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Abstract Extracellular vesicles (EVs) released by mouse
embryonic stem cells (mESCs) are considered a source of
bioactive molecules that modulate their microenvironment
by acting on intercellular communication. Either intracel-
lular endosomal machinery or their derived EVs have been
considered a relevant system of signal circuits processing.
Herein, we show that these features are found in mESCs.
Ultrastructural analysis revealed structures and organelles of
the endosomal system such as coated pits and endocytosis-
related vesicles, prominent rough endoplasmic reticulum
and Golgi apparatus, and multivesicular bodies (MVBs)
containing either few or many intraluminal vesicles (ILVs)
that could be released as exosomes to extracellular milieu.
Besides, budding vesicles shed from the plasma membrane
to the extracellular space is suggestive of microvesicle bio-
genesis in mESCs. mESCs and mouse blastocyst express
specific markers of the Endosomal Sorting Complex
Required for Transport (ESCRT) system. Ultrastructural
analysis and Nanoparticle Tracking Analysis (NTA) of iso-
lated EVs revealed a heterogeneous population of exosomes
and microvesicles released by mESCs. These vesicles con-
tain Wnt10b and the Notch ligand Delta-like 4 (DLL4) and
also the co-chaperone stress inducible protein 1 (STI1) and
its partner Hsp90. Wnt10b and DIl4 colocalize with EVs
biogenesis markers in mESCs. Overall, the present study
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supports the function of the mESCs endocytic network and
their EVs as players in stem cell biology.

Keywords Mouse embryonic stem cells - Extracellular
vesicles - Vesicles biogenesis - Endosomal trafficking -
Transmission electron microscopy

Introduction

Embryonic stem cells (ESCs) are generally derived from the
inner cell mass (ICM) of the pre-implantation embryo and
are extensively used as a model to study the early mamma-
lian development. ESCs are characterized by three peculiar
features: pluripotency, self-renewal and limitless prolifera-
tion. The conservation of a pluripotent state is the result of
a reciprocal effect between several signaling pathways such
as transcriptional regulation circuitry, epigenetic control of
gene expression, and singular cell cycle maintenance [1-3].

Within their microenvironment, ESCs are sensitive to
multiple signals and play roles that collectively regulate their
fate and their function in a spatiotemporal manner. These
extrinsic cellular factors include soluble and immobilized
factors, extracellular matrix molecules as well as signals
presented by neighborhood cells. The adequate presenta-
tion of these numerous regulatory signals is necessary for
the correct tissue development and homeostasis [4—7]. Thus,
the ESCs phenotype is continuously adjusted by the spe-
cific conditions of the microenvironment in which they are
inserted.

There is growing evidence indicating a role for vesicles
released by different cell types to the extracellular envi-
ronment as carriers of signaling molecules, including pro-
teins, lipids and small RNAs [8—10]. These extracellular
vesicles (EVs) are considered novel members of cellular
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microenvironment because they can regulate specific intra-
cellular signaling modulating target-cell phenotype, and
function. These EVs include the most common defined
nomenclatures, exosomes and microvesicles, that differ
based on their biogenesis processes and biophysical prop-
erties, such as size and content [11].

Exosomes are small homogenous particles sizing between
40 and 100 nm in diameter and are derived from the recycle
endocytic pathway. They are intraluminal vesicles (ILVs)
found inside of multivesicular bodies (MVBs) that can fuse
with the plasma membrane and release their ILVs to the
extracellular milieu as exosomes or be directed to degrada-
tion through lysosomes. The microvesicles are a more het-
erogeneous population, sizing 50 to 1000 nm in diameter
and are produced through direct budding from the plasma
membrane, thus carrying the same components found in the
original cell membrane [12-16].

Although many efforts have been made to explain stem
cell plasticity based on external signaling molecules,
receptors, and target gene activation, some evidence sug-
gest that signal transduction mediated by endosomes-like
compartments and/or endosome-associated proteins may
play a relevant role in intracellular signal amplification and
regulation [17-20]. Hence, investigating the role of EVs
from ESCs as microenvironment modulators and how the
endocytic machinery works in ESCs may help elucidating
the mechanisms required to control stem cell plasticity and
reprogramming.

Here, we present ultrastructural and biochemical evidence
of vesicles biogenesis machinery in mouse ESCs (mESCs)
and blastocysts and highlight the importance of the endo-
cytic processes and the participation of EVs as potential
players of stemness and cell fate commitment.

Materials and Methods
Cell Culture

E14.Tg2a mES cell line derived from Mus Musculus strain
129/0la3 (American Type Culture Collection, ATCC; CRL-
1821) was cultivated in a feeder cell independent manner.
The pluripotency status of this cell line was confirmed by
immunofluorescence reaction, gPCR, western blotting,
alkaline phosphatase staining and teratoma formation (data
not shown). Briefly, cells were maintained on 0.1% gelatin-
coated tissue culture dishes in GMEM (Invitrogen) medium
supplemented with 2 mM glutamine, 1 mM sodium pyru-
vate, 1% nonessential amino acids, 15% Fetal Bovine Serum
(FBS, Gibco), 50 uM B-mercaptoethanol, penicillin/strep-
tomycin (1%) and 1000 U/ml Leukemia Inhibitory Factor
(ESGRO® LIF; Millipore, Billerica, MA), pH7.4, at 37 °C
in a water-saturated atmosphere containing 5% CO,. For

conditioned medium preparation, FBS were ultracentrifuged
at 100,000 g for 16 h for extracellular vesicles depletion [21]
and used to prepare the medium as described above.

Mouse Embryos Collection

Mice from both C57BL/6 and C57BL/6-Ola background
were used for embryos collection. Briefly, 3.5-d.p.c pregnant
mice were euthanized and the uterus removed. The uterine
horns were flushed with HBSS into a Petri dish. The flushed
embryos at late blastocyst stage were collected by using a
mouth pipette and transferred to a paraformaldehyde (PFA)
4% solution for fixation. The current study was approved
by the Ethical Committee for Animal Research of Institute
of Biomedical Sciences, University of Sao Paulo (protocol
number 21/2013).

Isolation of EVs from mESCs Medium

Conditioned medium was prepared as previously described
[21]. Briefly, E14.Tg2a cells, grown in 100 mm culture
dishes, were washed three times with phosphate-buffered
saline (PBS) and cultured in 15% exosome-depleted serum
containing medium for 48 h. The supernatant was collected
on ice and pre-cleared by centrifugation (300 g for 10 min,
2,000 g for 10 min, and 10,000 g for 30 min). Purification of
EVs was done by ultracentrifugation at 100,000 g for 70 min
in an SW40Ti rotor (Beckman-Coulter, Brea, CA, USA).
The pellet from ultracentrifugation was resuspended in PFA
4% for electron microscopy processing, in RIPA buffer for
immunoblotting analysis.

Immunoblotting Analysis

E14.Tg2a cells lysate were performed using RIPA buffer
(50 mM Tris HCI pH7.5; 150 mM NaCl; 2 mM EDTA; 0.5%
Triton; 0.5% Sodium Deoxycholate) plus a protease inhibi-
tor cocktail. The same buffer was used to resuspend EVs
pellet, but EVs protein extract was not submitted to protein
quantification. Cellular protein extract was quantified by the
Bradford method with bovine serum albumin as the standard
curve. Protein extract (4, 20 and 25 pg) in sample buffer
were separated by SDS-PAGE on a 10% polyacrylamide
gel at a constant voltage of 120 V and transferred onto a
nitrocellulose membrane in a semi-dry system (Trans-Blot
Turbo System, Bio-Rad) for 7 min at constant amperage
of 1.3 mA. For membrane blocking, 5% non-fat milk and
0.1% Tween 20 in TBS was added for 1 h under agitation
at room temperature. The membranes were then incubated
with primary antibodies rabbit anti-flotilin (Abcam), mouse
anti-HSP90 (Cell Signaling), rabbit anti-Alix, mouse anti-
Tsgl01 (Sigma), goat anti-Wnt10b (Santa Cruz), rabbit
anti-DLL4 (Abcam) or rabbit anti-STI1 [22] overnight at
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4 °C. Membranes were then washed and probed with the
respective peroxidase-conjugated secondary antibodies (Inv-
itrogen, Life Technologies), for 1 h under agitation at room
temperature. Reactions were developed using ECL (GE Life
Sciences, Uppsala, Sweden), and membranes were exposed
to Hyperfilm (GE).

Immunofluorescence Assay

For immunodetection of pluripotency and endosomal traf-
ficking machinery markers, E14.Tg2a cells were grown in
Ibidi-Treat p-slide (Ibidi, Martinsried, Germany) for 48 h.
Cells or embryos were fixed with 4% paraformaldehyde/
sucrose in PBS for 15 min, washed three times with PBS
and then incubated for 1 h in a blocking solution contain-
ing 5% BSA, 0.3% Triton-X 100 diluted in PBS. Samples
were incubated overnight at 4 °C with primary antibodies
raised against mouse anti-Oct3/4 (Santa Cruz), rabbit anti-
Nanog (Cell Signaling), mouse anti-SSEA1 (Cell Signal-
ing), mouse anti-LBPA (Echelon), mouse anti-Alix, rabbit
anti-Rab5, rabbit anti-flotilin (Abcam), rabbit anti-VPS36
(Abcam), rabbit anti-Rab27b (Sigma), rabbit anti-VPS4
(Sigma), mouse anti-CD63 (Millipore), goat anti-Wnt10b
(Santa Cruz), mouse anti-CD9 (Millipore), rabbit anti-DLL4
(Abcam), mouse anti-Tsgl101 (Sigma) or rabbit anti-SHH
(Cell Signaling). Samples were washed three times with
PBS, followed by 1 h incubation with the respective sec-
ondary conjugated with Alexa Fluor-488, -546, -633 or -647
(Thermo Fisher Scientific). Counterstaining of cell nuclei
was achieved with 0.1% of 49,6-diamidino-2 phenylindole
(DAPI) or TO-PRO-3. After washing with PBS, embryos
were kept in PBS and the slides wells were covered with
anti-fade solution (glycerol:PBS pH9, 9:1) and examined
on an Axio Vert. Al Carl Zeiss epifluorescence microscope
(Zeiss, Aalen, Germany) or on a confocal microscope (Leica
TCS SP2 or Zeiss LSM 780-NLO Multiphoton). Images
were analysed using LSM software (Zeiss) or ImageJ (NIH).

Transmission Electron Microscopy

E14.Tg2a cells were cultured in ACLAR® Film pre-treated
with poli-L-lysine (50 pg/mL) for 48 h. Cells were fixed in a
mix of 1:1 medium:2.5% glutaraldehyde in 0.1M cacodylate
buffer (pH 7.2) for 15 min at room temperature, and then in
2.5% glutaraldehyde in 0.1M cacodylate buffer (pH 7.2) for
2 h. Briefly, samples were post-fixed in 1% osmium tetrox-
ide in 0.1 M cacodylate buffer (pH 7.2) and dehydrated in
a graded series of ethanol at 4 °C. Samples were embedded
with ethanol/epon mixtures and polymerized in pure Epon
at 60 °C. Ultrathin sections were stained with uranyl acetate
and lead citrate. Samples were observed in a Jeol 100 CX
II transmission electron microscope from Electron Micros-
copy Center of Federal University of Sdo Paulo (CEME,
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UNIFESP) or Department of Cell and Developmental Biol-
ogy, Institute of Biomedical Sciences of University of Sao
Paulo (ICB-USP) or Department of Biomaterials and Oral
Biology, School of Dentistry (USP).

EVs obtained from ultracentrifugation were deposited
onto Formvar-carbon-coated electron microscopy grids,
fixed with a mixture of 2% paraformaldehyde and 0.125% of
glutaraldehyde. Samples were contrasted and embedded in a
mixture of methylcellulose and uranyl acetate, and observed
under a Jeol 100 CX II transmission electron microscope
from CEME.

EVs Size and Quantification

Cells were cultured for 48 h with EVs-depleted medium and
conditioned media were centrifuged as previously mentioned
before analysis. The particle number and size of EVs was
counted by a Nanoparticle Tracking Analysis (NTA) device
(Nanosight LM20, coupled to a CCD camera and a laser
emitting a 60-mW beam at 405- nm wavelength).

RNA Detection and Quality

RNA from mESCs and EVs was isolated using Trizol (Inv-
itrogen, Paisley, UK) according to the manufacturer’s pro-
tocol. Detection, quality, and size of RNA were performed
using capillary electrophoresis (Agilent RNA 6000 Nano
Kit for mESCs RNA and EVs RNA and Agilent Small RNA
Analysis Kit for EVs RNA) according to the manufacturer’s
protocol (Agilent 2100 Bioanalyzer®, Agilent Technologies,
Foster City, CA, USA).

Results
Ultrastructural Analysis of ESCs Morphology

Since little is known about the ultrastructure of mESCs, we
first evaluated their main structural features in detail using
transmission electron microscopy (TEM). Consistent to that
observed by light microscopy during the routinely main-
tenance of mESCs (Fig. 1a), these cells grow in an adher-
ent monolayer way forming isolated colonies (Fig. 1b, c).
This morphology was preserved due to the use of a specific
membrane (ACLAR Film) for mESCs plating to EM pro-
cessing. Different stages of cell cycles were observed in a
single colony. For instance, we observed some nuclei with
highly condensed chromatin and other nuclei with evident
euchromatin, heterochromatin and nucleolus (Fig. 1b, c, d).

The mESCs present a large nucleus that occupies most
part of the intracellular space with a scarce cytoplasm
(Fig. 1d). We also observed numerous mitochondria distrib-
uted across the cytoplasm (Fig. 1b) and a well-preserved



Stem Cell Rev and Rep (2018) 14:262-276 265

peripheral cytoskeleton architecture represented by an actin-  Ultrastructural Analysis of Endocytic Events in ESCs
rich layer in cell cortex (Fig. 1g).
We next focused on describing the ultrastructure of endo-
cytic pathways and intracellular vesicle trafficking. The
Golgi apparatus was clearly visible with its cisternae and
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«Fig. 1 Ultrastructural analysis of mouse embryonic stem cells
(mESCs). a-d: Overview of mESCs characteristics. a Light micros-
copy image from a routinely mESCs culture showing the isolated col-
onies formed after 48 h. b and ¢ Overview of a mESCs group near the
colony border (asterisc). Note mitochondria (arrow in b) and mitotic
events in some cells (arrow in ¢). d Zoom in on an ESC colony. Note
the high nucleus:cytoplasm ratio (N =nucleolus, H=heterochroma-
tin, E=euchromatin). e Golgi apparatus with organized cisternae and
transport vesicles (arrow head). f Vesicles (arrow head) near rough
endoplasmic reticulum (RER) (arrow). g Preserved cytoskeleton
architecture in membrane vicinity (arrow indicates actin-rich layer).
h-1 Endocytosis and/or exocytosis events. h Coated pits indicating
clathrin-mediated endocytosis (arrow). Note mitochondria with round
and oval shape (asterisc). i Coated vesicles in the cytoplasm (arrow).
J and k Shedding vesicles from the plasma membrane. j Budding
of vesicles (arrow). Note the RER (arrow head) and a lipid droplet
(asterisc). k Moment of vesicle release. Note the membrane integrity
deformation (arrow), possibly due to microvesicle budding. 1 Uptake
or release of vesicles. Scale bars: a: 50 um; b, d, e, j: 2 um; ¢: 5 um;
f, g i: 0.5 um; h: 0.2 um; k, 1: 100 nm

vesicles distributed in its vicinity (Fig. le) and near to the
nucleus and to the rough endoplasmic reticulum (RER)
(Fig. 19).

Clathrin-mediated endocytosis was often seen in the
plasma membrane and clathrin-coated endocytic vesicles
were seen in the cytoplasm (Fig. 1h, i). In some cells, but not
all, we noted events related to the release of vesicles from
the plasma membrane (Fig. 1j, k), which could be referred
to as microvesicles. In some cases, we noticed a small
region showing disruption of the cell membrane near the
EV, suggesting that it has just been budded from the mem-
brane (Fig. 1k). This phenomenon suggests a mechanism
of microvesicles formation. Events that resemble vesicles
uptake were also observed in these cells (Fig. 11) indicating
that mESCs may use EVs as intercellular communication
and as a way to sense their microenvironment.

Since the endosomal network is evident and active in
these cells, we looked for MVBs, which are structures
related to exosomes biogenesis. As shown in the panels of
the Fig. 2 (a-i), strong evidence of the presence of MVBs in
mESCs were found. MVBs are spherical and limited by a
double membrane and contain ILVs generated by invagina-
tion and scission from the limiting membrane of the endo-
some. MVBs may either fuse with lysosome to be degraded
or may fuse with the plasma membrane in which case they
release ILVs to the extracellular environment and become
exosomes. MVBs contain a variable number of ILVs and are
surrounded by and connected with tubular compartments
(Fig. 2c, d, h). The tubular extension connects the MVBs
to endosomal protein sorting compartments, as evidenced
by the proximity to RER and polyribosomes (Fig. 2b, d,
h). We also noted the presence of vesicles in their vicin-
ity (Fig. 2c, d, e, h). In some cases, we observed endoso-
mal structures with heterogeneous content consisting of
many ILVs together with other lamellar and electron dense
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structures (Fig. 2j, k, 1). Indeed, during the early steps of
the endocytic pathway, ILVs are small and homogeneous in
size, but intraluminal membranes become pleiomorphic in
late endosomes. Inside them, ILVs can combine with onion-
like lamellae in merged multivesicular-multilamellar regions
or domains [23, 24]. These events explain the presence of
some MVBs carrying heterogeneous content, which actually
illustrate the pleiomorphic nature of late endosomes.
Altogether, this detailed ultrastructural analysis of mESCs
confirms the presence of both exosomes and microvesicles
biogenesis, supporting a role for these EVs in ESCs biology.

EVs Biogenesis Machinery in mESC and Mouse
Blastocyst

The specific expression of classical transcription factors
confirmed the pluripotency status of mESCs cell line used
in this study (Fig. 3a, b). mESCs express Oct4, Sox2 and
Nanog in the nucleus and SSEA1 on their surface (Fig. 3a).
We next evaluated specific molecular markers for the bio-
genesis machinery in mESCs and mouse embryos through
immunofluorescence. The generation of ILVs inside MVBs
involves the action of components of the Endosomal Sorting
Complex Required for Transport (ESCRT) [25-27]. Vacu-
olar protein sorting 36 (VPS36), a member of ESCRT-II
complex, and Rab27b, a small GTPase that acts in the vesi-
cle transport to the membrane [28, 29], presented a punctate
distribution throughout the mESCs cytoplasm (Fig. 3¢c). Vac-
uolar protein sorting 4 (VPS4), which is an accessory protein
of ESCRT machinery, was found diffused in the cytoplasm
when we expected to find it in a punctate form (Fig. 3c).

The unconventional lipid lysobisphosphatidic acid
(LBPA), abundant in ILVs of late endosomes but not found
in early endosomes [30, 31], was observed in the perinuclear
region of mESCs, having either positive or negative cells in
the same colony (Fig. 3c).

In order to confirm the pattern of distribution of endo-
cytic markers presented in mESCs we used freshly collected
mouse embryos at early developmental stage (E3.5). This
stage corresponds to the late blastocyst which contains
the trophectoderm and the ICM from where ESCs can be
derived. VPS4 and Rab27b presented same pattern as seen
in mESCs (Fig. 4). In addition, Alix, an ESCRT acessory
protein, flotilin, a protein involved in endosomal traffick-
ing events, and Rab5, a Rab GTPase associated with the
sorting endosome and with endosomal fusion events, were
also visualized in the embryos, not only in ICM but also in
trophectoderm (Fig. 4).

The expression of these components, which associate to
vesicle biogenesis and trafficking, strengthen the need to
consider the dynamic of endosomal compartmentalization
for ESCs function and for early developmental events.
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Fig. 2 Ultrastructural evidence of multivesicular bodies (MVBs)
and late endosomes. a Double membrane MVB (arrow) with two
cup-shaped double membrane intraluminal vesicles (ILVs). b MVB
near the plasma membrane (black arrow). Polyribosomes indicated
by white arrow. ¢ MVB (arrow) with tubular extension (arrow head).
d Two MBVs (arrows) with high amount of ILVs. Note the tubular

extension of the MVB on the top (arrow head). White arrow: Polyri-
bosomes. e, g and h MVB (black arrow) with surrounding vesicles. f
MVB (arrow) with few ILVs. i-l: MVB (arrow) with high quantity of
ILVs and more pleiomorphic shape. k-1: Lamellar structures (arrow
head in 1) and heterogeneous content in MVBs characterize late
endosomes. Scale bars: a, b, d: 500 nm; ¢, e, h-1: 200 nm; f, g: 2 um
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Fig. 3 Machinery of extracellular vesicles (EVs) biogenesis of pluri-
potent mouse embryonic stem cells (mESCs). a mESCs line immu-
nostained with pluripotency related markers, Oct4, Sox2, Nanog,
Stat3 and SSEA1. Nuclei were stained with TO-PRO-3. Bars: 50 pm.
b Immunoblotting detection of pluripotency factors in mESCs line
cell extract (10 pg). ¢ mESCs were immunostained with anti-vacuolar

EVs Profile Released by mESCs

In order to characterize the EVs secreted by mESCs, we used
the mESCs medium to isolate EVs through ultracentrifu-
gation protocol according to Théry et al., 2006 [21]. TEM
used to verify the ultrastructure of EVs indicated spherical,
membrane-surrounded vesicles and revealed a cup-shaped
morphology as commonly described for exosomes (Fig. 5a,
b). To determine vesicle size variation, we used NTA
(Nanosight). This analysis showed that most EVs detected
sizes between 50 and 150 nm in diameter (Fig. 5c), indicat-
ing vesicles ranging in size for exosomes. Through immu-
noblotting analysis we confirmed the presence of protein
generally found in EVs such as Alix, heat shock protein 90
(HSP90), flotilin and Tsg101 (Fig. 5d). We also confirmed
that mESCs EVs carry the co-chaperone stress inducible
protein 1 (STI1) (Fig. 5d), as do other EVs from distinct
cell types [32]. Ponceau staining revealed differential protein
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protein sorting 36 (VPS36), member of ESCRT-II; b anti-Rab27b, a
Rab GTPase that regulates vesicles exocytosis; ¢ anti-vacuolar protein
sorting 4 (VPS4), an AAA ATPase that participates of the ESCRT
machinery and d anti-lysobisphosphatidic acid (LBPA), considered a
marker of intraluminal vesicles. Nanog and Oct4 were used as marker
of pluripotent state of mESCs. Bars: 10 pm

content in nitrocellulose membrane-bound EVs protein
extracts compared to mESCs extracts (Fig. 5d). Moreo-
ver, mESCs EVs carry the membrane-associated proteins
Wnt10b and Notch ligand Delta-like 4 (DLL4), members
of the developmental signals WNT and Notch (Fig. 5e).
Besides detection of proteins and specific markers, small
RNAs were also detected (Fig. 5f). The RNA profile analysis
revealed that total RNA from EVs does not contain ribo-
somal RNA (rRNA) as noted by the absence of the appar-
ent peaks 18S and 28S rRNAs, clearly seen in mESCs total
RNA. This assay showed that the majority of total EVs-
derived RNA is below 1 kb, revealing that small RNAs are
abundant in mESCs derived EVs (Fig. 5f).

Since Wnt10b and DLL4 were present in mESCs EVs,
their intracellular distribution and potential association with
vesicles biogenesis markers were addressed in mESCs by
immunofluorescence. Wnt10b and DLL4 partially colocal-
ized with CD9, CD63, Tsg101 or Vps36 (Fig. 6) suggesting
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«Fig. 4 Extracellular vesicles (EVs) biogenesis markers in mouse
embryos. Embryos in blastocyst stage from both C57BL/6 or
C57BL/6-Ola background were immunostained with anti-Alix, an
ESCRT acessory protein; anti-flotilin, protein involved in endosomal
trafficking events; anti-vacuolar protein sorting 4 (VPS4), an AAA
ATPase that participates of the ESCRT machinery; anti-Rab5, a Rab
GTPase associated with the sorting endosome and endosomal fusion
events; anti-Rab27b, a Rab GTPase that regulates vesicles exocyto-
sis. Nanog and Oct4 were used as marker of pluripotent state. Bars:
10 pm

an alternative route of release besides their canonical secre-
tory pathway.

Discussion

Embryonic stem cells have been extensively applied in
developmental model studies due to their particular fea-
tures of pluripotency, self-renewal and unlimited prolifera-
tion, which characterize them as highly plastic cells. Many
efforts have been made to reveal the molecular mechanism
of the pluripotency state of ESCs and cell fate commitment.
How these cells sense and process the information from their
microenvironment, how they communicate with neighbor-
hood cells and the biological consequences of that and, in
which moment and why they choose to commit to a specific
phenotype are still unanswered questions that are under
intense debate [33-37].

EVs have emerged as important players, transferring
information between cells due to their capacity of transport-
ing specific molecules from their origin cell in the autocrine
and/or paracrine ways. These molecules involve big mol-
ecules such as proteins and bioactive lipids to small RNAs
like microRNA that upon target cell uptake may play a role
in intracellular signaling such as mRNA silencing or signal
networks (in) activation. As for stem cells (embryonic or
adult) plasticity, EVs may support a mechanism to regulate
target cell phenotype, which in turn leads to cell fate choice
and cell fate switching [38—41].

Although additional studies are needed to define molecu-
lar mechanisms of EVs biogenesis and their biological sig-
nificance in mESCs, our study reveals enhanced ultrastruc-
tural details of EVs biogenesis and their release by mESCs
in vitro. Our initial ultrastructural analysis of mESCs showed
that these cells presented a high nuclei:cytoplasm ratio,
with the nuclei with abundant euchromatin and a sparse
heterochromatic region. The colony of mESCs formed in
vitro displayed some cells in mitosis showing the mESCs
proliferative feature. Lipid droplets were rarely seen in the
cytosol. The cytoplasm was characterized by many mito-
chondria, varying from small rounded with few transverse
cristae to more egg shaped and pleiomorphic ones. The
cells showed prominent RER with polyribosomes in the
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cytoplasm, as well as smooth endoplasmic reticulum and
Golgi complexes with secretory vesicles (Fig. 1). These
characteristics strongly support the high capacity of protein
synthesis and secretion and metabolic activity of mESCs.
Furthermore, other components of the endosomal traffick-
ing system were revealed by the presence of coated pits and
vesicles, indicating occurrence of clathrin-mediated endocy-
tosis; MVBs with low or high quantities of ILVs resembling
early, transient or late endosomes; MVBs with multilamel-
lar and multivesicular content resembling late endosomes;
and MVBs with tubular extensions that connect them to
endosomal protein sorting compartments (Figs. 1 and 2)
[42, 43]. In fact, the MVBs are also considered a source of
ILVs that are released as exosomes upon fusion of MVBs
with the plasma membrane. Therefore, both the presence of
MVBs, and the apparent budding vesicles that shed from
the plasma membrane into the extracellular milieu, and the
EM of isolated EVs strongly support the feature of ESCs as
a potential source of exosomes and microvesicles, which in
turn can play a role on intercellular communication during
early development.

Besides their direct involvement with EVs biogenesis,
components of the endosomal transport machinery have
been involved to promote spatial and temporal control over
specific stem cell signaling networks. For instance, the JAK/
STAT pathway activation, among other signaling pathways,
that has been implicated in maintenance of the pluripotent
status of ESCs does require STAT3 translocation to the
nucleus [44—47]. Interestingly, a protein of the endocytic
system, Asrij, has been shown to interact with STAT3 [49].
Asrij colocalizes with STAT3 in endosomes and aids STAT3
activation, by which it exerts an essential role on stemness
maintenance in mESCs [48]. Another example is Wnt sign-
aling. The canonical Wnt pathway requires inhibition of
GSK3 activity, and this inhibition contributes to maintain
a pluripotent state of ESCs [49, 50]. Indeed, Taelman et al.
[51] showed that Wnt signaling leads to the sequestration of
GSK3 from the cytosol into MVBs, which then separates the
enzyme and its cytosolic substrates [51].

The cellular distribution of conventional exosome bio-
genesis pathway was assessed either in the mESCs or in
the blastocysts. We observed that VPS36 and Rab27b were
apparent throughout the cytoplasm and had a punctate form.
VPS4 was diffuse and LBPA was highly expressed and
aggregated in the perinuclear region in some cells and in
others appeared smaller and spread in the cytoplasm (Figs. 3
and 4). The expression of these molecules supports the pres-
ence of the machinery involved in the exosome biogenesis,
or at least in the endosomal transport system. Some of these
molecules are members of the ESCRT system. ESCRT com-
plexes are composed of four members (ESCRT-0, -1, -II and
—III), and other accessory proteins (VPS4, VTA1, ALIX).
Briefly, ESCRT-O0 acts in the clustering ubiquitinylated cargo
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Alix 96KDa
HSP90 90KDa
ST 66KDa
Flot 47KDa
Tsg101 43KDa

Ponceau

Fig. 5 Characterization of mESCs-derived extracellular vesicles iso-
lated by ultracentrifugation. a-b: Ultrastructural morphology showing
round double-membrane cup-shaped vesicles. ¢ Size and quantifica-
tion of EVs by NTA technique showing high amount of EVs with
diameter ranging from 50 to 150 nm. Bars indicate mean+ SEM for
two independent experiments. d Immunoblotting detection of Alix,
heat shock protein 90 (HSP90), stress-inducible protein 1 (STI1), flo-
tilin and Tsg101 in both cell extract (mESCs) and EVs extract (EVs).
Profile of the total protein extracts of mESCs and EVs visualized by
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EVs extract (EVs). f Bioanalyzer data of total RNA isolated from
mESCs and EVs showing the size distribution of RNA. The two main
peaks in mESCs RNA correspond to 18S (1900nt) and 28S (4700nt)
ribosomal RNA, respectively. EVs-derived RNA is more enriched in
small RNA (peak from 30 to 250nt) and peaks of rRNA are not evi-
dent in EVs total RNA. FU: fluorescence units. nt: nucleotides
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Fig. 6 Exosomes and EVs
biogenesis markers co-localize
with morphogens in mESCs.
mESCs were immunostained
with Wnt10b and tetraspanins
used as exosome markers

(CD9 and CD63) and also
anti-vacuolar protein sorting 36
(VPS36), member of ESCRT-II.
mESCs were immunostained
with DLL4 and CD9, CD63 or
VPS36. Nuclei were stained
with TO-PRO-3 (in blue). Inset
shows higher magnification of
colocalization area depicted by
arrows. Bars: 10 pm

Wnt10b
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in the endosomal membrane. ESCRT-I (Tsgl101, Vps28,
Vps37, MVB12, and UBAP1) and ESCRT-II (VPS36,
VPS22, VPS25) are responsible for membrane budding
whereas ESCRT-III (CHMP 1-7, IST1) cleaves the budded
membrane by fission [25-27, 52, 53]. LBPA is an uncon-
ventional phospholipid recently found to interact specifi-
cally with ALIX and thereby may play a direct role in the
ESCRT-dependent ILVs formation within late endosomes
[31, 54, 55]. Although it has been described only in ILVs of
late endosomes destined to lysosomes [56], one study has
shown that LBPA can be present in exosomes as ALIX does
[57]. Nevertheless, we cannot state which destination the
LBPA-positive ILVs of mESCs may take.

After confirming the existence of EVs machinery in
mESCs, the structural analysis of EVs, purified by ultra-
centrifugation, showed the presence of double-membrane
round-shaped vesicles. NTA technology showed that most
EVs isolated by the ultracentrifugation protocol used in this
study range from 50 to 150 nm. Based on the size, these data
suggest that the EVs are mostly exosomes, albeit microvesi-
cles were also detected, which indicates that the isolated
EVs correspond to an exosome-enriched heterogeneous
population of mESCs EVs.

Furthermore, we showed that mESCs-derived EVs are
enriched with small sized RNAs fraction, as observed by
a unique peak at Bioanalyzer RNA size profiling (Fig. 5),
which could include regulatory non-coding RNAs like miR-
NAs, piRNAs, snoRNAs, tsRNAs, among others. Addition-
ally, EVs of mESCs expressed documented markers such
as flotilin, HSP90, Alix and Tsg101 as expected. STI1 was
also present, corroborating previous works that found this
co-chaperone in EVs from other cell types such as astrocytes
[32]. As a co-chaperone, STI1 regulates HSP90 and HSP70
activity, by binding to both molecules forming a complex
responsible for the correct folding of target proteins [58—60].
Likewise STI1, HSP70 and HSP90 are also found in EVs,
but it is still unknow if they are complexed inside the EVs.
Alternativley, it is possible that STI1 acts as a co-chaperone
when released through EVs [61, 62]. Furthermore, STII is
related to ESCs pluripotency maintenance since it modulates
different processes like nuclear translocation of the tran-
scriptional factor STAT3 as well as regulation of embryoid
bodies formation from ESCs [63—-65]. Thereby, the confir-
mation of secreted STI1 by mESCs-derived EVs supports
the role of this protein in modulating processes related to
embryonic development. Altogether, the ultrastructural
evidence of isolated EVs and the detection of proteins and
the small RNAs enrichment strongly suggest that mESCs-
derived EVs underlie or synergize developmental events by
acting as carriers of regulatory molecules.

Indeed, some studies have demonstrated the capacity of
ESCs-derived EVs to induce epigenetic reprogramming
of target differentiated cells, such as adult hematopoietic

stem/progenitor cells, murine embryonic fibroblasts, reti-
nal progenitor Muller cells through proteins, mRNA and
miRNA delivery [38, 66, 67]. These studies have shown
that the horizontal transfer of protein/RNA-based informa-
tion induces morphological and transcriptional changes
towards a more de-differentiated and stemness phenotype.
Several evidence pointed out that EVs from different cell
sources also carry morphogens and other bioactive mol-
ecules important for embryonic development like Wnt,
Hedgehog and the Notch-ligand Delta, which were also
found in MVBs, therefore supporting a key role for EVs
in cell-to-cell communication during embryogenesis [39,
68-71]. These molecules can regulate processes including
body axis patterning, proliferation, polarity and migration,
stem cell renewal, cell fate specification, among others,
during development [72—75]. Supporting the new release
mechanism for morphogens, our data confirmed for the
first time that mESCs release the specific Wnt and Notch
signaling components, Wnt10b and DLL4, respectively,
via EVs. Western blot indicates that Wnt10b and DLL4 are
expressed in both cell lysates and EVs of mESCs (Fig. Se).
Consistently with the presence in EVs, the intracellular
distribution of Wnt10b and DLL4 in mESCs by immu-
nofluorescence revealed their colocalization to some EVs
biogenesis markers such as CD9, CD63 and Tsgl01 or
Vps36 (Fig. 6). DLL4 containing EVs were described to
be involved in activation or inhibition of Notch signaling
in the recipient cells [76, 77]. DLL4 released by EVs can
play a role in cell phenotype switch of endothelial cells by
modulating Notch receptor expression [76] and in angio-
genic sprouting suppression by inducing the Notch signal-
ing [77]. Wnt signaling members are found in the surface
of EVs and are able to activate Wnt signaling in target
cells [78]. So far, Wnt10b-containing EVs has only been
described in stromal fibroblasts, exerting a paracrine effect
in breast cancer cells [79]. More recently, the only work
that describes in detail the role of EVs secreted by mESCs
at the earliest embryo stage, reveals that mESCs EVs are
able to transfer their contents to trophoblasts, to promote
trophoblasts migration and to increase the efficiency of the
embryos implantation [74].

In summary, we have characterized elements that support
the presence of vesicle biogenesis machinery in mESCs. Our
data reveal the presence of vesicles biogenesis structures and
their molecular markers, and we also showed the nature of
isolated EVs. A schematic overview of ESCs-derived EVs
as components of ESC microenvironment and their possible
target cell effects is illustrated in Fig. 7. Hence, ours findings
provide basis for further studies to examine the biological
influence of EVs secreted by mESCs during early embry-
onic development and to unveil the relevance of a highly
active endosomal trafficking for stemness signaling circuits
in mESCs.
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Fig. 7 Extracellular vesicles (EVs) as potential modulators of stem
cell niche. EVs include microvesicles (in purple) shed from the cell
membrane (1), as well as exosomes (in blue) found inside multive-
sicular bodies (MVBs) formed through endocytic pathway (2). MVBs
fuse with membrane and release the exosomes (3) or can be directed
to degradation through lysosomes. In the microenvironment, EVs can
achieve a target cell and deliver their content through plasma mem-
brane fusion (4) or be internalized and fuse with the delimiting mem-
brane of an endocytic compartment (5). The release of their content
inside the recipient cell may modulate effects upon stemness status
(6). N: nucleus, Lys: lysosome
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