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ABSTRACT

Ovarianagingaffectsfemale reproductive potential and is characterizedby alterationsin proteins, mMRNAsand
non-codingRNAsnside the ovarianfollicle. Ovariansomaticcellsand the oocyte communicatewith eachother
secreting different moleculesinto the follicular fluid, by extracellular vesicles. The cargo of follicular fluid
vesiclesmay influence female reproductive ability; accordingly,analysisof extracellular vesicle content could
provide information about the quality of the femalegermcell.

In order to identify the most significantderegulatedmicroRNAsnN reproductive aging,we quantified the small
extracellularvesiclesin human follicular fluid from older and youngerwomen and analyzedthe expressionof
microRNAsenclosedinside the vesicles.We found twice as many small extracellular vesiclesin the follicular
fluid from older women and several differentially expressedmicroRNAs.Correlating microRNA expressiot
profiles with vesicle number, we selected 46 deregulated microRNAsassociatedwith aging Bioinformatic
analysesallowed us to identify six miRNAsinvolved in TP53signaling pathways. Specifically, miR-16-5p,
miR2143p and miR-449a were downregulated and miR-125b, miR-1555p and miR-372 were upregulated
influencingvesiclerelease,oocyte maturation and stressresponse We believethat this approachallowed usto
identify a battery of microRNAsstrictly related to femalereproductiveaging.

INTRODUCTION degenerative diseases [1Wo ma n d s reprod
system shows a faster raté aging than other body
Aging can be defined as a tirdependent functional systems, which leads to an early reduction in

decline affecting the cells of multicellular organisms. It ~ reproductive ability [2]. In fact, when women reach 30
is characterized by a specific series of events such as Years old, they begin to experience a progressive loss of
genomic instability, epigenetic alterations, mitochondrial ~ their ovarian reserve leading to menopause. Not only
dysfunction, stem cell exhaimt and cellular the number but alsahe quality of female gametes
senescence, affecting cellular physiology [1]. Cellular  progressively decreases with maternal age. Different
modifications related to aging are closely associated alterations in cytoplasmic and nuclear maturation
with different human pathologies, such as cancers and processes have been described thedncrease ofion
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disjunction meioticerrors probably represents one of the
most repreentative [3, 4].

Human female germ cells develop inside a complex
structure called the ovarian follicle. Several ovarian
follicles undergo different maturation steps and, finally,
at the preovulatory stage, tertiary or Graafian follicles
consist of a sigle oocyte, somatic cells (granulosa and
cumulus cells) and an antrum full of Follicular Fluid
(FF) [5]. The ovarian follicle represents the basic
reproductive unit, all of its cellular components are able
to communicate with each other by gap junctions
(oocyte and cumulus cells) or by FF [6]. Numerous
studies have shown that advanced reproductive age
determines transcriptome and proteome modifications of
the cellular component of the ovarian follicles, resulting
in a decrease of oocyte competence and dejtive
potential [710]. Moreover, also FF composition,
determined by different molecules such as nucleic acids,
proteins and metabolites, secreted by both the oocyte
and somatic follicular cells, is influenced by advanced
maternal age. FF contains ExteHular Vesicles (EVS)

and, specifically, the presence of exosomes has been

demonstrated, first in animal models, and then in
humans [8]. Exosome mediated transport is a
communication mechanism between the oocyte and
somatic follicular cells as well as an® the different
somatic cells, which is able to drive follicle development
and oocyte maturation [6]. Among the different
biological molecules present in FF, rooding RNAs,

as circular RNAs (circRNAs), long naoding RNAs
(IncRNAs) and microRNAs (miRN#) have attracted
the interest of various researchers [6, 11, 12]. FF
mMiRNAs could influence follicle maturation and meiosis
resumption, specific FF miRNA profiles have been
associated with oocyte quality and embryo outcome
[13i 15]. Moreover, their altetk expression has been
found in different ovarian pathologies such as polycystic
ovarian syndrome and premature ovarian failure [16, 17].
Many papers have demonstrated deregulated miRNA
expression in oocytes, granulosa and cumulus cells in
reproductive agig and two papers investigated FF
MiRNA expression in women of advanced reproductive
age [18, 19].

Circulating miRNA profiles are commonly used to
investigate different human pathologies and their use as
nortinvasive biomarkers or to design new therapies,
based on miRNA delivery, has been focused on by
many researchers in the last few years [20, 21]. In spite
of this, important features of this communication system
have still been poorly investigated: (i) the different
number of vesicles present in a spedifiological fluid,;

(i) how circulating miRNA profiles could be influenced
by the number of vesicles secreted in the fluid under
examination.

In this paper, we investigated miRNA profiles in human
FF comparing older and younger patients who
underwentin vitro Fertilization (IVF) and verified the
number of EVs according to the age of the wonTam.
identify the DE (Differentially Expressed) miRNAs
performing a significant role in the regulation of the
biological processes related to reproductive aging, we
applied a normalization protocol considering the
different number of vesicles in the different groups of
women and compared the profiling results with the
standard normalization protocol. This approach,
associated with bioinformatic analysis, identified a
battery of miRNAs whose deregulation is involved in
the biological processes related to reproductive aging.
We suggest that studies on circulating RNA profiling
should consider the different vesicle distribution within
biological fluids in order to identifythe critical
molecules involved in the regulation of cellular
pathways altered in a specific pathology.

RESULTS
FF Small EVs increase in older women

The EVs from FF were characterized by Scanning
Electron Microscopy (SEM), Transmission Electron
Microsoopy (TEM), Dynamic Light Scattering (DLS)
and Nanoparticle Tracking Analysis (NTA). According
to Minimal Information for Studies of Extracellular
Vesicles 2018 (MISEV 2018), we will indicate our
vesicles as FF small EVs, CDgR2, 23]. Figure 1A,
1B showsthe SEM micrographs of EVs of spherical
shape from spiked FF from older and younger women
and EVs diameters (Figure 1C). The TEM analysis
shows the positivity of EVs for the CD81 protein
marker by using functionalized gold nanoparticles
(black circles) (Fyure 1D and Supplementary Figure 1).

For EV size characterization, we relied on the
complimentary information acquired by several
techniques based on SEM, DLS and NTA. The average
diameters determined by SEM were about 149 + 50 nm
for older FF samples €d curve) and 142 + 20 nm for
younger FF ones (blue trend) (Figure 1C). Results from
DLS and NTA techniques are compared in Figure 2A.
No variation was observed for EV size between older
and younger women. A small difference in the average
diameters of EVavas found between DLS (where the
hydrodynamic radius was measured) and SEM and NTA
(that measured the actual radius) [24].

DLS and NTA were used to estimate the number of
suspended vesicles in aqueous solutions (Figure 2B, 2C).
DLS shows that the numbesf FF small EVs was
significantly increased in the FF from older women by a
factor of 2.1 with aP-value <0.01 (Figure 2D).
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Similarly, NTA confirmed a significantly higher
concentration of small EVs in the FF from older women
(1.1x 16 EVs/mL) with respetcto younger women (4.5
x10'° EVs/mL): the ratio was 2.2 with B-value <0.05
(Figure 2E). Moreover, we found a strong dependence of
the scattered light intensity (in Kilocoumersecond,
Kcps) on the nanoparticle concentration (Pearson
correlation 0.814, P-value < 0.0001) (Figure 2B).

MiRNA expression in FF changes with female
reproductive aging and is influenced by the number
of FF small EVs

The expression profile of the 384 miRNAs in small EVs
from the FF of older and younger women, calculated by
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the conventional method, without considering the
number of vesicles, showed 44 upregulated and 20
downregulated miRNAs in older women. After the
normalization ofDCt values for the number of EVs, the
profiling results showed 26 upregulated and 54
downregulated miRNAs in FF small EVs from older
women (Figure 3 and Supplementary Table We
reported the expression results as global Fold Change
(gFC) d FF miRNAs in older women relative to
younger women, and vesicle Fold Change (vFC) of FF
miRNAs in exosomes of older women relative to
younger women, normalized to the 2.2 particle ratio.
Expression data are shown as natural logarithm (In) of
Relative Quatity (RQ). The comparison of both DE
miRNA sets, related to twadlifferent normalization

Figure 1. Morphological and Molecular Characterization of Extracellular Vesicles (EVs) from Follicular Fluid (FF) ofcblder an
younger women.(A, B) Scanning=lectron Micrographs of EVs isolated from the FF of oldpafd younger womenBj showing the
presence of vesicles of spherical shape with a higher abundance in FFs from older virdéameter distribution of EVs from FFs of older

and younger women. &uss fit of the diameters measured on SEM microscopies shows an EV average diameter of 149 + 50 nm for FFs from

older women (red curve) and of 142 + 20 nm for those of FFs from younger women (blue @®nthe(TEM analysis shows that a small
Gold (Au) anoparticle functionalized with an antibody specific for the CD81 protein marker binds to the membrane of small EVs f©ém the

of younger women.
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procedures, identified four different miRNA classes, in the FF and inside the vesicles from older women
according to the variation of their expression profiles  (Figure 3C, 3D).

(Figure 3). The first class consisted of 18 upregulated

miRNAs in FFin toto and steadily expressed inside the = Geneontology, pathway and network analyses

vesicles (Figure 3A). The second sdaconsisted of 34

downregulated miRNAs inside the vesicles, but steadily We focused our attention on the 46 DE common
expressed in Fi toto (Figure 3B). The third and fourth miRNAs (Figure 3C, 3D) and investigated their function
classes included 46 miRNAs common to both for Gene Ontology (GO) classification and signaling
normalization strategies and showing concordant pathway enrichment. Based on GO, most of the
variations of expression. Specdily, 26 miRNAs were proteinrencoding genes regulated by the identified
upregulated and 20 miRNAs were downregulated, both miRNAs were involved in biological processes related
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Figure 2. DLS and NTA analy$# EV size characterization by DLS and NTA. No variation is observed for the EV size in older and younger
women. A small difference in the average diameters of EVs is generally found between DLS (where the dpiraegius is measured)

and SEM and NTA (that measure the actual radi@)Dynamic Light Scattering (DLS) measurements and Nanoparticle tracking analysis
(NTA) of small EVs from FFs of older and younger women. Scattered light Intensity, expressedoastdfier-second (Kcps), and
nanoparticle concentration for FFs are shown as red and blue bars respectiyebjgiificant positive linear relationship between DLS and

be¢! YSIFadaNBYSyida 2y CC &l YL Sad t SIPNEuRafeQraport@R B DESAaDdESNTA shéwFa O2 NN
significantly higher concentration of exosomes in FFs from older women. Kcps and concentration differences related s sifiwatiudbger

and older women are reported as Box plots with Whiskers. The rasonafl EV concentrations (R) between younger and older women for

DLS and NTA is shown.P#alues<0.01; P-value<0.05.
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vesiclemediated transport, mMRNA processing, apoptotic and RELA and CCND1 repsent other central genes in
signaling, nucleocytoplasmic transport, protein targeting these regulatory networks (Figure 6A, 6C).

and chromatin organization (Figure 4). Pathway analysis

showed that the validated targets related to DE common DISCUSSION

miRNAs were involved in the retation of 27 signaling

pathways. Among the most significant, we fourttyte Circulating miRNAs are present in most, if not all,
meiosis, MTOR signaling pathway, FoxO signaling  biological fluids: they can be free, associated with
pathway, p53 signaling pathway, HIF signaling protein complexes, or enclosed withirxtracellular
pathway and protein processing in the endoplasmic vesicles [25]. It is a common opinion that eede
reticulum(Figure 5). The threeatworks, built on the 46 miRNAs mediate cellular communication and represent

DE common miRNAs and enriched in the pathways noninvasive molecular biomarkers for many human
involved in the regulation of oocyte maturation, stress  pathologies [20, 21, 25]. Many papers have investigated
response and vesicle secretion, comprise 14, 6 and 11 miRNA expression profiles in biobical fluids by using

DE miRNAs, respectively (Figure 6). Six miRNAs are different technologies: these works have demonstrated

shared among the threeetworks: specifically, we that their altered regulation is associated with specific
identified miR16-5p, miR2143p and miR449a as cancer types or with other human diseases [20, 21]. The
downregulated, and miR25b, miR1555p and miR involvement of miRNAs in aging and their senescence

372 as upregulated (Figure 6). Moreover, TP53 is the related chamgs have been demonstrated in different
central node in two of the three networks (Figure 6A, 6B)  cellular models [26]In vivo, several miRNAs have been

Figure 3. Comparison of DE miRNA sets obtained by two normalization methods fqPRRDifferential expression analysis of

miRNAs from FF EVs, comparing older women to younger women and using two normalization methods revealed 64 DE miRNAs (gFC)
without considering the number of EVs, and 80 DE miRNAs (vFC) taking into account the nurabietesf Comparison between gFC and

VFC datasets identified 4 classes of DE miRANA&S for which we show a possible distributiqrepresented by vertical barsyithin the

individual EVs from the FF of the two groups of women according to an EV ratio(ofder vs younger).
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