inhibited CD4* T-cell proliferation, therefore, inducing an anti-inflammatory effect largely
accepted as the main actor in tissue regeneration and aging, especially in the skin [40,53].

6. The Importance of mi-RNA in Aging Function

Different aging pathways involving mi-RNAs have been described to influence lifes-
pan [27,36]. Otherwise, the rate of aging and lifespan is regulated by several signaling path-
ways controlling metabolism, nutrient sensing, endocrine signaling, and stress resistance.
The mi-RNA discovery enhanced a lot of understanding in intracellular communication,
making a new area of research as a biological marker in human serum and other biological
fluids such as saliva, plasma, and urine. Established in 2008 as a biomarker for cancer, they
were since mentioned for numerous diseases [144]. Different mi-RNAs can take part in
multifunctional mechanisms but using a similar pathway. Inversely, the same mi-RNA can
be the key modification of numerous biological functions and display a specific role in sev-
eral recipient cell networks [28]. Understanding the multiple interactions between mi-RNA
secretion and release, tissue-specific function, and signaling mechanisms interconnection
remains challenging and needs further investigation.

In the aging context, mi-RNAs represent adaptative mechanisms to maintain organis-
mal homeostasis in response to different alterations. They are recognized to modify the
translation of mRNAs in target cell unbalancing, thus cell development between senescence
and tumorigenesis [165]. Moreover, mi-RNAs and exosome-derived mi-RNAs circulate
freely in the body and targeted neighboring cells, different adjacent tissues, or distant
organs. Several mi-RNAs have been reported in age-related diseases like cardiovascular
and neurodegenerative diseases and cancer, but their involvement in the aging process
still needs to be elucidated. Different profiled circulating mi-RNAs in serum and long-
versus short-lived individual studies have identified differently expressed age-dependent
mi-RNAs [31,38,166]. Mi-RNA-92a, mi-RNA-222, mi-RNA-375 were found upregulated
while mi-RNA-29b, mi-RNA-106b, and mi-RNA-130b were downregulated. Other mi-RNA
levels are significantly associated to longer lifespan individuals and found upregulated
including mi-RNA-211-5p, mi-RNA-1225-3p, mi-RNA-5095, let-7a-5p, mi-RNA-30b-5p,
mi-RNA-126-3p, and mi-RNA-210 [32,35].

Table 1 summarizes some of the mi-RNAs and related molecular signaling involved
in aging. Mi-RNA-29 was decreased in human serum in long-lived individuals [38]. In
the human brain, an extensive alteration of gene expression occurs during aging, and
principally mi-RNA-29 was upregulated to regulate intracellular iron homeostasis to limit
excessive iron exposure in neurons [167,168]. Therefore, the loss of mi-RNA accelerated the
expression of aging phenotypes in both global gene expression and histological levels in
short-lived turquoise killifish brains [169]. In another report, mi-RNA-29 was established
as the first mammalian mi-RNA that is directly implicated in the lifetime tradeoff between
lifespan and reproduction in mutant mice [168]. Interestingly, mi-RNA-29 was upregulated
in aged rodent muscle after individual analysis and led to the senescence of muscle by
activation of Wnt-3 and the suppression of the expression of signaling proteins (p85«,
IGF-1, and B-myb), thus contributing to muscle atrophy [149]. Moreover, a protective role
was described in cardiac aging through the TGF-f3/Smad pathway. The activation of TGF-3
induces the accumulation of mi-RNA-29a and mi-RNA-29¢, directly suppressing Suv4-20h
histone methyltransferases and reducing H4K20me3 compromising thus DNA damage
repair and genome maintenance. In this regard, this endogenous mechanism aimed to
accentuate the age-dependent cardiac damage like hypertrophy and fibrosis [159,169].
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Table 1. Mi-RNA interaction in organs in the aging process. IRP: Iron responsive proteins; Wnt-3a: Wingless-type MMTV

integration site family member-3A; p85«: Phosphatidylinositol 3-kinase regulatory subunit alpha; IGF-1: insulin-like growth
factor I; B-myb: Myb-related protein B; DNMT: DNA methyltransferase; TGF-1: transforming growth factor beta 1; Cx43:
Connexin 43; RANKL: receptor activator of NF«B ligand; HMGB1: high-mobility group box-1; PTEN: phosphatase and
tensin homolog; Akt: protein kinase B; HaCaT: spontaneously immortalized human skin keratinocytes; TIMP-3: tissue

inhibitor of metalloproteinase 3; TTAM-1: T-lymphoma invasion and metastasis-inducing protein 1; Rho-B: RAS homolog
family member B; MeCP2: methyl CpG binding protein 2; XIAP: X-linked inhibitor of apoptosis; ECM: extracellular
matrix; COL16A-1: Collagen XVI; DEJ: dermal-epidermal junction; TNF-«: tumor necrosis factor-«; SIRT: Sirtuins; mTOR:
mechanistic target of rapamycin; BMP2: bone morphogenetic proteins 2; Hmox1: heme oxygenase-1; P38-MAPK: p38

mitogen-activated protein kinases; c-Jun: N-terminal protein kinase; IP3: Inositol 1,4,5-trisphosphate; NPC: neural precursor

cells proliferation; NA: not available; hUCB-MSC: human umbilical cord blood-derived mesenchymal stem cells; Foxg-1:

forkhead box G1.

mi-RNA

Target

Interactions

Reference

mi-RNA-29

IRP

mi-RNA-29 upregulation appears to be conserved
as an aging signature and a common mechanism
across different tissues. Neuronal-specific
mi-RNA-29 loss of function induces accelerated
expression of aging phenotypes.

Directly implicated between lifespan

and reproduction.

[149,168]

Wnt-3a

Aging-induced muscle senescence via Wnt-3a
leading to the suppression of several signaling
proteins (p85¢«, IGF-1, and B-myb) that act
coordinately to impair the proliferation and
contributing to muscle atrophy.

[159]

DNMT
TGF-p1

mi-RNA-29 down-modulation is responsible for the
accumulation of collagens and 5'methyl-cytosine.

[169,170]

mi-RNA-21

RANKL
HMGB1

The reduced level of Cx43 in osteocytes in old mice
leads to apoptosis.

The release of RANKL and HMGBI induce
osteoclast resorption.

Gap junction communications by Cx43 channels
maintain osteocyte viability via downstream
regulation of mi-RNA-21, leading to the subsequent
inhibition of PTEN activity and preservation of the
Akt survival pathway.

[171]

TGF-p1

Promotes keratinocyte migration and boosts
re-epithelialization during skin wound healing in
HaCaT cells.

mi-RNA-21 might promote keratinocyte migration

by inhibiting the expression of TIMP-3 and TIAM-1.

[172]

Rho-B

mi-RNA-21 acts as a negative modulator of
angiogenesis. Its over-expression reduced
endothelial cell proliferation, migration and to form
tubulogenesis through the repression of

RhoB expression.

[173]
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Table 1. Cont.

mi-RNA

Organ

Target

Interactions

Reference

mi-RNA-181

Brain

MeCP2
XIAP

Overexpression of mi-RNA-181c in cultured
astrocytes results in increased cell death when
exposed to lipopolysaccharide as a model

of inflammation. = |
mi-RNA-181 expression is regulated by

inflammatory stimuli and modifies the proliferation
of astrocytes and their sensitivity to death in an
experimental model of neuroinflammation.

[174]

Skin

COL16A-1

Collagen XVIis a minor component of the skin
ECM and is expressed in the DE]J zone of the
papillary dermis connecting ECM proteins to cells,
ensuring mechanical anchorage of the cell and
outside-inside signal transduction.

mi-RNA-181a is increased during the human
dermal fibroblast’s senescence, and its
overexpression is sufficient to induce cellular
senescence in early-passage cells.

[175]

mi-RNA-34

Heart

TNF-«

mi-RNA-34a can inhibit autophagy after
ischemia-reperfusion by targeting TNF-o and
reduce myocardial injury (playing a protective role
by reducing cell death, functional decline).

[176]

Bone

Sirtl

mi-RNA-34a expression is significantly increased
with age in mice.

Induce senescence and decrease Sirt1 expression of
primary bone marrow cells.

[147]

Brain

SIRT1/mTOR

Upregulated in aged mice, its downregulation has a
protective role against aging-associated
cognitive impairment.

[148]

mi-RNA-204 &
mi-RNA-211

Heart

BMP2

Attenuate vascular calcification and aging in a
paracrine manner through an exosomal
mi-RNA-204/ mi-RNA-211.

[177]

mi-RNA-183-5p

Bone

Hmox1

Transfection of bone marrow stromal cells with
mi-RNA-183-5p mimic reduces cell proliferation
and osteogenic differentiation, increases senescence,
and decreases protein levels of Hmox1.

[178]

mi-RNA-570

Epithelial cells

p38 MAP
kinase-c-Jun

Inhibiting mi-RNA-570-3p rejuvenates cells via
restoration of sirtuin-1, reducing many of the
abnormalities associated with cellular senescence.

[158]

mi-RNA-135-a-5p

Brain

IP3 pathway

mi-RNA-135a inhibition stimulates NPC leading to
increased neurogenesis, but not astrogliogenesis,
and re-activates NPC proliferation in aged mice.

[179]

mi-RNA-127
3p

Skin

NA

mi-RNA-127-3p is an epigenetic activator
regulating the transition from repair to remodeling
during skin wound healing and may also induce
age-related defects, pathological scarring, and
fibrosis, all linked to myofibroblast senescence.

[180]
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Table 1. Cont.
mi-RNA Organ Target Interactions Reference
- mi-RNA-124 increases skin senescence and
Skin NA decrease during tumorigenesis. [181]
mi-RNA-124

- hUCB-MSC derived exosomal mi-RNA-124 could
Liver Foxg-1 promote rat liver regeneration partial hepatectomy [106]
via downregulation of Foxg-1.

Bone aging naturally results in the apoptosis of osteocytes through Cx43 decrease.
Indeed, Cx43 maintains osteocytes viability through the gap junction communication via
mi-RNA-21 downstream regulation leading to PTEN activity inhibition and preserving
the Akt pathway. In old osteocytes, reduced Cx43 levels resulted in apoptosis and lib-
eration of RANKL and HMGB1 and finally resorption of osteoclasts signal associated
bone surfaces [171]. Furthermore, in wound healing, mi-RNA-21 overexpression pro-
moted keratinocyte migration and boosted re-epithelialization through TGF-f3, while in
endothelial cells, angiogenesis was inhibited via RhoB repression [172,173]. Induction of
epithelial-mesenchymal transition was also attributed to this mi-RNA [182].

Nevertheless, mi-RNA-181 plays an identical role in skin and brain, inducing cell death
and senescence through different pathways, including SIRT [174,175]. The SIRT pathways
have a great ability to induce longevity and decrease the appearance of age-related diseases,
especially in skeletal development and homeostasis [147,182]. This mi-RNA is found to be
down-regulated in elderly humans and is mostly found associated with the inflammatory
pathways associated with age-related diseases [183,184].

Upregulation of exosomal mi-RNA-34 was reported in aged mice and induce senes-
cence phenotype and decrease of SIRT expression in primary bone marrow cells. Similarly,
cognitive impairment and brain aging mediated through SIRT1/mTOR signaling pathways
was also demonstrated [148]. Interestingly, in myocardial injury, which is an age-related
disease, mi-RNA-34a plays a protective role by reducing cell death and functional decline
and inhibiting autophagy after ischemia-reperfusion by targeting TNF-« [176]. In humans,
serum mi-RNAs profiling has demonstrated that mi-RNA-34 promotes lifespan prolonga-
tion [36]. These findings suggested that microenvironment and epigenetic factors are of
great interest in defining the functional effect of mi-RNA.

Thenceforward, multiple studies have described different mi-RNAs playing a protec-
tive role in vascular calcification. Mi-RNA-204/mi-RNA-211 attenuated vascular calcifi-
cation and induced aging in a paracrine way through BMP2 [177]. On the contrary, bone
marrow stromal cells expressing mi-RNA-183-5p showed a decreased ability of Hmox1 to
protect from oxidative stress and excessive inflammatory reactions resulting in senescence
and a reduced osteogenic differentiation [185].

In epithelial cells, inhibiting miR-570-3p associated with oxidative stress by p38 MAP
kinase-c-Jun restores the rejuvenating effect of SIRT, and therefore reduces the abnormalities
related to cellular senescence [158]. Mi-RNA-135a-5ip inhibition was described to stimulate
neural cell proliferation [179], suggesting that both mi-RNA-570-3p and mi-RNA-135a-5p
might play a key role in aging regulation and considered as aging markers.

In the skin, both mi-RNA-127-3p and mi-RNA-124 were reported to induce dermo-
fibroblast senescence by remodeling the extracellular matrix leading to age-related de-
fects [106,180]. However, mi-RNA-124 promotes regeneration in rat liver after partial
hepatectomy [183], indicating once again a tissue-dependent functionality.

7. Discussion

The aging process affects the whole body, including organs and biological systems,
with a decrease in their reparative and regenerative potential and distinguishable and/or
visible changes. Albeit different processes have already provided evidence in regulat-
ing the physio pathological aspect of aging, exosomes and mi-RNAs have progressively
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been associated with these age-associated diseases and also to lifespan expectancy and
cell senescence [27,32,37,45,51,117,186,187]. In aged cells, DNA damages would lead ei-
ther to apoptosis or senescence, the first one would result in complete cell removal, and
surprisingly, increasing apoptosis fastens the aging process [188]. Senescence is rather char-
acterized by an irreversible growth arrest and a combination of changes in cell morphology,
function, and behavior [8]. According to Kowald et al., three theoretical scenarios related to
senescent cell accumulation were considered: (i) the immune system declines with time due
to the aging process, (ii) the immune system cannot recognize all senescent cells, and (iii) the
SASP converts healthy cells into senescent cells [51,188]. A recent finding has demonstrated
that avoiding SASP in long-term culture expansion resulted in less senescence-associated
exosomes, thus being able to impact genetic information and immunoregulatory potential
of the micro-environment [2]. Therefore, targeting senescence-associated exosomes would
be relevant for clinical application.

The introduction of exosomes as biologically active carriers and as specific biomarkers
for life expectancy and age-associated diseases is likely due to the protection of their cargo
from degradation and the immune system [1]. The use of the ESCRT and non-ESCRT
pathways to enrich this cargo is becoming a step forward for personalized medicine,
especially as biologically active carriers to deliver specific biomolecules [189].

Intracellular communication requires exosome-based mi-RNAs production and exosome-
mediated uptake. Mi-RNAs use the RISC complex on their mRNA targets for translational
repression or degradation. There are currently 7068 identified mature human mi-RNA se-
quences, and each of them can target 3.5 million genes [36,190]. Among all the theories
describing aging and health deterioration, we point out homeostasis biology at genetic, molec-
ular, and organismal levels [189]. Despite the growing findings arguing the therapeutic benefit
of exosome and exosome-derived mi-RNA, their key mechanism involved in aging remains
to be elucidated. Indeed exosome enriched fractions are recognized as active pharmaceutical
components of MSC-based therapies with increased scalability of manufacturing [191]. Also,
the model of isolation have been developed lately [17] and several research findings have been
describing the different way to increase the release and loading protein into exosomes [61].

Actually, young and senescent cells differ in their exosomes’ secretion levels, but also
in their mi-RNAs secretion panel identified in biological fluids, which has a biological
significance in metabolism, glycolysis, renal function, immunocompetence, tumor evolu-
tion, and brain memory function [8]. Recent findings have identified a different mi-RNA
secretion profiling related to individual aging and the selected biological fluid [36,38,184].
The detection of mi-RNAs involved in longevity will provide important insights into the
molecular basis of aging, low expression of mi-RNA-34, mi-RNA-425-5p, mi-RNA-21-5p,
and mi-RNA-212-3p speculating that centenarians have survived diseases and cancer due
to their lifestyle but also to a low inflammation level [192].

Some reports have also indicated that mi-RNA changes depend on the tissue and
global mi-RNA across all cell types [36,193]. Most of these circulating mi-RNAs are report-
edly downregulated probably to restore the altered function, while others are upregulated
to delay or inhibit a target function, principally senescence. In addition, evidence sug-
gests up-regulated mi-RNAs targeting STAT3 and JAK/STAT pathways in senescent cells,
and their inhibition can alleviate age-related tissue dysfunction [194]. Nevertheless, the
identification of the mechanism pathway might be hampered by the increasing number
of the predicted targets outlined in the different mi-RNA databases. One can speculate
that tissue specificity is primordial in modulating (promoting or inhibiting) synthesis,
loading inside exosomes, and release of a mi-RNA or a panel of mi-RNAs whose combined
action is pivotal for the target function. Further studies of multiple mi-RNA and their
interaction in health, youth, and the elderly can make a real difference in our understanding
of the mechanism of aging and aging-related diseases. For example, exosomes isolated
from bone marrow stromal cells of young and aged C57BL/6 mice showed a similar size
distribution and concentration. Mi-RNAs were differently enriched, and the amount of
mi-RNA-183-5p was increased in aged cells [178]. Preclinical studies are actually develop-
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ing mi-RNA mimics and mi-RNA inhibitors using exosomes as therapeutic drug delivery
in vivo [195]. Interestingly, adipose tissue-derived exosomes from rats and pork have
shown that xenogeneic injection of exosomes between these two species induced tissue
repair and regeneration proving then their low immunogenicity [196].

Importantly, the results reported with exosomes highlight the potential of broad
overlapping observations suggesting the need for shrewdly studying design through the
identification of the parent cell, the active mi-RNA to be packaged in the exosome cargo and,
the interaction with the specific target. For instance, exosomes were used in pre-clinical and
clinical reports and induced anti-inflammatory responses as an indirect functionality or a
side-effect. On the other side, variations in the culture conditions of parent cells (somatic
cells, MSCs) and purification techniques lead to different inconsistencies in comparing the
pools of the reported pre-clinical results. Therefore, we have already stated the need to
standardize the operating procedures of MSCs. Similar approaches are required to prevent
any changes in exosome cargo composition and downstream functional characteristics.
Studies should be deeply investigated probably by using the considerable insights from the
growing clinical trials conducted with exosomes in the treatment of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) or the experienced MSC-based drug development.

Robust purification and characterization have been performed in designing release
criteria of exosomes. More than 200 pre-clinical studies have used MSC-derived exosomes,
mostly in cardiovascular, neurological, and kidney diseases [197]. Exosomes can be isolated
from several sources: cultured cells, cell culture conditioned media, tissues, and biological
fluids [1]. On one side, the purity of the exosome’s liberation depends on criteria such
as (i) the state of the cell (in stress, stimulated, cryopreserved cell); (ii) its generation rate
(exosome cargo and shape are affected in rapidly dividing cells); (iii) its nature (stem cells,
tissue cells, cancer cells, etc.). On the other side, the used protocol for purification plays
a crucial role in the exosome purity. For example, the gold standard for density-based
purification is density gradient ultracentrifugation. Based on the size, the size-exclusion
chromatography and tangential flow filtration are the most used. Based on exosome surface
and immune affinity, CD63 and CD9 are the most used for their characterization [1,198,199]
(Figure 2).
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Figure 2. Steps for therapeutic exosome scale-up.

Recently, developed technologies like the three-dimensional nanostructured microflu-
idic chip, using arrays of micropillars, were used to capture exosomes with high efficiency
through a combination of a specific recognition molecule [18]. Therefore, it is crucial
to optimize the purification for high recovery and high reproducibility of exosomes for
further manipulation.

Otherwise, cargo enrichment of exosomes is the most critical step in their manip-
ulation, and numerous approaches have been mentioned. Exosome lipid membranes
can be temporarily disrupted by physical or chemical treatment, sonication, and freeze-
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thaw cycles [200-202]. The fact that exosomes are negatively charged, manipulating the
surface charge using magnetic and electric fields will lead to the encapsulation of the
molecules [203]. These approaches are non-specific and can negatively affect the integrity
of the membrane leading to a low exosome recovery.

In the same context, several studies used the ALIX protein from the ESCRT-dependent
pathway to enrich exosomes with mi-RNAs [204]. Another passive cargo loading method
consists simply of overexpressing our target in the media of parental cells until the up-
take [198]. However, enriching exosomes by using gene editing and targeting ALIX in
combination with other ESCRT seems to be more precise and specific.

Exosome release has not been fully evaluated. Although, different approaches were
carried out to stimulate their secretion, such as the use of SNARE proteins [62], Rab27,
Rab11, and Rab35 [73], ionophores like calcium signaling [73], and ARF6 [205]. However,
intracellular pathways of the parent cells could be affected, impacting all the processes of
exosome secretion and cargo enrichment.

Once these criteria are optimized and standardized, the final exosome should also
fulfill the GMP requirements for therapeutic use, providing that functional assays are
confluent successful. In aging-related diseases, the therapeutic properties of exosomes are
promising and have opened the way to free-cell regenerative medicine. Nevertheless, little
is reported on the underlying involvement of exosome-derived mi-RNA on the cellular
and molecular mechanisms of aging.

It is intriguing to say that one mi-RNA has different pathways, and one can ask how
this mi-RNA discerns which target and which pathway to activate; (i) is it depending on the
tissue or the organ; (ii) the expression or expression level of their mRNA target and their
niche; or (iii) all the interactions and mechanisms underlying the disease or the disorder.
The aged individuals in the global population are increasing, adding a huge weight to the
health care system. Comprehensive knowledge is still needed for more understandings of
the relationships between mi-RNAs in the aging process and the improvement of exosomes’
cargo enrichment and delivery as drug vehicles.
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toll-like receptor (TLR-); insulin-like growth factor (IGF); hepatocyte growth factor (HGF);
senescence-associated secretory phenotype (SASP); Rapamycin (TOR).

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

Théry, C.; Witwer, KW.; Aikawa, E.; Alcaraz, M.].; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, F;
Atkin-Smith, G.K;; et al. Minimal Information for Studies of Extracellular Vesicles 2018 (MISEV2018): A Position Statement of the
International Society for Extracellular Vesicles and Update of the MISEV2014 Guidelines. J. Extracell. Vesicles 2018, 7. [CrossRef]
[PubMed]

Saheera, S.; Potnuri, A.G.; Krishnamurthy, P. Nano-Vesicle (Mis)Communication in Senescence-Related Pathologies. Cells
2020, 9, 1974. [CrossRef] [PubMed]

Abels, E.R.; Breakefield, X.O. Introduction to Extracellular Vesicles: Biogenesis, RNA Cargo Selection, Content, Release, and
Uptake. Cell. Mol. Neurobiol. 2016, 36, 301-312. [CrossRef]

Akers, ]J.C.; Gonda, D.; Kim, R.; Carter, B.S.; Chen, C.C. Biogenesis of Extracellular Vesicles (EV): Exosomes, Microvesicles,
Retrovirus-like Vesicles, and Apoptotic Bodies. J. Neurooncol. 2013, 113, 1-11. [CrossRef]

Wang, T.; Gilkes, D.M.; Takano, N.; Xiang, L.; Luo, W.; Bishop, C.J.; Chaturvedi, P; Green, ].J.; Semenza, G.L. Hypoxia-Inducible
Factors and RAB22A Mediate Formation of Microvesicles That Stimulate Breast Cancer Invasion and Metastasis. Proc. Natl. Acad.
Sci. USA 2014, 111, E3234-E3242. [CrossRef]

Meldolesi, J. Exosomes and Ectosomes in Intercellular Communication. Curr. Biol. 2018, 28, R435-R444. [CrossRef]

Wang, J.-H.; Liu, X.-L.; Sun, J.-M.; Yang, J.-H.; Xu, D.-H.; Yan, S.-S. Role of Mesenchymal Stem Cell Derived Extracellular Vesicles
in Autoimmunity: A Systematic Review. World J. Stem Cells 2020, 12, 879-896. [CrossRef]

Xu, D.; Tahara, H. The Role of Exosomes and MicroRNAs in Senescence and Aging. Adv. Drug Deliv. Rev. 2013, 65, 368-375.
[CrossRef]

Simpson, R.J.; Lim, ].W.; Moritz, R.L.; Mathivanan, S. Exosomes: Proteomic Insights and Diagnostic Potential. Expert Rev. Proteom.
2009, 6, 267-283. [CrossRef]

Hu, L.; Wang, J.; Zhou, X.; Xiong, Z.; Zhao, J.; Yu, R.; Huang, F.; Zhang, H.; Chen, L. Exosomes Derived from Human Adipose
Mensenchymal Stem Cells Accelerates Cutaneous Wound Healing via Optimizing the Characteristics of Fibroblasts. Sci. Rep.
2016, 6, 32993. [CrossRef] [PubMed]

Aheget, H.; Tristan-Manzano, M.; Mazini, L.; Cortijo-Gutierrez, M.; Galindo-Moreno, P.; Herrera, C.; Martin, F.; Marchal, ].A;
Benabdellah, K. Exosome: A New Player in Translational Nanomedicine. J. Clin. Med. 2020, 9, 2380. [CrossRef]

Ortiz-Quintero, B. Extracellular MicroRNAs as Intercellular Mediators and Noninvasive Biomarkers of Cancer. Cancers
2020, 12, 3455. [CrossRef]

Liu, H.; Zhang, Y.; Yuan, J.; Gao, W.; Zhong, X.; Yao, K.; Lin, L.; Ge, J. Dendritic Cell-derived Exosomal MiR-494-3p Promotes
Angiogenesis Following Myocardial Infarction. Int. . Mol. Med. 2020. [CrossRef]

Theodoraki, M.-N.; Hong, C.-S.; Donnenberg, V.S.; Donnenberg, A.D.; Whiteside, T.L. Evaluation of Exosome Proteins by On-Bead
Flow Cytometry. Cytom. Part A 2021, 99, 372-381. [CrossRef] [PubMed]

Geeurickx, E.; Lippens, L.; Rappu, P.; De Geest, B.G.; De Wever, O.; Hendrix, A. Recombinant Extracellular Vesicles as Biological
Reference Material for Method Development, Data Normalization and Assessment of (Pre-)Analytical Variables. Nat. Protoc.
2021. [CrossRef] [PubMed]

Ouahabi, O.E.; Salim, H.; Pero-Gascon, R.; Benavente, F. A Simple Method for the Analysis of Extracellular Vesicles Enriched
for Exosomes from Human Serum by Capillary Electrophoresis with Ultraviolet Diode Array Detection. J. Chromatogr. A 2021,
1635, 461752. [CrossRef] [PubMed]

Wang, E; Cerione, R.A.; Antonyak, M.A. Isolation and Characterization of Extracellular Vesicles Produced by Cell Lines. STAR
Protoc. 2021, 2, 100295. [CrossRef]

Wang, J.; Li, W.; Zhang, L.; Ban, L.; Chen, P.; Du, W,; Feng, X; Liu, B.-F. Chemically Edited Exosomes with Dual Ligand Purified
by Microfluidic Device for Active Targeted Drug Delivery to Tumor Cells. ACS Appl. Mater. Interfaces 2017, 9, 27441-27452.
[CrossRef] [PubMed]

Wang, J.; Dong, Y.; Li, Y;; Li, W.; Cheng, K.; Qian, Y.; Xu, G.; Zhang, X.; Hu, L.; Chen, P; et al. Designer Exosomes for Active
Targeted Chemo-Photothermal Synergistic Tumor Therapy. Adv. Funct. Mater. 2018, 28, 1707360. [CrossRef]

Choi, D.; Rak, J.; Gho, Y.S. Isolation of Extracellular Vesicles for Proteomic Profiling. Methods Mol. Biol. 2021, 2261, 193-206.
[CrossRef]

Baek, YM.; Jang, K.-J.; Lee, H.; Yoon, S.; Baek, A.; Lee, K; Kim, D.-E. The Bacterial Endoribonuclease RNase E Can Cleave RNA
in the Absence of the RNA Chaperone Hfq. J. Biol. Chem. 2019, 294, 16465-16478. [CrossRef] [PubMed]

Vasudevan, S. Posttranscriptional Upregulation by MicroRNAs. Wiley Interdiscip. Rev. RNA 2012, 3, 311-330. [CrossRef]
Colamatteo, A.; Micillo, T.; Bruzzaniti, S.; Fusco, C.; Garavelli, S.; De Rosa, V.; Galgani, M.; Spagnuolo, M.L; Di Rella, E.; Puca,
A.A; et al. Metabolism and Autoimmune Responses: The MicroRNA Connection. Front. Immunol. 2019, 10. [CrossRef] [PubMed]
Hwang, H.-W.; Mendell, J.T. MicroRNAs in Cell Proliferation, Cell Death, and Tumorigenesis. Br. J. Cancer 2006, 94, 776-780.
[CrossRef] [PubMed]


http://doi.org/10.1080/20013078.2018.1535750
http://www.ncbi.nlm.nih.gov/pubmed/30637094
http://doi.org/10.3390/cells9091974
http://www.ncbi.nlm.nih.gov/pubmed/32859053
http://doi.org/10.1007/s10571-016-0366-z
http://doi.org/10.1007/s11060-013-1084-8
http://doi.org/10.1073/pnas.1410041111
http://doi.org/10.1016/j.cub.2018.01.059
http://doi.org/10.4252/wjsc.v12.i8.879
http://doi.org/10.1016/j.addr.2012.07.010
http://doi.org/10.1586/epr.09.17
http://doi.org/10.1038/srep32993
http://www.ncbi.nlm.nih.gov/pubmed/27615560
http://doi.org/10.3390/jcm9082380
http://doi.org/10.3390/cancers12113455
http://doi.org/10.3892/ijmm.2020.4776
http://doi.org/10.1002/cyto.a.24193
http://www.ncbi.nlm.nih.gov/pubmed/33448645
http://doi.org/10.1038/s41596-020-00446-5
http://www.ncbi.nlm.nih.gov/pubmed/33452501
http://doi.org/10.1016/j.chroma.2020.461752
http://www.ncbi.nlm.nih.gov/pubmed/33333350
http://doi.org/10.1016/j.xpro.2021.100295
http://doi.org/10.1021/acsami.7b06464
http://www.ncbi.nlm.nih.gov/pubmed/28762264
http://doi.org/10.1002/adfm.201707360
http://doi.org/10.1007/978-1-0716-1186-9_11
http://doi.org/10.1074/jbc.RA119.010105
http://www.ncbi.nlm.nih.gov/pubmed/31540970
http://doi.org/10.1002/wrna.121
http://doi.org/10.3389/fimmu.2019.01969
http://www.ncbi.nlm.nih.gov/pubmed/31555261
http://doi.org/10.1038/sj.bjc.6603023
http://www.ncbi.nlm.nih.gov/pubmed/16495913

Biomedicines 2021, 9, 968 18 of 24

25.
26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Ivey, K.N,; Srivastava, D. MicroRNAs as Developmental Regulators. Cold Spring Harb. Perspect. Biol. 2015, 7. [CrossRef]
Slattery, M.L.; Mullany, L.E.; Sakoda, L.C.; Wolff, R.K.; Samowitz, W.S.; Herrick, ]J.S. Dysregulated Genes and MiRNAs in the
Apoptosis Pathway in Colorectal Cancer Patients. Apoptosis 2018, 23, 237-250. [CrossRef]

Smith-Vikos, T.; Slack, EJ. MicroRNAs and Their Roles in Aging. J. Cell Sci. 2012, 125, 7-17. [CrossRef]

Aheget, H.; Mazini, L.; Martin, E; Belqat, B.; Marchal, ].A.; Benabdellah, K. Exosomes: Their Role in Pathogenesis, Diagnosis and
Treatment of Diseases. Cancers 2020, 13, 84. [CrossRef]

Storci, G.; De Carolis, S.; Papi, A.; Bacalini, M.G.; Gensous, N.; Marasco, E.; Tesei, A.; Fabbri, F; Arienti, C.; Zanoni, M.; et al.
Genomic Stability, Anti-Inflammatory Phenotype, and up-Regulation of the RN AseH?2 in Cells from Centenarians. Cell Death
Differ. 2019, 26, 1845-1858. [CrossRef]

Majidinia, M.; Mir, S.M.; Mirza-Aghazadeh-Attari, M.; Asghari, R.; Kafil, H.S.; Safa, A.; Mahmoodpoor, A.; Yousefi, B. MicroRNAs,
DNA Damage Response and Ageing. Biogerontology 2020, 21, 275-291. [CrossRef]

ElSharawy, A.; Keller, A ; Flachsbart, F; Wendschlag, A.; Jacobs, G.; Kefer, N.; Brefort, T.; Leidinger, P.; Backes, C.; Meese, E.; et al.
Genome-Wide MiRNA Signatures of Human Longevity. Aging Cell 2012, 11, 607-616. [CrossRef]

Ameling, S.; Kacprowski, T.; Chilukoti, R.K.; Malsch, C.; Liebscher, V.; Suhre, K.; Pietzner, M.; Friedrich, N.; Homuth, G.; Hammer,
E.; et al. Associations of Circulating Plasma MicroRNAs with Age, Body Mass Index and Sex in a Population-Based Study. BMC
Med. Genom. 2015, 8, 61. [CrossRef]

Olivieri, F; Bonafe, M.; Spazzafumo, L.; Gobbi, M.; Prattichizzo, F.; Recchioni, R.; Marcheselli, F; La Sala, L.; Galeazzi, R.; Rippo,
M.R; et al. Age- and Glycemia-Related MiR-126-3p Levels in Plasma and Endothelial Cells. Aging 2014, 6, 771-787. [CrossRef]
[PubMed]

Wu, S,; Kim, T.-K.; Wu, X.; Scherler, K.; Baxter, D.; Wang, K.; Krasnow, R.E.; Reed, T.; Dai, J. Circulating MicroRNAs and Life
Expectancy Among Identical Twins. Ann. Hum. Genet. 2016, 80, 247-256. [CrossRef] [PubMed]

Smith-Vikos, T.; Liu, Z.; Parsons, C.; Gorospe, M.; Ferrucci, L.; Gill, TM.; Slack, EJ. A Serum MiRNA Profile of Human Longevity:
Findings from the Baltimore Longitudinal Study of Aging (BLSA). Aging 2016, 8, 2971-2987. [CrossRef] [PubMed]

Kinser, H.E.; Pincus, Z. MicroRNAs as Modulators of Longevity and the Aging Process. Hum. Genet. 2020, 139, 291-308.
[CrossRef] [PubMed]

Huan, T.; Chen, G; Liu, C.; Bhattacharya, A.; Rong, J.; Chen, B.H.; Seshadri, S.; Tanriverdi, K.; Freedman, J.E.; Larson, M.G.; et al.
Age-Associated MicroRNA Expression in Human Peripheral Blood Is Associated with All-Cause Mortality and Age-Related
Traits. Aging Cell 2018, 17. [CrossRef] [PubMed]

Zhang, H; Yang, H.; Zhang, C,; Jing, Y.; Wang, C.; Liu, C.; Zhang, R.; Wang, J.; Zhang, ].; Zen, K.; et al. Investigation of MicroRNA
Expression in Human Serum during the Aging Process. |. Gerontol. Ser. A Biol. Sci. Med. Sci. 2015, 70, 102-109. [CrossRef]
[PubMed]

Carracedo, J.; Alique, M.; Ramirez-Carracedo, R.; Bodega, G.; Ramirez, R. Endothelial Extracellular Vesicles Produced by
Senescent Cells: Pathophysiological Role in the Cardiovascular Disease Associated with All Types of Diabetes Mellitus. Curr.
Vasc. Pharmacol. 2019, 17, 447-454. [CrossRef]

Coppé, ].-P; Desprez, P-Y.; Krtolica, A.; Campisi, ]. The Senescence-Associated Secretory Phenotype: The Dark Side of Tumor
Suppression. Annu. Rev. Pathol. 2010, 5, 99-118. [CrossRef] [PubMed]

Burd, C.E.; Sorrentino, J.A.; Clark, K.S.; Darr, D.B.; Krishnamurthy, J.; Deal, A.M.; Bardeesy, N.; Castrillon, D.H.; Beach, D.H.;
Sharpless, N.E. Monitoring Tumorigenesis and Senescence in Vivo with a P16(INK4a)-Luciferase Model. Cell 2013, 152, 340-351.
[CrossRef]

Krishnamurthy, J.; Torrice, C.; Ramsey, M.R.; Kovalev, G.I.; Al-Regaiey, K.; Su, L.; Sharpless, N.E. Ink4a/Arf Expression Is a
Biomarker of Aging. J. Clin. Investig. 2004, 114, 1299-1307. [CrossRef] [PubMed]

Bogdanova, A.; Berzins, U.; Nikulshin, S.; Skrastina, D.; Ezerta, A.; Legzdina, D.; Kozlovska, T. Characterization of Human
Adipose-Derived Stem Cells Cultured in Autologous Serum after Subsequent Passaging and Long Term Cryopreservation. J.
Stem Cells 2014, 9, 135-148. [PubMed]

Lunyak, V.V.; Amaro-Ortiz, A.; Gaur, M. Mesenchymal Stem Cells Secretory Responses: Senescence Messaging Secretome and
Immunomodulation Perspective. Front. Genet. 2017, 8. [CrossRef]

Boulestreau, J.; Maumus, M.; Rozier, P.; Jorgensen, C.; Noél, D. Mesenchymal Stem Cell Derived Extracellular Vesicles in Aging.
Front. Cell Dev. Biol. 2020, 8, 107. [CrossRef] [PubMed]

Huang, C.; Luo, W.-F; Ye, Y.-E; Lin, L.; Wang, Z.; Luo, M.-H.; Song, Q.-D.; He, X.-P; Chen, H.-W.; Kong, Y.; et al. Characterization
of Inflammatory Factor-Induced Changes in Mesenchymal Stem Cell Exosomes and Sequencing Analysis of Exosomal MicroRNAs.
World J. Stem Cells 2019, 11, 859-890. [CrossRef] [PubMed]

Salomon, C.; Ryan, ].; Sobrevia, L.; Kobayashi, M.; Ashman, K.; Mitchell, M.; Rice, G.E. Exosomal Signaling during Hypoxia
Mediates Microvascular Endothelial Cell Migration and Vasculogenesis. PLoS ONE 2013, 8. [CrossRef]

Ugalde, A.P.; Espaniol, Y.; Lopez-Otin, C. Micromanaging Aging with MiRNAs: New Messages from the Nuclear Envelope.
Nucleus 2011, 2, 549-555. [CrossRef]

Caravia, X.M.; Lopez-Otin, C. Regulatory Roles of miRNAs in Aging. In MicroRNA: Basic Science; Santulli, G., Ed.; Advances in
Experimental Medicine and Biology; Springer International Publishing: Cham, Switzerland, 2015; Volume 887, pp. 213-230;
ISBN 978-3-319-22379-7.


http://doi.org/10.1101/cshperspect.a008144
http://doi.org/10.1007/s10495-018-1451-1
http://doi.org/10.1242/jcs.099200
http://doi.org/10.3390/cancers13010084
http://doi.org/10.1038/s41418-018-0255-8
http://doi.org/10.1007/s10522-020-09862-2
http://doi.org/10.1111/j.1474-9726.2012.00824.x
http://doi.org/10.1186/s12920-015-0136-7
http://doi.org/10.18632/aging.100693
http://www.ncbi.nlm.nih.gov/pubmed/25324472
http://doi.org/10.1111/ahg.12160
http://www.ncbi.nlm.nih.gov/pubmed/27402348
http://doi.org/10.18632/aging.101106
http://www.ncbi.nlm.nih.gov/pubmed/27824314
http://doi.org/10.1007/s00439-019-02046-0
http://www.ncbi.nlm.nih.gov/pubmed/31297598
http://doi.org/10.1111/acel.12687
http://www.ncbi.nlm.nih.gov/pubmed/29044988
http://doi.org/10.1093/gerona/glu145
http://www.ncbi.nlm.nih.gov/pubmed/25165030
http://doi.org/10.2174/1570161116666180820115726
http://doi.org/10.1146/annurev-pathol-121808-102144
http://www.ncbi.nlm.nih.gov/pubmed/20078217
http://doi.org/10.1016/j.cell.2012.12.010
http://doi.org/10.1172/JCI22475
http://www.ncbi.nlm.nih.gov/pubmed/15520862
http://www.ncbi.nlm.nih.gov/pubmed/25157448
http://doi.org/10.3389/fgene.2017.00220
http://doi.org/10.3389/fcell.2020.00107
http://www.ncbi.nlm.nih.gov/pubmed/32154253
http://doi.org/10.4252/wjsc.v11.i10.859
http://www.ncbi.nlm.nih.gov/pubmed/31692888
http://doi.org/10.1371/journal.pone.0068451
http://doi.org/10.4161/nucl.2.6.17986

Biomedicines 2021, 9, 968 19 of 24

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Zhao, L.; Wang, Y.; Zhang, Y. The Potential Diagnostic and Therapeutic Applications of Exosomes in Drug-Induced Liver Injury.
Toxicol. Lett. 2021, 337, 68-77. [CrossRef]

Liu, S.; Mahairaki, V.; Bai, H.; Ding, Z.; Li, ].; Witwer, KW.; Cheng, L. Highly Purified Human Extracellular Vesicles Produced by
Stem Cells Alleviate Aging Cellular Phenotypes of Senescent Human Cells. Stem Cells 2019, 37, 779-790. [CrossRef]

Oh, M; Lee, ].; Kim, Y.J.; Rhee, W.J.; Park, ].H. Exosomes Derived from Human Induced Pluripotent Stem Cells Ameliorate the
Aging of Skin Fibroblasts. Int. |. Mol. Sci. 2018, 19, 1715. [CrossRef]

Mazini, L.; Rochette, L.; Hamdan, Y.; Malka, G. Skin Immunomodulation during Regeneration: Emerging New Targets. J. Pers.
Med. 2021, 11, 85. [CrossRef] [PubMed]

Liao, W,; Du, Y.; Zhang, C.; Pan, F; Yao, Y.; Zhang, T.; Peng, Q. Exosomes: The next Generation of Endogenous Nanomaterials for
Advanced Drug Delivery and Therapy. Acta Biomater. 2019, 86, 1-14. [CrossRef] [PubMed]

Grant, B.D.; Donaldson, J.G. Pathways and Mechanisms of Endocytic Recycling. Nat. Rev. Mol. Cell Biol. 2009, 10, 597-608.
[CrossRef]

Zhao, C.; Zhang, G.; Liu, J.; Zhang, C.; Yao, Y.; Liao, W. Exosomal Cargoes in OSCC: Current Findings and Potential Functions.
Peer] 2020, 8. [CrossRef]

Ghossoub, R.; Lembo, F; Rubio, A.; Gaillard, C.B.; Bouchet, J.; Vitale, N.; Slavik, J.; Machala, M.; Zimmermann, P. Syntenin-ALIX
Exosome Biogenesis and Budding into Multivesicular Bodies Are Controlled by ARF6 and PLD2. Nat. Commun. 2014, 5, 3477.
[CrossRef]

Maas, S.L.N.; Breakefield, X.O.; Weaver, A.M. Extracellular Vesicles: Unique Intercellular Delivery Vehicles. Trends Cell Biol. 2017,
27,172-188. [CrossRef]

Colombo, M.; Moita, C.; van Niel, G.; Kowal, J.; Vigneron, J.; Benaroch, P.; Manel, N.; Moita, L.E; Théry, C.; Raposo, G. Analysis
of ESCRT Functions in Exosome Biogenesis, Composition and Secretion Highlights the Heterogeneity of Extracellular Vesicles. J.
Cell Sci. 2013, 126, 5553-5565. [CrossRef] [PubMed]

Hessvik, N.P,; Llorente, A. Current Knowledge on Exosome Biogenesis and Release. Cell. Mol. Life Sci. 2018, 75, 193-208.
[CrossRef]

Sterzenbach, U.; Putz, U.; Low, L.-H.; Silke, J.; Tan, S.-S.; Howitt, J. Engineered Exosomes as Vehicles for Biologically Active
Proteins. Mol. Ther. 2017, 25, 1269-1278. [CrossRef]

Gross, ]J.C.; Chaudhary, V.; Bartscherer, K.; Boutros, M. Active Wnt Proteins Are Secreted on Exosomes. Nat. Cell Biol.
2012, 14, 1036-1045. [CrossRef]

Chairoungdua, A.; Smith, D.L.; Pochard, P.; Hull, M.; Caplan, M.]. Exosome Release of 3-Catenin: A Novel Mechanism That
Antagonizes Wnt Signaling. . Cell Biol. 2010, 190, 1079-1091. [CrossRef]

Hurwitz, S.N.; Conlon, M.M.; Rider, M.A.; Brownstein, N.C.; Meckes, D.G. Nanoparticle Analysis Sheds Budding Insights into
Genetic Drivers of Extracellular Vesicle Biogenesis. J. Extracell. Vesicles 2016, 5, 31295. [CrossRef]

Nkosi, D.; Sun, L.; Duke, L.C.; Patel, N.; Surapaneni, S.K.; Singh, M.; Meckes, D.G. Epstein-Barr Virus LMP1 Promotes Syntenin-1-
and Hrs-Induced Extracellular Vesicle Formation for Its Own Secretion To Increase Cell Proliferation and Migration. Mbio 2020, 11.
[CrossRef]

Johnson, S.M.; Banyard, A.; Smith, C.; Mironov, A.; McCabe, M.G. Large Extracellular Vesicles Can Be Characterised by Multiplex
Labelling Using Imaging Flow Cytometry. Int. |. Mol. Sci. 2020, 21, 8723. [CrossRef] [PubMed]

Marote, A.; Teixeira, EG.; Mendes-Pinheiro, B.; Salgado, A.J. MSCs-Derived Exosomes: Cell-Secreted Nanovesicles with
Regenerative Potential. Front. Pharmacol. 2016, 7. [CrossRef] [PubMed]

Simons, M.; Raposo, G. Exosomes—Vesicular Carriers for Intercellular Communication. Curr. Opin. Cell Biol. 2009, 21, 575-581.
[CrossRef] [PubMed]

Baietti, M.F,; Zhang, Z.; Mortier, E.; Melchior, A.; Degeest, G.; Geeraerts, A.; Ivarsson, Y.; Depoortere, F.; Coomans, C.; Vermeiren,
E.; et al. Syndecan-Syntenin—-ALIX Regulates the Biogenesis of Exosomes. Nat. Cell Biol. 2012, 14, 677-685. [CrossRef] [PubMed]
Friand, V.; David, G.; Zimmermann, P. Syntenin and Syndecan in the Biogenesis of Exosomes. Biol. Cell 2015, 107, 331-341.
[CrossRef]

Poe, A.].; Knowlton, A.A. Exosomes as Agents of Change in the Cardiovascular System. J. Mol. Cell. Cardiol. 2017, 111, 40-50.
[CrossRef]

Kamerkar, S.; LeBleu, V.S.; Sugimoto, H.; Yang, S.; Ruivo, C.E; Melo, S.A; Lee, ].J.; Kalluri, R. Exosomes Facilitate Therapeutic
Targeting of Oncogenic Kras in Pancreatic Cancer. Nature 2017, 546, 498-503. [CrossRef]

Savina, A.; Furlan, M.; Vidal, M.; Colombo, M.I. Exosome Release Is Regulated by a Calcium-Dependent Mechanism in K562
Cells. . Biol. Chem. 2003, 278, 20083-20090. [CrossRef]

Mathieu, M. Specificities of Secretion and Uptake of Exosomes and Other Extracellular Vesicles for Cell-to-Cell Communication.
Nat. Cell Biol. 2019, 21, 9. [CrossRef]

Messenger, S.W.; Woo, S.S.; Sun, Z.; Martin, TE]. A Ca2+-Stimulated Exosome Release Pathway in Cancer Cells Is Regulated by
Muncl3-4. J. Cell Biol. 2018, 217, 2877-2890. [CrossRef]

Fader, C.M.; Sanchez, D.G.; Mestre, M.B.; Colombo, M.I. TI-VAMP/VAMP7 and VAMP3/Cellubrevin: Two v-SNARE Proteins
Involved in Specific Steps of the Autophagy/Multivesicular Body Pathways. Biochim. Biophys. Acta 2009, 1793, 1901-1916.
[CrossRef]


http://doi.org/10.1016/j.toxlet.2020.11.021
http://doi.org/10.1002/stem.2996
http://doi.org/10.3390/ijms19061715
http://doi.org/10.3390/jpm11020085
http://www.ncbi.nlm.nih.gov/pubmed/33573342
http://doi.org/10.1016/j.actbio.2018.12.045
http://www.ncbi.nlm.nih.gov/pubmed/30597259
http://doi.org/10.1038/nrm2755
http://doi.org/10.7717/peerj.10062
http://doi.org/10.1038/ncomms4477
http://doi.org/10.1016/j.tcb.2016.11.003
http://doi.org/10.1242/jcs.128868
http://www.ncbi.nlm.nih.gov/pubmed/24105262
http://doi.org/10.1007/s00018-017-2595-9
http://doi.org/10.1016/j.ymthe.2017.03.030
http://doi.org/10.1038/ncb2574
http://doi.org/10.1083/jcb.201002049
http://doi.org/10.3402/jev.v5.31295
http://doi.org/10.1128/mBio.00589-20
http://doi.org/10.3390/ijms21228723
http://www.ncbi.nlm.nih.gov/pubmed/33218198
http://doi.org/10.3389/fphar.2016.00231
http://www.ncbi.nlm.nih.gov/pubmed/27536241
http://doi.org/10.1016/j.ceb.2009.03.007
http://www.ncbi.nlm.nih.gov/pubmed/19442504
http://doi.org/10.1038/ncb2502
http://www.ncbi.nlm.nih.gov/pubmed/22660413
http://doi.org/10.1111/boc.201500010
http://doi.org/10.1016/j.yjmcc.2017.08.002
http://doi.org/10.1038/nature22341
http://doi.org/10.1074/jbc.M301642200
http://doi.org/10.1038/s41556-018-0250-9
http://doi.org/10.1083/jcb.201710132
http://doi.org/10.1016/j.bbamcr.2009.09.011

Biomedicines 2021, 9, 968 20 of 24

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.
93.

94.

95.

96.

97.

98.

99.

100.
101.

102.

103.

Gurunathan, S.; Kang, M.-H.; Jeyaraj, M.; Qasim, M.; Kim, J.-H. Review of the Isolation, Characterization, Biological Function,
and Multifarious Therapeutic Approaches of Exosomes. Cells 2019, 8, 307. [CrossRef]

Bobrie, A.; Colombo, M.; Krumeich, S.; Raposo, G.; Théry, C. Diverse Subpopulations of Vesicles Secreted by Different Intracellular
Mechanisms Are Present in Exosome Preparations Obtained by Differential Ultracentrifugation. J. Extracell. Vesicles 2012, 1, 18397.
[CrossRef] [PubMed]

Zhang, H.; Freitas, D.; Kim, H.S.; Fabijanic, K.; Li, Z.; Chen, H.; Mark, M.T.; Molina, H.; Martin, A.B.; Bojmar, L.; et al. Identification
of Distinct Nanoparticles and Subsets of Extracellular Vesicles by Asymmetric Flow Field-Flow Fractionation. Nat. Cell Biol. 2018,
20, 332-343. [CrossRef] [PubMed]

Zhang, Q.; Higginbotham, ].N.; Jeppesen, D.K.; Yang, Y.-P.; Li, W.; McKinley, E.T.; Graves-Deal, R.; Ping, ].; Britain, C.M.; Dorsett,
K.A,; et al. Transfer of Functional Cargo in Exomeres. Cell Rep. 2019, 27, 940-954.e6. [CrossRef]

Smith, Z.].; Lee, C.; Rojalin, T.; Carney, R.P; Hazari, S.; Knudson, A.; Lam, K.; Saari, H.; Ibafiez, E.L.; Viitala, T.; et al. Single
Exosome Study Reveals Subpopulations Distributed among Cell Lines with Variability Related to Membrane Content. J. Extracell.
Vesicles 2015, 4, 28533. [CrossRef] [PubMed]

Kostyushev, D.; Kostyusheva, A.; Brezgin, S.; Smirnov, V.; Volchkova, E.; Lukashev, A.; Chulanov, V. Gene Editing by Extracellular
Vesicles. Int. ]. Mol. Sci. 2020, 21, 7362. [CrossRef]

Zhang, X.; Xu, Q.; Zi, Z,; Liu, Z.; Wan, C.; Crisman, L.; Shen, J.; Liu, X. Programmable Extracellular Vesicles for Macromolecule
Delivery and Genome Modifications. Dev. Cell 2020, 55, 784-801.€9. [CrossRef]

Squadrito, M.L.; Baer, C.; Burdet, F; Maderna, C.; Gilfillan, G.D.; Lyle, R.; Ibberson, M.; De Palma, M. Endogenous RNAs
Modulate MicroRNA Sorting to Exosomes and Transfer to Acceptor Cells. Cell Rep. 2014, 8, 1432-1446. [CrossRef]

Mulvey, HEE.; Chang, A.; Adler, J.; Del Tatto, M.; Perez, K.; Quesenberry, P.J.; Chatterjee, D. Extracellular Vesicle-Mediated
Phenotype Switching in Malignant and Non-Malignant Colon Cells. BMC Cancer 2015, 15, 571. [CrossRef]

Lee, Y,; Kim, M.; Han, J.; Yeom, K.-H.; Lee, S.; Baek, S.H.; Kim, V.N. MicroRNA Genes Are Transcribed by RNA Polymerase II.
EMBO ]. 2004, 23, 4051-4060. [CrossRef]

Lee, Y.; Ahn, C.; Han, J.; Choi, H.; Kim, J.; Yim, J.; Lee, J.; Provost, P.; Raddmark, O.; Kim, S.; et al. The Nuclear RNase III Drosha
Initiates MicroRNA Processing. Nature 2003, 425, 415-419. [CrossRef]

Cai, X.; Hagedorn, C.H.; Cullen, B.R. Human MicroRNAs Are Processed from Capped, Polyadenylated Transcripts That Can
Also Function as MRNAs. RNA 2004, 10, 1957-1966. [CrossRef] [PubMed]

Lund, E.; Giittinger, S.; Calado, A.; Dahlberg, J.E.; Kutay, U. Nuclear Export of MicroRNA Precursors. Science 2004, 303, 95-98.
[CrossRef]

Knight, S.W.; Bass, B.L. A Role for the RNase III Enzyme DCR-1 in RNA Interference and Germ Line Development in Caenorhab-
ditis Elegans. Science 2001, 293, 2269-2271. [CrossRef] [PubMed]

Iwasaki, S.; Kobayashi, M.; Yoda, M.; Sakaguchi, Y.; Katsuma, S.; Suzuki, T.; Tomari, Y. Hsc70/Hsp90 Chaperone Machinery
Mediates ATP-Dependent RISC Loading of Small RNA Duplexes. Mol. Cell 2010, 39, 292-299. [CrossRef] [PubMed]

Bartel, D.P. MicroRNAs: Target Recognition and Regulatory Functions. Cell 2009, 136, 215-233. [CrossRef]

Villarroya-Beltri, C.; Gutiérrez-Vazquez, C.; Sanchez-Cabo, F.; Pérez-Herndndez, D.; Vazquez, J.; Martin-Cofreces, N.; Martinez-
Herrera, D.J.; Pascual-Montano, A.; Mittelbrunn, M.; Sanchez-Madrid, F. Sumoylated HnRNPA2B1 Controls the Sorting of
MiRNAs into Exosomes through Binding to Specific Motifs. Available online: https://pubmed.ncbi.nlm.nih.gov/24356509/7?
utm_source=gquery&utm_medium=referral&utm_campaign=CitationSensor?otool=None (accessed on 21 January 2021).
Zhou, X.; Wang, L.; Zou, W.; Chen, X.; Roizman, B.; Zhou, G.G. HnRNPA2B1 Associated with Recruitment of RNA into Exosomes
Plays a Key Role in Herpes Simplex Virus 1 Release from Infected Cells. J. Virol. 2020, 94. [CrossRef]

Statello, L.; Maugeri, M.; Garre, E.; Nawaz, M.; Wahlgren, J.; Papadimitriou, A.; Lundqvist, C.; Lindfors, L.; Collén, A.;
Sunnerhagen, P; et al. Identification of RNA-Binding Proteins in Exosomes Capable of Interacting with Different Types of RNA:
RBP-Facilitated Transport of RNAs into Exosomes. PLoS ONE 2018, 13, e0195969. [CrossRef] [PubMed]

Kosaka, N.; Iguchi, H.; Yoshioka, Y.; Takeshita, F.; Matsuki, Y.; Ochiya, T. Secretory Mechanisms and Intercellular Transfer of
MicroRNAs in Living Cells. J. Biol. Chem. 2010, 285, 17442-17452. [CrossRef] [PubMed]

Guduric-Fuchs, J.; O’Connor, A.; Camp, B.; O'Neill, C.L.; Medina, R.J.; Simpson, D.A. Selective Extracellular Vesicle-Mediated
Export of an Overlapping Set of MicroRNAs from Multiple Cell Types. BMC Genom. 2012, 13, 357. [CrossRef] [PubMed]

Valadi, H.; Ekstrom, K.; Bossios, A.; Sjostrand, M.; Lee, ].J.; Lotvall, J.O. Exosome-Mediated Transfer of MRNAs and MicroRNAs
Is a Novel Mechanism of Genetic Exchange between Cells. Nat. Cell Biol. 2007, 9, 654-659. [CrossRef]

Lopez-Otin, C.; Blasco, M.A.; Partridge, L.; Serrano, M.; Kroemer, G. The Hallmarks of Aging. Cell 2013, 153, 1194-1217.
[CrossRef]

Ou, H.-L.; Schumacher, B. DNA Damage Responses and P53 in the Aging Process. Blood 2018, 131, 488-495. [CrossRef]

Bai, G.; Smolka, M.B.; Schimenti, J.C. Chronic DNA Replication Stress Reduces Replicative Lifespan of Cells by TRP53-Dependent,
MicroRNA-Assisted MCM2-7 Downregulation. PLoS Genet. 2016, 12. [CrossRef]

Suzuki, Y.; Yamaguchi, Y.; Hanada, H.; Ishimi, Y. Changes in MCM2-7 Proteins at Senescence. Genes Genet. Syst. 2019, 94, 123-132.
[CrossRef]

Snyder, M.; Huang, X.-Y.; Zhang, ]J.J. The Minichromosome Maintenance Proteins 2-7 (MCM2-7) Are Necessary for RNA
Polymerase II (Pol II)-Mediated Transcription. J. Biol. Chem. 2009, 284, 13466-13472. [CrossRef] [PubMed]


http://doi.org/10.3390/cells8040307
http://doi.org/10.3402/jev.v1i0.18397
http://www.ncbi.nlm.nih.gov/pubmed/24009879
http://doi.org/10.1038/s41556-018-0040-4
http://www.ncbi.nlm.nih.gov/pubmed/29459780
http://doi.org/10.1016/j.celrep.2019.01.009
http://doi.org/10.3402/jev.v4.28533
http://www.ncbi.nlm.nih.gov/pubmed/26649679
http://doi.org/10.3390/ijms21197362
http://doi.org/10.1016/j.devcel.2020.11.007
http://doi.org/10.1016/j.celrep.2014.07.035
http://doi.org/10.1186/s12885-015-1568-3
http://doi.org/10.1038/sj.emboj.7600385
http://doi.org/10.1038/nature01957
http://doi.org/10.1261/rna.7135204
http://www.ncbi.nlm.nih.gov/pubmed/15525708
http://doi.org/10.1126/science.1090599
http://doi.org/10.1126/science.1062039
http://www.ncbi.nlm.nih.gov/pubmed/11486053
http://doi.org/10.1016/j.molcel.2010.05.015
http://www.ncbi.nlm.nih.gov/pubmed/20605501
http://doi.org/10.1016/j.cell.2009.01.002
https://pubmed.ncbi.nlm.nih.gov/24356509/?utm_source=gquery&utm_medium=referral&utm_campaign=CitationSensor?otool=None
https://pubmed.ncbi.nlm.nih.gov/24356509/?utm_source=gquery&utm_medium=referral&utm_campaign=CitationSensor?otool=None
http://doi.org/10.1128/JVI.00367-20
http://doi.org/10.1371/journal.pone.0195969
http://www.ncbi.nlm.nih.gov/pubmed/29689087
http://doi.org/10.1074/jbc.M110.107821
http://www.ncbi.nlm.nih.gov/pubmed/20353945
http://doi.org/10.1186/1471-2164-13-357
http://www.ncbi.nlm.nih.gov/pubmed/22849433
http://doi.org/10.1038/ncb1596
http://doi.org/10.1016/j.cell.2013.05.039
http://doi.org/10.1182/blood-2017-07-746396
http://doi.org/10.1371/journal.pgen.1005787
http://doi.org/10.1266/ggs.18-00062
http://doi.org/10.1074/jbc.M809471200
http://www.ncbi.nlm.nih.gov/pubmed/19318354

Biomedicines 2021, 9, 968 21 of 24

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.
132.

Zhang, G.; Song, K.; Yan, H. MicroRNA-124 Represses Wound Healing by Targeting SERP1 and Inhibiting the Wnt/ 3-Catenin
Pathway. Adv. Clin. Exp. Med. 2019, 28, 711-718. [CrossRef] [PubMed]

Yang, P,; Bu, P; Li, C. MiR-124 Inhibits Proliferation, Migration and Invasion of Malignant Melanoma Cells via Targeting Versican.
Exp. Ther. Med. 2017, 14, 3555-3562. [CrossRef] [PubMed]

Harada, M.; Jinnin, M.; Wang, Z.; Hirano, A.; Tomizawa, Y.; Kira, T.; Igata, T.; Masuguchi, S.; Fukushima, S.; Ihn, H. The
Expression of MiR-124 Increases in Aged Skin to Cause Cell Senescence and It Decreases in Squamous Cell Carcinoma. Biosci.
Trends 2017, 10, 454-459. [CrossRef] [PubMed]

Green, D.R.; Galluzzi, L.; Kroemer, G. Mitochondria and the Autophagy-Inflammation-Cell Death Axis in Organismal Aging.
Science 2011, 333, 1109-1112. [CrossRef] [PubMed]

Krutmann, J.; Schroeder, P. Role of Mitochondria in Photoaging of Human Skin: The Defective Powerhouse Model. |. Investig.
Dermatol. Symp. Proc. 2009, 14, 44-49. [CrossRef]

Kishimoto, S.; Uno, M.; Nishida, E. Molecular Mechanisms Regulating Lifespan and Environmental Stress Responses. Inflamm.
Regener. 2018, 38, 22. [CrossRef]

Geisler, S.; Holmstrom, K.M.; Skujat, D.; Fiesel, F.C.; Rothfuss, O.C.; Kahle, PJ.; Springer, W. PINK1/Parkin-Mediated Mitophagy
Is Dependent on VDAC1 and P62/SQSTM1. Nat. Cell Biol. 2010, 12, 119-131. [CrossRef]

Tsujimoto, T.; Mori, T.; Houri, K.; Onodera, Y.; Takehara, T.; Shigi, K.; Nakao, S.; Teramura, T.; Fukuda, K. MiR-155 Inhibits
Mitophagy through Suppression of BAG5, a Partner Protein of PINK1. Biochem. Biophys. Res. Commun. 2020, 523, 707-712.
[CrossRef]

Zhou, J.; Zhao, Y,; Li, Z.; Zhu, M.; Wang, Z.; Li, Y,; Xu, T.; Feng, D.; Zhang, S.; Tang, F.; et al. MiR-103a-3p Regulates Mitophagy in
Parkinson’s Disease through Parkin/Ambral Signaling. Pharmacol. Res. 2020, 160, 105197. [CrossRef]

Bai, X.-Y.; Ma, Y.; Ding, R.; Fu, B.; Shi, S.; Chen, X.-M. MiR-335 and MiR-34a Promote Renal Senescence by Suppressing
Mitochondrial Antioxidative Enzymes. . Am. Soc. Nephrol. 2011, 22, 1252-1261. [CrossRef]

Ansari, A.; Rahman, M.S.; Saha, S K.; Saikot, FK.; Deep, A.; Kim, K. Function of the SIRT3 Mitochondrial Deacetylase in Cellular
Physiology, Cancer, and Neurodegenerative Disease. Aging Cell 2017, 16, 4-16. [CrossRef] [PubMed]

Mouchiroud, L.; Houtkooper, R.H.; Moullan, N.; Katsyuba, E.; Ryu, D.; Cant6, C.; Mottis, A.; Jo, Y.-S.; Viswanathan, M.;
Schoonjans, K.; et al. The NAD(+)/Sirtuin Pathway Modulates Longevity through Activation of Mitochondrial UPR and FOXO
Signaling. Cell 2013, 154, 430—-441. [CrossRef]

Fang, E.F,; Scheibye-Knudsen, M.; Brace, L.E.; Kassahun, H.; SenGupta, T.; Nilsen, H.; Mitchell, ].R.; Croteau, D.L.; Bohr, V.A.
Defective Mitophagy in XPA via PARP1 Hyperactivation and NAD+/SIRT1 Reduction. Cell 2014, 157, 882-896. [CrossRef]
[PubMed]

Lang, A.; Grether-Beck, S.; Singh, M.; Kuck, E; Jakob, S.; Kefalas, A.; Altinoluk-Hambiichen, S.; Graffmann, N.; Schneider, M.;
Lindecke, A.; et al. MicroRNA-15b Regulates Mitochondrial ROS Production and the Senescence-Associated Secretory Phenotype
through Sirtuin 4/SIRT4. Aging 2016, 8, 484-505. [CrossRef] [PubMed]

Hafner, A.V;; Dai, J.; Gomes, A.P; Xiao, C.-Y.; Palmeira, C.M.; Rosenzweig, A.; Sinclair, D.A. Regulation of the MPTP by
SIRT3-Mediated Deacetylation of CypD at Lysine 166 Suppresses Age-Related Cardiac Hypertrophy. Aging 2010, 2, 914-923.
[CrossRef]

Guarente, L. Mitochondria—A Nexus for Aging, Calorie Restriction, and Sirtuins? Cell 2008, 132, 171-176. [CrossRef]

Li, L,; Shi, L.; Yang, S.; Yan, R.; Zhang, D.; Yang, J.; He, L.; Li, W.; Yi, X,; Sun, L.; et al. SIRT7 Is a Histone Desuccinylase That
Functionally Links to Chromatin Compaction and Genome Stability. Nat. Commun. 2016, 7, 12235. [CrossRef]

Harley, C.B. Telomere Loss: Mitotic Clock or Genetic Time Bomb? Mutat. Res./DNAging 1991, 256, 271-282. [CrossRef]
Hayflick, L. DNA Replication and Traintracks. Science 2002, 296, 1611-1612. [CrossRef]

Blackburn, E.H. Switching and Signaling at the Telomere. Cell 2001, 106, 661-673. [CrossRef]

Nalobin, D.; Alipkina, S.; Gaidamaka, A.; Glukhov, A.; Khuchua, Z. Telomeres and Telomerase in Heart Ontogenesis, Aging and
Regeneration. Cells 2020, 9, 503. [CrossRef] [PubMed]

Ullah, M.; Ng, N.N.; Concepcion, W.; Thakor, A.S. Emerging Role of Stem Cell-Derived Extracellular MicroRNAs in Age-
Associated Human Diseases and in Different Therapies of Longevity. Ageing Res. Rev. 2020, 57, 100979. [CrossRef]

Hrdli¢kovd, R.; Nehyba, J.; Bargmann, W.; Bose, H.R. Multiple Tumor Suppressor MicroRNAs Regulate Telomerase and TCF7, an
Important Transcriptional Regulator of the Wnt Pathway. PLoS ONE 2014, 9, e86990. [CrossRef]

Slattery, M.L.; Herrick, J.S.; Pellatt, A.].; Wolff, R.K.; Mullany, L.E. Telomere Length, TERT, and MiRNA Expression. PLoS ONE
2016, 11. [CrossRef]

Vinchure, O.S.; Whittemore, K.; Kushwah, D.; Blasco, M. A.; Kulshreshtha, R. MiR-490 Suppresses Telomere Maintenance Program
and Associated Hallmarks in Glioblastoma. Cell. Mol. Life Sci. 2020. [CrossRef] [PubMed]

Chilton, W.L.; Marques, F.Z.; West, ].; Kannourakis, G.; Berzins, S.P.; O’Brien, B.J.; Charchar, EJ. Acute Exercise Leads to Regulation
of Telomere-Associated Genes and MicroRNA Expression in Immune Cells. PLoS ONE 2014, 9. [CrossRef] [PubMed]

Li, T.; Luo, Z; Lin, S.; Li, C.; Dai, S.; Wang, H.; Huang, J.; Ma, W.; Songyang, Z.; Huang, Y. MiR-185 Targets POT1 to Induce
Telomere Dysfunction and Cellular Senescence. Aging 2020, 12, 14791-14807. [CrossRef] [PubMed]

Pal, S.; Tyler, ] K. Epigenetics and Aging. Sci. Adv. 2016, 2. [CrossRef]

Rahman, M.M.; Brane, A.C.; Tollefsbol, T.O. MicroRNAs and Epigenetics Strategies to Reverse Breast Cancer. Cells 2019, 8, 1214.
[CrossRef]


http://doi.org/10.17219/acem/94163
http://www.ncbi.nlm.nih.gov/pubmed/30740945
http://doi.org/10.3892/etm.2017.4998
http://www.ncbi.nlm.nih.gov/pubmed/29042947
http://doi.org/10.5582/bst.2016.01102
http://www.ncbi.nlm.nih.gov/pubmed/27818465
http://doi.org/10.1126/science.1201940
http://www.ncbi.nlm.nih.gov/pubmed/21868666
http://doi.org/10.1038/jidsymp.2009.1
http://doi.org/10.1186/s41232-018-0080-y
http://doi.org/10.1038/ncb2012
http://doi.org/10.1016/j.bbrc.2020.01.022
http://doi.org/10.1016/j.phrs.2020.105197
http://doi.org/10.1681/ASN.2010040367
http://doi.org/10.1111/acel.12538
http://www.ncbi.nlm.nih.gov/pubmed/27686535
http://doi.org/10.1016/j.cell.2013.06.016
http://doi.org/10.1016/j.cell.2014.03.026
http://www.ncbi.nlm.nih.gov/pubmed/24813611
http://doi.org/10.18632/aging.100905
http://www.ncbi.nlm.nih.gov/pubmed/26959556
http://doi.org/10.18632/aging.100252
http://doi.org/10.1016/j.cell.2008.01.007
http://doi.org/10.1038/ncomms12235
http://doi.org/10.1016/0921-8734(91)90018-7
http://doi.org/10.1126/science.296.5573.1611
http://doi.org/10.1016/S0092-8674(01)00492-5
http://doi.org/10.3390/cells9020503
http://www.ncbi.nlm.nih.gov/pubmed/32098394
http://doi.org/10.1016/j.arr.2019.100979
http://doi.org/10.1371/journal.pone.0086990
http://doi.org/10.1371/journal.pone.0162077
http://doi.org/10.1007/s00018-020-03644-2
http://www.ncbi.nlm.nih.gov/pubmed/32970185
http://doi.org/10.1371/journal.pone.0092088
http://www.ncbi.nlm.nih.gov/pubmed/24752326
http://doi.org/10.18632/aging.103541
http://www.ncbi.nlm.nih.gov/pubmed/32687062
http://doi.org/10.1126/sciadv.1600584
http://doi.org/10.3390/cells8101214

Biomedicines 2021, 9, 968 22 of 24

133.

134.

135.
136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

Arora, I.; Sharma, M.; Sun, L.Y.; Tollefsbol, T.O. The Epigenetic Link between Polyphenols, Aging and Age-Related Diseases.
Genes 2020, 11, 1094. [CrossRef] [PubMed]

Jaenisch, R; Bird, A. Epigenetic Regulation of Gene Expression: How the Genome Integrates Intrinsic and Environmental Signals.
Nat. Genet. 2003, 33, 245-254. [CrossRef]

Yi, S.-J.; Kim, K. New Insights into the Role of Histone Changes in Aging. Int. ]. Mol. Sci. 2020, 21, 8241. [CrossRef] [PubMed]
Brunet, A.; Berger, S.L. Epigenetics of Aging and Aging-Related Disease. ]. Gerontol. Ser. A Biol. Sci. Med. Sci. 2014, 69, S17-S20.
[CrossRef]

Moore, L.D,; Le, T.; Fan, G. DNA Methylation and Its Basic Function. Neuropsychopharmacology 2013, 38, 23-38. [CrossRef]

Jung, M.; Pfeifer, G.P. Aging and DNA Methylation. BMC Biol. 2015, 13. [CrossRef] [PubMed]

De Assis, C.S.; Silva, A.S.; Dos Santos Nunes, M.K.; Filho, ].M.; do Nascimento, R.A.F,; Gomes, C.N.A.P.; de Queiroga Evangelista,
LW.; de Oliveira, N.EP.; Persuhn, D.C. Methylation Profile of MiR-9-1 and MiR-9-1/-9-3 as Potential Biomarkers of Diabetic
Retinopathy. Curr. Diabetes Rev. 2020. [CrossRef]

Dou, P; He, Y.; Yu, B.; Duan, J. Downregulation of MicroRNA-29b by DNMT3B Decelerates Chondrocyte Apoptosis and the
Progression of Osteoarthritis via PTHLH/CDK4/RUNX2 Axis. Aging 2021, 13, 7676-7690. [CrossRef]

Carden, T.; Singh, B.; Mooga, V.; Bajpai, P; Singh, K.K. Epigenetic Modification of MiR-663 Controls Mitochondria-to-Nucleus
Retrograde Signaling and Tumor Progression. J. Biol. Chem. 2017, 292, 20694-20706. [CrossRef]

Berg, J.L.; Perfler, B.; Hatzl, S.; Mayer, M.-C.; Wurm, S.; Uhl, B.; Reinisch, A.; Klymiuk, I; Tierling, S.; Pregartner, G.; et al.
Micro-RNA-125a Mediates the Effects of Hypomethylating Agents in Chronic Myelomonocytic Leukemia. Clin. Epigenetics 2021,
13, 1. [CrossRef]

Bam, M.; Yang, X.; Busbee, B.P;; Aiello, A.E.; Uddin, M.; Ginsberg, ].P.; Galea, S.; Nagarkatti, P.S.; Nagarkatti, M. Increased
H3K4me3 Methylation and Decreased MiR-7113-5p Expression Lead to Enhanced Wnt/ 3-Catenin Signaling in Immune Cells
from PTSD Patients Leading to Inflammatory Phenotype. Mol. Med. 2020, 26. [CrossRef] [PubMed]

Condrat, C.E.; Thompson, D.C.; Barbu, M.G.; Bugnar, O.L.; Boboc, A.; Cretoiu, D.; Suciu, N.; Cretoiu, S.M.; Voinea, S.C. MiRNAs
as Biomarkers in Disease: Latest Findings Regarding Their Role in Diagnosis and Prognosis. Cells 2020, 9, 276. [CrossRef]
[PubMed]

Jakhar, R.; Crasta, K. Exosomes as Emerging Pro-Tumorigenic Mediators of the Senescence-Associated Secretory Phenotype. Int.
J. Mol. Sci. 2019, 20, 2547. [CrossRef] [PubMed]

Gutkin, A.; Uziel, O.; Beery, E.; Nordenberg, J.; Pinchasi, M.; Goldvaser, H.; Henick, S.; Goldberg, M.; Lahav, M. Tumor Cells
Derived Exosomes Contain HTERT MRNA and Transform Nonmalignant Fibroblasts into Telomerase Positive Cells. Oncotarget
2016, 7, 59173-59188. [CrossRef]

Fulzele, S.; Mendhe, B.; Khayrullin, A.; Johnson, M.; Kaiser, H.; Liu, Y.; Isales, C.M.; Hamrick, M.W. Muscle-Derived MiR-
34a Increases with Age in Circulating Extracellular Vesicles and Induces Senescence of Bone Marrow Stem Cells. Aging
2019, 11, 1791-1803. [CrossRef]

Chen, P; Chen, F; Lei, ].; Li, Q.; Zhou, B. Activation of the MiR-34a-Mediated SIRT1/MTOR Signaling Pathway by Urolithin A
Attenuates d-Galactose-Induced Brain Aging in Mice. Neurotherapeutics 2019, 16, 1269-1282. [CrossRef]

Takeda, T.; Tanabe, H. Lifespan and Reproduction in Brain-Specific MiR-29-Knockdown Mouse. Biochem. Biophys. Res. Commun.
2016, 471, 454-458. [CrossRef]

Urbanelli, L.; Buratta, S.; Sagini, K.; Tancini, B.; Emiliani, C. Extracellular Vesicles as New Players in Cellular Senescence. Int. J.
Mol. Sci. 2016, 17, E1408. [CrossRef]

Olivieri, E; Albertini, M.C.; Orciani, M.; Ceka, A.; Cricca, M.; Procopio, A.D.; Bonafé, M. DNA Damage Response (DDR) and
Senescence: Shuttled Inflamma-MiRNAs on the Stage of Inflamm-Aging. Oncotarget 2015, 6, 35509-35521. [CrossRef]
Lehmann, B.D.; Paine, M.S.; Brooks, A.M.; McCubrey, J.A.; Renegar, R.H.; Wang, R.; Terrian, D.M. Senescence-Associated
Exosome Release from Human Prostate Cancer Cells. Cancer Res. 2008, 68, 7864-7871. [CrossRef] [PubMed]

Eitan, E.; Green, ].; Bodogai, M.; Mode, N.A.; Bk, R.; Jorgensen, M.M.; Freeman, D.W.; Witwer, KW.; Zonderman, A.B.; Biragyn,
A.; et al. Age-Related Changes in Plasma Extracellular Vesicle Characteristics and Internalization by Leukocytes. Sci. Rep.
2017, 7, 1342. [CrossRef]

Oh, M.; Kim, Y.J.; Son, Y.J.; Yoo, H.S.; Park, ].H. Promotive Effects of Human Induced Pluripotent Stem Cell-Conditioned Medium
on the Proliferation and Migration of Dermal Fibroblasts. Biotechnol. Bioproc. E 2017, 22, 561-568. [CrossRef]

Weilner, S.; Keider, V.; Winter, M.; Harreither, E.; Salzer, B.; Weiss, F.; Schraml, E.; Messner, P.,; Pietschmann, P.; Hildner, F.; et al.
Vesicular Galectin-3 Levels Decrease with Donor Age and Contribute to the Reduced Osteo-Inductive Potential of Human Plasma
Derived Extracellular Vesicles. Aging 2016, 8, 16-33. [CrossRef]

Yamakuchi, M.; Lowenstein, C.J. MiR-34, SIRT1 and P53: The Feedback Loop. Cell Cycle 2009, 8, 712-715. [CrossRef]

Sun, F; Fu, H.; Liu, Q; Tie, Y.; Zhu, J.; Xing, R.; Sun, Z.; Zheng, X. Downregulation of CCND1 and CDK6 by MiR-34a Induces Cell
Cycle Arrest. FEBS Lett. 2008, 582, 1564-1568. [CrossRef] [PubMed]

Baker, J.R.; Vuppusetty, C.; Colley, T.; Hassibi, S.; Fenwick, P.S.; Donnelly, L.E.; Ito, K.; Barnes, P.J. MicroRNA-570 Is a Novel
Regulator of Cellular Senescence and Inflammaging. FASEB J. 2019, 33, 1605-1616. [CrossRef] [PubMed]

Proctor, C.J.; Goljanek-Whysall, K. Using Computer Simulation Models to Investigate the Most Promising MicroRNAs to
Improve Muscle Re-generation during Ageing. Available online: https://pubmed.ncbi.nlm.nih.gov /28951568 / (accessed on
27 February 2021).


http://doi.org/10.3390/genes11091094
http://www.ncbi.nlm.nih.gov/pubmed/32962067
http://doi.org/10.1038/ng1089
http://doi.org/10.3390/ijms21218241
http://www.ncbi.nlm.nih.gov/pubmed/33153221
http://doi.org/10.1093/gerona/glu042
http://doi.org/10.1038/npp.2012.112
http://doi.org/10.1186/s12915-015-0118-4
http://www.ncbi.nlm.nih.gov/pubmed/25637097
http://doi.org/10.2174/1573399817666210101104326
http://doi.org/10.18632/aging.103778
http://doi.org/10.1074/jbc.M117.797001
http://doi.org/10.1186/s13148-020-00979-2
http://doi.org/10.1186/s10020-020-00238-3
http://www.ncbi.nlm.nih.gov/pubmed/33189141
http://doi.org/10.3390/cells9020276
http://www.ncbi.nlm.nih.gov/pubmed/31979244
http://doi.org/10.3390/ijms20102547
http://www.ncbi.nlm.nih.gov/pubmed/31137607
http://doi.org/10.18632/oncotarget.10384
http://doi.org/10.18632/aging.101874
http://doi.org/10.1007/s13311-019-00753-0
http://doi.org/10.1016/j.bbrc.2016.02.055
http://doi.org/10.3390/ijms17091408
http://doi.org/10.18632/oncotarget.5899
http://doi.org/10.1158/0008-5472.CAN-07-6538
http://www.ncbi.nlm.nih.gov/pubmed/18829542
http://doi.org/10.1038/s41598-017-01386-z
http://doi.org/10.1007/s12257-017-0221-1
http://doi.org/10.18632/aging.100865
http://doi.org/10.4161/cc.8.5.7753
http://doi.org/10.1016/j.febslet.2008.03.057
http://www.ncbi.nlm.nih.gov/pubmed/18406353
http://doi.org/10.1096/fj.201800965R
http://www.ncbi.nlm.nih.gov/pubmed/30156909
https://pubmed.ncbi.nlm.nih.gov/28951568/

Biomedicines 2021, 9, 968 23 of 24

160.

161.
162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

Ma, B.; Hottiger, M.O. Crosstalk between Wnt/ 3-Catenin and NF-KB Signaling Pathway during Inflammation. Front. Immunol.
2016, 7, 378. [CrossRef]

Nusse, R. Wnt Signaling in Disease and in Development. Cell Res. 2005, 15, 28-32. [CrossRef] [PubMed]

Salvioli, S.; Monti, D.; Lanzarini, C.; Conte, M.; Pirazzini, C.; Bacalini, M.G.; Garagnani, P.; Giuliani, C.; Fontanesi, E.; Os-
tan, R,; et al. Immune System, Cell Senescence, Aging and Longevity—Inflamm-Aging Reappraised. Curr. Pharm. Des.
2013, 19, 1675-1679.

Ma, Y,; Liu, Y.; Han, E; Qiu, H.; Shi, J.; Huang, N.; Hou, N.; Sun, X. Growth Differentiation Factor 11: A “Rejuvenation Factor”
Involved in Regulation of Age-Related Diseases? Aging 2021, 13, 12258-12272. [CrossRef]

Idkowiak-Baldys, J.; Santhanam, U.; Buchanan, S.M.; Pfaff, K.L.; Rubin, L.L.; Lyga, ]. Growth Differentiation Factor 11 (GDF11)
Has Pronounced Effects on Skin Biology. PLoS ONE 2019, 14, e0218035. [CrossRef]

Bronisz, A.; Godlewski, J.; Chiocca, E.A. Extracellular Vesicles and MicroRNAs: Their Role in Tumorigenicity and Therapy for
Brain Tumors. Cell. Mol. Neurobiol. 2016, 36, 361-376. [CrossRef]

Noren Hooten, N.; Abdelmohsen, K.; Gorospe, M.; Ejiogu, N.; Zonderman, A.B.; Evans, M.K. MicroRNA Expression Patterns
Reveal Differential Expression of Target Genes with Age. PLoS ONE 2010, 5, €10724. [CrossRef] [PubMed]

Cao, Y,; Xu, Y; Chen, C.; Xie, H.; Lu, H.; Hu, J. Local Delivery of USC-Derived Exosomes Harboring ANGPTL3 Enhances Spinal
Cord Functional Recovery after Injury by Promoting Angiogenesis. Stem Cell Res. Ther. 2021, 12. [CrossRef] [PubMed]

Ripa, R.; Dolfi, L.; Terrigno, M.; Pandolfini, L.; Savino, A.; Arcucci, V.; Groth, M.; Terzibasi Tozzini, E.; Baumgart, M.; Cellerino, A.
MicroRNA MiR-29 Controls a Compensatory Response to Limit Neuronal Iron Accumulation during Adult Life and Aging. BMC
Biol. 2017, 15, 9. [CrossRef] [PubMed]

Lyu, G.; Guan, Y.; Zhang, C.; Zong, L.; Sun, L.; Huang, X,; Huang, L.; Zhang, L.; Tian, X.-L.; Zhou, Z.; et al. TGF-f3 Signaling Alters
H4K20me3 Status via MiR-29 and Contributes to Cellular Senescence and Cardiac Aging. Nat. Commun. 2018, 9, 2560. [CrossRef]
Heid, J.; Cencioni, C.; Ripa, R.; Baumgart, M.; Atlante, S.; Milano, G.; Scopece, A.; Kuenne, C.; Guenther, S.; Azzimato, V.;
et al. Age-Dependent Increase of Oxidative Stress Regulates MicroRNA-29 Family Preserving Cardiac Health. Sci. Rep. 2017, 7.
[CrossRef]

Davis, H.M.; Pacheco-Costa, R.; Atkinson, E.G.; Brun, L.R.; Gortazar, A.R.; Harris, J.; Hiasa, M.; Bolarinwa, S.A.; Yoneda, T.; Ivan,
M.; et al. Disruption of the Cx43/MiR21 Pathway Leads to Osteocyte Apoptosis and Increased Osteoclastogenesis with Aging.
Aging Cell 2017, 16, 551-563. [CrossRef]

Yang, X.; Wang, J.; Guo, S.-L.; Fan, K.-].; Li, ].; Wang, Y.-L.; Teng, Y.; Yang, X. MiR-21 Promotes Keratinocyte Migration and
Re-Epithelialization during Wound Healing. Int. . Biol. Sci. 2011, 7, 685-690. [CrossRef]

Sabatel, C.; Malvaux, L.; Bovy, N.; Deroanne, C.; Lambert, V.; Gonzalez, M.-L.A.; Colige, A.; Rakic, ].-M.; Noél, A.; Martial,
J.A.; et al. MicroRNA-21 Exhibits Antiangiogenic Function by Targeting RhoB Expression in Endothelial Cells. PLoS ONE
2011, 6, €16979. [CrossRef]

Hutchison, E.R.; Kawamoto, E.M.; Taub, D.D.; Lal, A.; Abdelmohsen, K.; Zhang, Y.; Wood, W.H.; Lehrmann, E.; Camandola, S.;
Becker, K.G.; et al. Evidence for MiR-181 Involvement in Neuroinflammatory Responses of Astrocytes. Glia 2013, 61, 1018-1028.
[CrossRef] [PubMed]

Mancini, M.; Saintigny, G.; Mahé, C.; Annicchiarico-Petruzzelli, M.; Melino, G.; Candi, E. MicroRNA-152 and -181a Participate
in Human Dermal Fibroblasts Senescence Acting on Cell Adhesion and Remodeling of the Extra-Cellular Matrix. Aging
2012, 4, 843-853. [CrossRef]

Shao, H.; Yang, L.; Wang, L.; Tang, B.; Wang, J.; Li, Q. MicroRNA-34a Protects Myocardial Cells against Ischemia-Reperfusion
Injury through Inhibiting Autophagy via Regulating TNFo Expression. Biochem. Cell Biol. 2018, 96, 349-354. [CrossRef] [PubMed]
Xu, E; Zhong, ].-Y,; Lin, X.; Shan, S.-K.; Guo, B.; Zheng, M.-H.; Wang, Y.; Li, E; Cui, R.-R.; Wu, F; et al. Melatonin Alleviates Vascu-
lar Calcification and Ageing through Exosomal MiR-204/MiR-211 Cluster in a Paracrine Manner. |. Pineal. Res. 2020, 68, €12631.
[CrossRef] [PubMed]

Davis, C.; Dukes, A.; Drewry, M.; Helwa, I.; Johnson, M.H.; Isales, C.M.; Hill, W.D.; Liu, Y.; Shi, X.; Fulzele, S.; et al. MicroRNA-
183-5p Increases with Age in Bone-Derived Extracellular Vesicles, Suppresses Bone Marrow Stromal (Stem) Cell Proliferation,
and Induces Stem Cell Senescence. Tissue Eng. Part A 2017, 23, 1231-1240. [CrossRef] [PubMed]

Pons-Espinal, M.; Gasperini, C.; Marzi, M.].; Braccia, C.; Armirotti, A.; Potzsch, A.; Walker, T.L.; Fabel, K.; Nicassio, F;
Kempermann, G.; et al. MiR-135a-5p Is Critical for Exercise-Induced Adult Neurogenesis. Stem Cell Rep. 2019, 12, 1298-1312.
[CrossRef] [PubMed]

Auler, M.; Bergmeier, V.; Georgieva, V.S,; Pitzler, L.; Frie, C.; Niichel, J.; Eckes, B.; Hinz, B.; Brachvogel, B. MiR-127-3p Is an
Epigenetic Activator of Myofibroblast Senescence Situated within the MiRNA Enriched Dlk1-Dio3 Imprinted Domain on Mouse
Chromosome 12. |. Investig. Dermatol. 2020. [CrossRef]

Song, X.-J.; Zhang, L.; Li, Q.; Li, Y,; Ding, E-H.; Li, X. HUCB-MSC Derived Exosomal MiR-124 Promotes Rat Liver Regeneration
after Partial Hepatectomy via Downregulating Foxgl. Life Sci. 2021, 265, 118821. [CrossRef]

Li, Q.; Cheng, J.C,; Jiang, Q.; Lee, W.Y. Role of Sirtuins in Bone Biology: Potential Implications for Novel Therapeutic Strategies
for Osteoporosis. Aging Cell 2021, 20, €13301. [CrossRef]

Noren Hooten, N.; Fitzpatrick, M.; Wood, W.H.; De, S.; Ejiogu, N.; Zhang, Y.; Mattison, J.A.; Becker, K.G.; Zonderman, A.B.;
Evans, M.K. Age-Related Changes in MicroRNA Levels in Serum. Aging 2013, 5, 725-740. [CrossRef]


http://doi.org/10.3389/fimmu.2016.00378
http://doi.org/10.1038/sj.cr.7290260
http://www.ncbi.nlm.nih.gov/pubmed/15686623
http://doi.org/10.18632/aging.202881
http://doi.org/10.1371/journal.pone.0218035
http://doi.org/10.1007/s10571-015-0293-4
http://doi.org/10.1371/journal.pone.0010724
http://www.ncbi.nlm.nih.gov/pubmed/20505758
http://doi.org/10.1186/s13287-020-02078-8
http://www.ncbi.nlm.nih.gov/pubmed/33413639
http://doi.org/10.1186/s12915-017-0354-x
http://www.ncbi.nlm.nih.gov/pubmed/28193224
http://doi.org/10.1038/s41467-018-04994-z
http://doi.org/10.1038/s41598-017-16829-w
http://doi.org/10.1111/acel.12586
http://doi.org/10.7150/ijbs.7.685
http://doi.org/10.1371/journal.pone.0016979
http://doi.org/10.1002/glia.22483
http://www.ncbi.nlm.nih.gov/pubmed/23650073
http://doi.org/10.18632/aging.100508
http://doi.org/10.1139/bcb-2016-0158
http://www.ncbi.nlm.nih.gov/pubmed/28544853
http://doi.org/10.1111/jpi.12631
http://www.ncbi.nlm.nih.gov/pubmed/31943334
http://doi.org/10.1089/ten.tea.2016.0525
http://www.ncbi.nlm.nih.gov/pubmed/28363268
http://doi.org/10.1016/j.stemcr.2019.04.020
http://www.ncbi.nlm.nih.gov/pubmed/31130358
http://doi.org/10.1016/j.jid.2020.11.011
http://doi.org/10.1016/j.lfs.2020.118821
http://doi.org/10.1111/acel.13301
http://doi.org/10.18632/aging.100603

Biomedicines 2021, 9, 968 24 of 24

184.

185.
186.
187.
188.
189.
190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

Noren Hooten, N.; Martin-Montalvo, A.; Dluzen, D.E,; Zhang, Y.; Bernier, M.; Zonderman, A.B.; Becker, K.G.; Gorospe, M.; de
Cabo, R.; Evans, M.K. Metformin-Mediated Increase in DICER1 Regulates MicroRNA Expression and Cellular Senescence. Aging
Cell 2016, 15, 572-581. [CrossRef] [PubMed]

Yachie, A. Heme Oxygenase-1 Deficiency and Oxidative Stress: A Review of 9 Independent Human Cases and Animal Models.
Int. ]. Mol. Sci. 2021, 22, 1514. [CrossRef] [PubMed]

Caravia, X.M.; Roiz-Valle, D.; Moran-Alvarez, A.; Lopez-Otin, C. Functional Relevance of MiRNAs in Premature Ageing. Mech.
Ageing Dev. 2017, 168, 10-19. [CrossRef] [PubMed]

Dodig, S.; Cepelak, I; Pavi¢, I. Hallmarks of Senescence and Aging. Biochem. Med. 2019, 29, 030501. [CrossRef]

Kirkwood, T.B.L. P53 and Ageing: Too Much of a Good Thing? Bioessays 2002, 24, 577-579. [CrossRef] [PubMed]
Gerasymchuk, M.; Cherkasova, V.; Kovalchuk, O.; Kovalchuk, I. The Role of MicroRNAs in Organismal and Skin Aging. Int. |.
Mol. Sci. 2020, 21, 5281. [CrossRef] [PubMed]

Chen, Y,; Wang, X. MiRDB: An Online Database for Prediction of Functional MicroRNA Targets. Nucleic Acids Res.
2020, 48, D127-D131. [CrossRef] [PubMed]

Chen, T.S.; Arslan, F; Yin, Y;; Tan, S.S.; Lai, R.C.; Choo, A.B.H.; Padmanabhan, J.; Lee, C.N.; de Kleijn, D.P.,; Lim, S.K. Enabling a
Robust Scalable Manufacturing Process for Therapeutic Exosomes through Oncogenic Immortalization of Human ESC-Derived
MSCs. J. Transl. Med. 2011, 9, 47. [CrossRef]

Balzano, F; Deiana, M.; Dei Giudici, S.; Oggiano, A.; Pasella, S.; Pinna, S.; Mannu, A.; Deiana, N.; Porcu, B.; Masala, A.G.E; et al.
MicroRNA Expression Analysis of Centenarians and Rheumatoid Arthritis Patients Reveals a Common Expression Pattern. Int. J.
Med. Sci. 2017, 14, 622-628. [CrossRef] [PubMed]

Holly, A.C.; Grellscheid, S.; van de Walle, P; Dolan, D.; Pilling, L.C.; Daniels, D.J.; von Zglinicki, T.; Ferrucci, L.; Melzer, D.; Harries,
L.W. Comparison of Senescence-Associated MiRNAs in Primary Skin and Lung Fibroblasts. Biogerontology 2015, 16, 423—434.
[CrossRef]

Xu, M.; Tchkonia, T.; Kirkland, J.L. Perspective: Targeting the JAK/STAT Pathway to Fight Age-Related Dysfunction. Pharmacol.
Res. 2016, 111, 152-154. [CrossRef] [PubMed]

Dowaidar, M. Exosomes Can Make the Use of Circulating MiRNA as a Biomarker More Feasible. In The Aim of Gene Therapy
Should Be to Learn Everything There Is to Know about MiRNA Activity; 2021. Available online: https://osf.io/preprints/edkua/
(accessed on 20 May 2021).

Dong, J.; Wu, Y.; Zhang, Y.; Yu, M.; Tian, W. Comparison of the Therapeutic Effect of Allogeneic and Xenogeneic Small Extracellular
Vesicles in Soft Tissue Repair. Int. |. Nanomed. 2020, 15, 6975-6991. [CrossRef] [PubMed]

Elahi, EM.; Farwell, D.G.; Nolta, J.A.; Anderson, J.D. Preclinical Translation of Exosomes Derived from Mesenchymal
Stem/Stromal Cells. Stem Cells 2020, 38, 15-21. [CrossRef] [PubMed]

Cocozza, F; Grisard, E.; Martin-Jaular, L.; Mathieu, M.; Théry, C. SnapShot: Extracellular Vesicles. Cell 2020, 182, 262-262.el.
[CrossRef]

Iannotta, D.; Yang, M.; Celia, C.; Di Marzio, L.; Wolfram, J. Extracellular Vesicle Therapeutics from Plasma and Adipose Tissue.
Nano Today 2021, 39, 101159. [CrossRef]

Fuhrmann, G,; Serio, A.; Mazo, M.; Nair, R.; Stevens, M.M. Active Loading into Extracellular Vesicles Significantly Improves the
Cellular Uptake and Photodynamic Effect of Porphyrins. J. Control. Release 2015, 205, 35-44. [CrossRef]

Tian, Y.; Li, S.; Song, J.; Ji, T.; Zhu, M.; Anderson, G.J.; Wei, J.; Nie, G. A Doxorubicin Delivery Platform Using Engineered Natural
Membrane Vesicle Exosomes for Targeted Tumor Therapy. Biomaterials 2014, 35, 2383-2390. [CrossRef]

Pomatto, M.A.C.; Bussolati, B.; D" Antico, S.; Ghiotto, S.; Tetta, C.; Brizzi, M.E.; Camussi, G. Improved Loading of Plasma-Derived
Extracellular Vesicles to Encapsulate Antitumor MiRNAs. Mol. Ther. Methods Clin. Dev. 2019, 13, 133-144. [CrossRef] [PubMed]
Wang, C.; Wang, A.; Wei, FE; Wong, D.T.W.; Tu, M. Electric Field-Induced Disruption and Releasing Viable Content from
Extracellular Vesicles. Methods Mol. Biol. 2017, 1660, 367-376. [CrossRef]

Iavello, A.; Frech, V.S.L.; Gai, C.; Deregibus, M.C.; Quesenberry, PJ.; Camussi, G. Role of Alix in MiRNA Packaging during
Extracellular Vesicle Biogenesis. Int. . Mol. Med. 2016, 37, 958-966. [CrossRef]

Muralidharan-Chari, V.; Clancy, J.; Plou, C.; Romao, M.; Chavrier, P.; Raposo, G.; D’Souza-Schorey, C. ARF6-Regulated Shedding
of Tumor Cell-Derived Plasma Membrane Microvesicles. Curr. Biol. 2009, 19, 1875-1885. [CrossRef]


http://doi.org/10.1111/acel.12469
http://www.ncbi.nlm.nih.gov/pubmed/26990999
http://doi.org/10.3390/ijms22041514
http://www.ncbi.nlm.nih.gov/pubmed/33546372
http://doi.org/10.1016/j.mad.2017.05.003
http://www.ncbi.nlm.nih.gov/pubmed/28502819
http://doi.org/10.11613/BM.2019.030501
http://doi.org/10.1002/bies.10111
http://www.ncbi.nlm.nih.gov/pubmed/12111716
http://doi.org/10.3390/ijms21155281
http://www.ncbi.nlm.nih.gov/pubmed/32722415
http://doi.org/10.1093/nar/gkz757
http://www.ncbi.nlm.nih.gov/pubmed/31504780
http://doi.org/10.1186/1479-5876-9-47
http://doi.org/10.7150/ijms.18972
http://www.ncbi.nlm.nih.gov/pubmed/28824293
http://doi.org/10.1007/s10522-015-9560-5
http://doi.org/10.1016/j.phrs.2016.05.015
http://www.ncbi.nlm.nih.gov/pubmed/27241018
https://osf.io/preprints/edkua/
http://doi.org/10.2147/IJN.S269069
http://www.ncbi.nlm.nih.gov/pubmed/33061363
http://doi.org/10.1002/stem.3061
http://www.ncbi.nlm.nih.gov/pubmed/31381842
http://doi.org/10.1016/j.cell.2020.04.054
http://doi.org/10.1016/j.nantod.2021.101159
http://doi.org/10.1016/j.jconrel.2014.11.029
http://doi.org/10.1016/j.biomaterials.2013.11.083
http://doi.org/10.1016/j.omtm.2019.01.001
http://www.ncbi.nlm.nih.gov/pubmed/30788382
http://doi.org/10.1007/978-1-4939-7253-1_30
http://doi.org/10.3892/ijmm.2016.2488
http://doi.org/10.1016/j.cub.2009.09.059

	Introduction 
	The INS and Outs of Exosomes 
	The INS of Exosomes: The Biogenesis 
	The Out of Exosomes: The Release 

	Composition of Exosome’s Cargo 
	General Molecular Mechanisms Related to Aging Dysfunction 
	Genome Instability and DNA Damages 
	Mitochondrial Decline 
	Telomeres Involvement 
	Epigenetic Impact 

	Exosomes Implication in Aging Process 
	The Importance of mi-RNA in Aging Function 
	Discussion 
	References

