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Extracellular Vesicles and their miRNA
Cargo: A Means of Communication
between Soma and Germline in the
Mammalian Reproductive System
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Abstract: MicroRNAs (miRNAs) are small non-coding RNAs able to silence gene expression by RNA interference.
They are present in cells but many are contained in extracellular vesicles (EVs) that can be released by cells in
the circulation. Circulating EVs can encounter other cells in the body and deliver their miRNA cargo. This process
enables long-range communication between different cells and has been proposed to play important physiolog-
ical roles. One of these roles that remains less well studied is in the reproductive system. In ovaries and testes,
constant communication between somatic cells and developing germ cells is necessary for their maturation and
EVs have been proposed to contribute to this communication. EVs might also enable external factors derived
from environmental exposure to reach gametes and keep a trace of exposure for the offspring.
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1. Introduction

MicroRNAs (miRNAs) are a type of small non-coding RNAs
that can silence the expression of genes by RNA interference.
They are involved in the regulation of many biological processes
including cell differentiation, proliferation and apoptosis during
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development and adulthood. Many miRNAs are phylogenetically
conserved.!!l Their biogenesis starts with the transcription of a
primary double-stranded miRNA (pri-miRNA) by RNA polymer-
ase II or IIL2! which adopts a hairpin secondary structure. Pri-
miRNAs are then cleaved in pre-miRNAs by the RNase Drosha,?!
which acts in a microprocessor complex.[3! Pre-miRNAs are then
exported outside the nucleus by Exportin-541 and further pro-
cessed in the cytoplasm by Dicer,l5! which cleaves the hairpin
enabling the two strands to dissociate. Mature miRNAs can regu-
late gene expressionl® by interfering with target messenger RNAs
(mRNA) in two ways. If they are in a minority compared to their
target mRNAs, they associate with RISC (RNA-induced silencing
complex) through proteins of the Argonaute family such as AGO2
that recognise miRNAs, then bind to the mRNAs.[7I RISC cleaves
the mRNAs and the resulting fragments can themselves become
interfering RNAs, thereby amplifying silencing.!8! It was shown
in plants that if miRNAs are abundant compared to the target
mRNAs, they associate with proteins of the RITS (RNA-induced
transcriptional silencing) complex, then bind to the mRNAs for
silencing!”! (Fig. 1).

In mammals, miRNAs can be secreted by cells and circulate
either freely®! in HDL or LDL,!'% or in extracellular vesicles
(EVs).["I' EVs and their miRNAs cargo play major roles in dif-
ferent biological processes such as proliferation, apoptosis and
angiogenesis,!'2 and have been associated with diseases such as
cancers and nervous system pathologies.[!0]

MiRNAs also fulfil important functions in reproduction, in
particular in the maturation of gametes. In females, oocytes are
associated with follicular somatic cells and mature collectively in
the ovary,[13] while in males, sperm cells mature in the epididymis
where they acquire motility and the ability to fertilise an egg.[12]
These steps of final maturation rely on the local microenviron-
ment and involve EVs and their miRNA cargo.!!4l These miRNAs
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Fig. 1. Biogenesis of miRNAs and transfer from the cell of origin to the target cell.

are important for reproductive functions themselves but are al-
so thought to be carriers of parental information reflecting past
experiences and environmental exposure. Since miRNAs can be
modified by factors like diet, stress, endocrine disruptor exposure,
etc., their presence in gametes may be a way to keep traces of pa-
rental exposure. Today, miRNAs in EVs of the reproductive tract
are considered as potential vectors of information transfer from
parent to offspring.

2. Intercellular Communication via miRNAs
Transported in EVs

2.1 Diversity of EVs

EVs are very diverse and can be produced by and targeted to
various cell types and contribute to multiple biological processes.
Initially thought to be involved in the elimination of cell debris,
they are now considered as major physiological regulators of bio-
logical functions in health and disease.[!S] EVs can be isolated,
quantified and classified into subtypes but the procedures are dif-
ficult and often not specific.['6] No marker has been identified to
establish an efficient classification!!'”l but vesicles can be distin-
guished by size. Exosomes are traditionally vesicles of 30 and
150 nm diameter and microvesicles between 50 nm to 1 wm.[!8.19]
Size is, however, not an ideal parameter to distinguish vesicles be-
cause some exosomes and microvesicles overlap in size.['”l EVs
can also be sorted depending on their biogenesis. Exosomes derive
from maturing late endosomes, whose membrane buds inwardly
to form multivesicular bodies. This invagination can be mediated
by the protein complex ESCRT (Endosomal Sorting Complexes
Required for Transport)[29-221 or rely on the presence of sphingo-
lipid ceramides.[23-241 Multivesicular bodies are then targeted to
the plasma membrane and release the vesicles they contain out
of the cell by fusion.[?>] Microvesicles arise from budding of the
plasma membrane itself, which can involve a redistribution of
phospholipids2®! and contraction of the acto-myosin network.[27]
The generic term of EVs will be used in this review.

Upon secretion, EVs are transferred into the extracellular ma-
trix or the bloodstream, through which they can reach other cells.
They are recognized by cells through protein—protein interactions
involving for example membrane proteins such as tetraspanins!28]

and integrins,?! or heparin sulphate proteoglycans.% EVs are
then internalised by target cells through endocytosis,!?%! or fusion
with the plasma membrane as is the case in low pH conditions
in tumours.3!1 EV content varies highly depending on cell type,
mode of production and physiological conditions. They can con-
tain proteins involved in the production of vesicles, transcription
factors,[3233] proteins involved in gap junctions like connexins,
etc.I3 They also contain lipids that come from their cell of ori-
gin, some of which are required for internalisation by the target
cell, for instance, phosphatidylserine on the outer part of the lipid
bilayer.33] EVs are also rich in nucleic acids including mRNAs,
long and small non-coding RNAs such as miRNAs, circRNAs
(circular RNAs) and tRNAs (transfer RNAs), and tRNAs frag-
ments (tRFs)[36:37] and can sometimes contain DNA..[38

2.2 miRNA Sorting into EVs

miRNAs are not randomly packed into EVs but are active-
ly sorted.[3¥1 While some miRNAs are found essentially in cells,
others are found in EVs, and are called EXOmiRNAs.36 MiRNA
sorting in EVs inside the cell of origin operates via three main
mechanisms.

Recognition of short sequences found on EXOmiRNAs: the
EXOmotifs. Two of the most common EXOmotifs are GGAG
located in 3' of the miRNA and C/UCCU/G located anywhere
in the miRNA.[10 EXOmotifs are recognised by ribonucleopro-
teins such as hnRNP A2B1 (heterogeneous ribonucleoprotein
A2B1), a factor that exists as a cellular and exosomal form.
The exosomal form is larger because it contains an addition-
al SUMO residue necessary for EXOmiRNA sorting, thought
to change hnRNP A2B1 subcellular localisation.l*91 Another
ribonucleoprotein, Syncrip/hnRNP Q (synaptotagmin-bind-
ing protein), exists in hepatocytes and contributes to miRNA
packaging into EVs. Its knock-down alters the packaging.[*!]
Syncrip contains three RRM (RNA recognition motif) and a
non-canonical N-terminal RNA-binding domain that has high
sequence specificity. The N-terminal domain recognises the
EXOmotif GGCU/A of miRNAs and the affinity of the interac-
tion is increased by cooperation with the canonical RRM. This
cooperation enables Syncrip to recognise EXOmiRNAs with
different 5' seed sequences.[42]
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Recognition of a posttranslational modification on miRNAs.
miRNAs with a 3' adenylation are found preferentially in cells,
whereas miRNAs with a 3' uridylation tend to be found in EVs,[43]
suggesting that 3' uridylation may be a sorting mechanism.

Recognition by a RISC protein. In human liver stem-like
cells, AGO2 was shown to have a role in miRNA sorting by co-
operating with Alix, a protein of the ESCRT machinery.[?! Co-
immunoprecipitation analyses showed that Alix bound to both
AGO?2 and miRNAs, and its knock-down significantly reduces
miRNA in EVs.[44

Connexins may allow the formation of gap junctions between
exosomes and their target cells, thus enabling EVs to release their
content into the cytoplasm.[*5] Once taken-up by the target cell,
miRNA may act inside the cell to alter gene expression. For exam-
ple, it was shown recently that exosomes secreted from adipose tis-
sue deliver miRNA that regulate gene expression in a distant tissue
such as the liver.[46] Thus, EVs and their RNA content are a means
of cell-to-cell communication used in several biological contexts.

3. Role of EV-mediated Communication in the Male
Reproductive System

Spermatogenesis is a complex process of production and
maturation of reproductive cells that occurs in testes. Once pro-
duced in the seminiferous tubules, sperm cells are released in
the epididymis, a long and narrow coiled tube (about 6 meters
in humans), where they circulate and continue to mature. The
epididymis is divided into three parts, the head (caput) where
sperm enters, the body (corpus) through which sperm progress-
es and the tail (cauda), where it is stored until ejaculation. The
maturation of sperm cells, which takes place in the epididymis
and ends in the female genital tract with capacitation, confers
motility and the capacity to fertilise the oocyte.[!2] Because the
sperm genome is highly condensed, essentially by replacement of
most histones by protamines, it is transcriptionally silent. Thus,
its maturation is traditionally thought to not require transcription,
although many transcripts are found in spermatozoa.l*” ] Sperm
maturation is thought to be controlled by interactions between
sperm cells and their microenvironment including epithelial cells
in the epididymal lumen and the female genital tract during ca-
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pacitation.l*8] This cell-to-cell communication involves EVs, in
particular epididymosomes.

3.1 Characteristics and Content of Epididymosomes

Epididymosomes are produced by apocrine secretion from the
apical part of epithelial cells of the epididymis that releases a
bleb containing vesicles. The released bleb then disintegrates in
the lumen of the epididymis and releases its content!*?! (Fig. 2).
The released vesicles are a heterogeneous population of epididy-
mosomes of two main types, CD9+ or CD9-.1121 CD9+ epididy-
mosomes are the smallest and range from 10 to 100 nm. They
bind to live spermatozoa and are thought to be involved in the ac-
quisition of motility and egg recognition. CD9- epididymosomes
rather have an affinity for dead spermatozoa. They contain pro-
teins involved in ROS scavenging such as ELSPBP1 (EpididymaL
SPerm Binding Protein 1), and help protect live sperm cells from
factors released by dead spermatozoa.l>%!

Epididymosomes contain over 350 unique miRNAs!!2l and
their miRNA composition varies along the epididymis. A com-
parison of epididymosomes from caput and cauda in bovine
epididymis showed that, although vesicles have a comparable
structure in both parts of the epididymis, the amount of small
RNA s they contain is threefold higher in caput than cauda. But at
the same time, while some miRNAs are enriched in caput, others
are enriched in cauda, indicating that there are different popula-
tions of miRNAs across the different regions of the epididymis.
Further, the miRNA content of epididymosomes in one region
of the epididymis is different from that of epididymal epithelial
cells of that region, suggesting that miRNAs are regulated dif-
ferently in epididymosomes and epididymal cells. The shift in
epididymosomal miRNA content across the epididymis suggests
a changing microenvironment for each step of sperm matura-
tion.b!l Indeed, co-incubation of epididymosomes enriched in
specific miRNAs and sperm cells was recently shown to result
in the enrichment of sperm cells in these miRNAs,!'2l suggesting
that miRNA can be transferred between epididymosomes and
sperm cells.

MiRNAs transferred to maturing sperm cells through epididy-
mosomes have important roles for reproductive functions and for
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Fig. 2. EV mediated communication between sperm cells and the epididymis. A. Schematic representation of the testis and the epididymis. B.
Transfer of CD9+ and CD9- EVs to living and dead sperm cells. miRNAs are transferred from CD9+ vesicles to sperm cells, thus enabling so-
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the future embryo. Sperm cells from caput or cauda epididymis
have a different capacity to fertilise oocytes. Embryos generated
from caput sperm have defects during implantation and post-im-
plantation development, which can be rescued by adding miRNAs
from cauda sperm, suggesting that miRNAs gained during transit
in the epididymis are necessary for normal embryonic develop-
ment.52!

3.2 Role of the Transfer of EVs miRNAs between
Somatic Cells and Spermatozoa in Epigenetic
Inheritance

Epididymosomal miRNAs have also been suggested to play
a role in the transfer of parental information to the offspring and
contribute to a form of epigenetic inheritance. Recent studies
have shown that the sperm RNA can be modified by exposure
to environmental factors such as smoking!33! or chronic traumat-
ic stress.5431 When total sperm RNA is injected into fertilized
control oocytes (zygotes), behavioural and metabolic symptoms
are reproduced in the resulting offspring as well as the grand off-
spring.[331 A later study using a similar injection method suggested
that 9 miRNAs found to be altered by paternal stress can induce a
more rapid drop in corticosterone after an acute stress and showed
a causal link between miRNA alteration in the sperm and pheno-
type of the offspring.l5¢! However, no link has been established
between epididymosomes, miRNA and sperm epigenome modi-
fications in these studies.

A study in 2014 suggested that EVs mRNA, miRNA and
proteins enable the transfer of information between soma and
germline based on bioinformatic analyses.57! This was recently
supported by another study showing that under chronic heavy
alcohol exposure, the sperm content in small RNAs (including
miRNAs) is altered, and that one type of small RNAs (tDR: RNA
derived from tRNAs) is altered the same way in sperm and in
epididymosomes. This suggests that epididymosomes might play
a role in the communication of RNA changes between soma and
sperm cells,!58! possibly through long distances, but this needs to
be further investigated.[57]

4. Role of EV-mediated Communication in the Female
Reproductive System

In the female reproductive system, miRNAs can also be ex-
changed between cells through EVs circulating in body fluids.
Like in males, this transfer enables the communication of factors
which have a key role for reproduction and may play a role in the
inheritance of environmentally acquired traits.

4.1 Soma-Germline Communication in Follicular
Maturation

Primary oocytes are formed during embryonic life. They are
surrounded by pre-granulosa cells, which are ovarian somatic
cells and these form the primordial follicle. Those oocytes are
arrested at the prophase stage of the first division of meiosis. The
rest of meiosis and the oocyte maturation occur during reproduc-
tive cycles, in parallel with the development of follicles. There
is constant communication between germinal and somatic cells
at every step of oocyte and follicle formation.!'3] Several primor-
dial follicles are recruited and grow, only one or a few of which
(depending on the species) will be ovulated, and become prima-
ry and then secondary follicles: the pre-granulosa cells change
their shape and become granulosa cells, the oocyte grows and
the formation of zona pellucida begins, and the stromal cells turn
into theca cells. At that stage, the oocyte and somatic cells of the
follicle communicate, as they are physically linked by transzonal
projections.3 The next step is the antral stage, where granulosa
cells are separated into two groups: the mural granulosa cells on
the wall of the follicle, and the cumulus cells around the oocyte;
and where a cavity of fluid forms inside the follicle.[901 This

follicular fluid constitutes a microenvironment through which
growth factors, chemokines and cytokines(®!l as well as EVsl62]
are communicated to the oocyte, which seems critical for the
quality of the oocyte and its ability to be fertilized.[!] After this,
there is a surge of the hormone LH (luteinizing hormone), which
triggers the resumption of meiosis and one or several oocytes
are ovulated.%!

4.2 Importance of the Transfer of EV miRNAs between
Soma and Oocytes for the Female Reproductive
System

Follicular fluid contains EVs carrying miRNA, which could
play a role in follicular maturation.%3] They probably target sig-
nalling pathways involved in oocyte growth,92! follicular mat-
uration, meiosis resumption and ovulation.[®4l Indeed, bioinfor-
matics studies in humans identified the presence of a cluster of
miRNAs carried by exosomes and enriched in follicular fluid
compared to plasma, which could be involved in pathways such
as WNT, TGFbeta, MAPK and ErbB. Two miRNAs involved in
the regulation of DNA (cytosine-5-)-methyltransferase 3 alpha
(DNMT3A) and DNA (cytosine-5-)-methyltransferase 3 beta
(DNMT3B) were also identified, suggesting a role of EVs miR-
NAs in the regulation of DNA methylation in the oocyte.[64

MiRNAs carried by EVs are involved in further stages of
female reproduction. After ovulation, the oocyte can be fertil-
ised by a mature sperm cell, which also involves cell-to-cell
communication through EVs. Before being able to fertilise an
oocyte, sperm cells need to complete their maturation. This phe-
nomenon, known as capacitation, involves miRNAs delivered by
oviductosomes (EVs secreted by the oviducts).[95] After fertilis-
ation, EV miRNAs are involved in the protection of the embryo
against viral infections(®®! and in the cross talk between embryo
and endometrium during embryo implantation.[67] Taken togeth-
er, these elements show the key role that EV miRNAs play in
female reproduction.

4.3 Transfer of RNA to the Offspring during Breast
Feeding?

Milk was shown to contain miRNAs,[981 most of which are
transported in EVs secreted by mammary epithelial cells or de-
rived from milk fat globules.[%% This might enable females to trans-
fer information to their offspring during breast feeding. For this,
EV miRNAs should resist digestion in the gastrointestinal tract of
the pup, be taken-up by intestinal cells and subsequently by other
organs, and then regulate gene expression in those tissues. Their
ability to meet these three requirements is still debated.

A study in 2015 showed that milk miRNAs are degraded
during digestion in mice, even if the fact that they are encapsu-
lated in exosomes confers them a certain resistance.l’" A model
of mice KO for two miRNAs abundant in milk (miR-375 and
miR-200c/141) was used to assess the miRNA uptake by the
intestine, liver and blood of pups fed with wild type milk. Very
low miR-375 and miR-200c levels were observed in the tissues
and blood, which suggests that there is no uptake of dietary miR-
NAs. However, several reports!’1:721 contradicted this study. For
example, a study in 2017 showed that after in vitro human diges-
tion, exosomes and their miRNA content were not significantly
altered.[721 They are then taken-up by macrophages and intestinal
epithelial cells of the offspring,l73] where they seem to be able to
regulate gene expression.!74l Whether or not EV miRNAs trans-
ferred through breast milk indeed contribute to communicate
information from the mother to her newborn requires additional
research.

5. Conclusion
In both male and female reproductive systems, EVs play an
important role in the communication between somatic cells and
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the germline. They carry small RNAs, such as miRNAs, that can
contribute at two levels. First, EV miRNAs enable the proper func-
tioning of the reproductive system itself. For example, miRNAs
carried by epididymosomes are essential for proper maturation of
sperm cells, which leads to an efficient implantation of the embryo
after fertilisation and a proper post-implantation development.[52]
EV miRNAs are also important for oocyte maturation and play
other roles in pregnancy. Second, some miRNAs can transfer fac-
tors that are acquired by the parents upon environmental exposure
across their life. These factors can be transferred during the mat-
uration of gametes and/or breast feeding. This way of transferring
information to the offspring based on a horizontal mode of com-
munication between somatic and germ cells during their last phas-
es of maturation is not classical. It suggests that environmental
cues can rapidly leave traces on gametes, which are thus potential-
ly transferred to the immediate offspring, allowing for a mode of
intergenerational epigenetic inheritance. The possibility that EVs
may convey information from distant organs to the germlinel5”]
opens exciting and promising new avenues for the field of EVs.

EVs are widely used in clinical research and they have various
therapeutic applications: they can be used in regenerative medi-
cine,[>761 as a vehicle for drug delivery,[76771 and as diagnostic
tools because they contain biomarkers that can indicate pathol-
ogies such as cancer.[7®! For these purposes, they can be isolated
from patients in clinical laboratories, for example by ultrafiltra-
tion followed by size-exclusion liquid chromatography.[’81 EVs
are a promising therapeutic tool, too, yet many challenges still
remain in this field. For example, the yield of the methods used to
isolate them could be improved, as well as the quality and purity
of the EVs obtained.[”! Delivery of exosomes to the target organ-
ism also remains to be optimised, as a significant amount of EVs
are taken up by macrophages instead of the target cell.[80]
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