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Extracellular vesicles (EVs) and their cargo microRNAs (miRNAs) are important regula-
tors of embryo development to the blastocyst stage and beyond. Before implantation can
take place, hatching of blastocysts from their zona pellucida is required. However, under-
lying mechanisms by which blastocyst formation and hatching are initiated remain
largely unknown. Here, we provide evidence that embryonic EVs containing bta-miR-
378a-3p play a crucial role in blastocyst hatching, using a bovine model. A customized
procedure was used to isolate EV-miRNAs from culture droplets conditioned by individ-
ual bovine embryos that either developed to the blastocyst stage or did not (nonblasto-
cyst). RNA sequencing identified 69 differentially expressed miRNAs between EVs
derived from blastocyst conditioned medium (CM) and nonblastocyst CM. Among the
miRNAs up-regulated in blastocyst CM, we selected bta-miR-378a-3p for further valida-
tion by functionality testing on developing in vitro embryos by means of mimics and
inhibitors. Supplementing the embryo culture medium with miR-378a-3p mimic signifi-
cantly improved blastocyst quality, with higher cell numbers and reduced apoptosis, and
improved hatching, while the opposite was found after supplementation with miR-
378a-3p inhibitor (P < 0.01). Transcriptomic analysis of embryos treated with miR-378
mimic/inhibitor showed differential expression (P < 0.01) of genes associated with
embryo development and implantation, including RAPIGAP, ARFGEF2, SLC7AG,
CENPA, SP1, LDLR, PYCRI, MYD88, TPP1, and NCOA3. In conclusion, miR-378a-
3p is up-regulated in EVs secreted by embryos that develop to the blastocyst stage, and
this EV-derived miR-378a-3p increases blastocyst quality and regulates embryo hatching,
which is essential for embryo implantation.
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Mammalian fertilization represents the beginning of a new life. In many species,
embryo development can now partially take place in vitro, following a strict timeline of
developmental milestones (1). After in vitro fertilization and the first cleavage divisions,
the embryonic cells will compact at the morula stage, and, next, they will segregate
into the inner cell mass (ICM) cells, representing the embryo proper, with the cavity
inside and the trophectoderm (TE, founder of the placenta) on the outside of the
so-called blastocyst. Until the blastocyst stage, the embryo is protected by the zona pel-
lucida, a glycoproteic layer. Then, the blastocyst will repeatedly expand and collapse to
escape from the zona pelllucida, thereby initiating a process called hatching (2).
Successful hatching is an indication for embryo quality, and a prerequisite before
implantation can take place (3). However, while in vivo—derived embryos exhibit very
high hatching rates (4), blastocysts produced in vitro often fail to hatch, and implanta-
tion failure accounts for 75% of all pregnancy losses after human IVF (5) and more
than 50% after bovine IVF (4). Assisted hatching after IVF can improve pregnancy
rates by 25%, illustrating the importance of embryo hatching (3, 6). Yet, underlying
mechanisms and signaling molecules affecting blastocyst formation and hatching
remain largely unknown.

Among a plethora of signaling factors, interesting candidates that have been shown
to modulate embryo development, as well as to be released by embryos, are extracellular
vesicles (EVs) (7). EVs are 50- to 300-nm-sized membrane vesicles that carry regulatory
molecules such as microRNAs (miRNAs), messenger RNAs (mRNAs), lipids, metabo-
lites, and proteins (8-10). The first study on embryonic EVs showed that
in vitro—produced porcine parthenogenetic embryos release EVs (11). Later, it was
demonstrated that EVs extracted from medium conditioned by bovine oviduct epithe-
lial cells enhanced bovine blastocyst quality (12). Our own recent research indicated
that bovine embryos cultured in vitro in a group release functionally active EVs that
positively influence the development of bovine embryos cultured individually (7). The
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Significance

Hatching from the zona pellucida
is a prerequisite for embryo
implantation and is less likely to
occur in vitro for reasons
unknown. Extracellular vesicles
(EVs) are secreted by the embryo
into the culture medium. Yet the
role that embryonic EVs and their
cargo microRNAs (miRNAs) play in
blastocyst hatching has not been
elucidated, partially due to the
difficulties of isolating them from
low amounts of culture medium.
Here, we optimized EV-miRNA
isolation from medium
conditioned by individually
cultured bovine embryos and
subsequently showed that miR-
378a-3p, which was up-regulated
in EVs secreted by blastocysts,
plays a crucial role in promoting
blastocyst hatching. This
demonstrates the regulatory
effect of miR-378-3p on hatching,
which is an established embryo
quality parameter linked with
implantation.

Author contributions: K.C.P.,, D.D., K.T., AV.S., BM.G.,
A.H., and K.S. designed research; K.C.P., T.M., X.G., X.L.,
J.H., and A.B. performed research; K.C.P., T.M., AV.S,,
and AH. contributed new reagents/analytic tools;
K.C.P, T.M,, O.B.P, L.P, FV.N,, B.H,, AVS, BM.G,, AH,
and K.S. analyzed data; and K.C.P.,, KT., AV.S,, BM.G,,
and K.S. wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

Copyright © 2022 the Author(s). Published by PNAS.
This open access article is distributed under Creative
Commons  Attribution-NonCommercial-NoDerivatives
License 4.0 (CC BY-NC-ND).

'K.C.P. and T.M. contributed equally to this work.

2To whom correspondence may be addressed. Email:
Krishnachaitanya.Pavani@UGent.be or Katrien.Smits@
UGent.be.

This article contains supporting information online at
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2122708119/-/DCSupplemental.

Published March 17, 2022.

10f 12


https://orcid.org/0000-0001-7043-1007
https://orcid.org/0000-0002-5305-2133
https://orcid.org/0000-0002-3975-3910
https://orcid.org/0000-0001-8815-5485
https://orcid.org/0000-0002-0635-661X
https://orcid.org/0000-0003-3256-7020
https://orcid.org/0000-0001-5010-6311
https://orcid.org/0000-0001-9618-1261
https://orcid.org/0000-0002-8205-3725
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:Krishnachaitanya.Pavani@UGent.be
mailto:Katrien.Smits@UGent.be
mailto:Katrien.Smits@UGent.be
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2122708119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2122708119/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2122708119&domain=pdf&date_stamp=2022-03-17

Downloaded from https://www.pnas.org by Universiteitshibliotheek Utrecht on May 11, 2022 from |P address 131.211.12.11.

EVs released by individually cultured preimplantation bovine
embryos can even alter the gene expression of oviduct epithelial
cells (13) and endometrial cells (14). These data underline the
crucial role of embryo derived EVs in embryo—embryo and
embryo—maternal communication. Moreover, EVs can contain
important signaling molecules, like miRNAs. As the membrane
of EVs can effectively protect enclosed cargo contents (miRNA,
mRNAs) from RNase present in the medium, miRNAs derived
from EVs are more stable and reliable than free-floating miR-
NAs (15, 16). Until now, only a few studies have been con-
ducted on miRNAs isolated from conditioned media (CM)
generated by group cultured blastocysts or degenerated
embryos, and they suggested a link with embryo quality and
development (17, 18). Yet, the function of miRNAs derived
from EVs secreted by individually cultured embryos has not yet
been studied, partially due to the difficulty of isolating EVs
from such low concentrate—low volume samples.

Here, we analyzed the difference in the repertoire of miRNAs
in EVs isolated from medium conditioned by bovine blastocysts
vs. nonblastocysts, using next-generation sequencing, involving a
total of 660 individually cultured embryos. We identified
miR-378a-3p as being specifically present in EVs secreted by blas-
tocysts and absent in nonblastocysts. Moreover, by means of
functional assays using inhibitors and mimics for miR-378a-3p,
we showed that EV-derived miR-378a-3p significantly affects
embryo quality and hatching and alters the expression of genes
involved in embryo development, hatching, and implantation.

Results

EV Morphology and Concentration Can Differentiate Blastocysts
and nonblastocysts. To characterize EVs, we collected and
pooled 120 individual droplets of media conditioned by embryos
that had either reached the blastocyst stage or not (nonblasto-
cysts) after being cultured from the zygote stage in synthetic ovi-
ductal fluid (SOF)+ Insulin, transferrin, selenium (ITS)+ bovine
serum albumin (BSA) medium until 8 d post insemination (dpi).
The fractions enriched for EVs (6-15) were extracted using size
exclusion chromatography (SEC) (qEV single column™), and
the morphology and size distribution of EVs were evaluated by
transmission electron microscopy (TEM) and nanoparticle track-
ing analysis (NTA). Western blot confirmed the presence of
EV-specific markers (CD63, CD9, and TSG101) in the EV sam-
ples derived from blastocyst and nonblastocyst CM (Fig. 14 and
SI Appendix, Figs. S1 and S2), while AGO-2 and ApoA-I, nega-
tive markers of EVs, were absent (Fig. 1A4).

When comparing blastocyst EVs with nonblastocyst EVs,
Western blot data showed an enrichment of CD9 and TSG101
in blastocyst EVs (Fig. 1A4) even though an equal sample vol-
ume was loaded during the Western blot process. This indicates
a higher concentration of EVs in the blastocyst-derived samples
compared to the nonblastocysts (19). Similarly, by NTA, a
higher particle concentration was observed in blastocyst EVs
(94.5 + 1.7 x 10® particles per mL) compared to nonblastocyst
EVs (76.5 + 8.2 X 10® particles per mL) (P < 0.05) (Fig. 1B).
Blastocyst EVs were also characterized by larger particle sizes
with a mean diameter of 147.4 + 16.4 nm, whereas nonblasto-
cyst EVs displayed smaller particle sizes with a mean diameter
of 118.3 + 6.1 nm (P < 0.05). TEM confirmed the presence
of larger-sized vesicles in blastocyst EVs (>200 nm) (Fig. 10).

Customized EV Isolation Procedure Proves to Be Effective for
RNA Isolation. In order to be able to isolate total RNA from
EVs collected from CM, we used smaller aliquot volumes of
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CM for isolating EVs by SEC (qEV single column) followed
by a series of concentration steps prior to RNA extraction (7,
20). This optimized method resulted in a desirable RNA con-
centration (101 pg/pL to 356 pg/pL), absence of ribosomal
RNA, and enrichment of small (<200 nt) RNA species for all
the samples (S/ Appendix, Fig. S3). To further characterize the
RNA content of these EVs, we performed RNA sequencing
(RNA-seq) on these total RNA samples. After sequencing, 590
miRNAs were detected in both blastocyst and nonblasto-
cyst EVs.

miRNAs Derived from Blastocyst EVs Regulate Embryo
Development and Quality. We identified 69 differentially
expressed (DE) miRNAs between blastocyst and nonblastocyst
EVs, with 21 known miRNAs (19 up-regulated and 2 down-
regulated; S/ Appendix, Table S1) and 48 potential novel miR-
NAs (18 up-regulated and 30 down-regulated; SI Appendix,
Table S2). For 26 DE novel miRNAs, homologs in other spe-
cies were identified, and the remaining 22 novel miRNAs have
yet to be annotated (S7 Appendix, Table S2). Hierarchical clus-
tering analysis confirmed categorization of DE miRNAs into
nonblastocyst EVs and blastocyst EVs (Fig. 24). By performing
sequence annotation pipeline analysis on known and novel DE
miRNAs, we identified two DE miRNAs (bta-miR-151-5p and
bta-miR-151-3p) that are up-regulated in blastocyst EVs and
are clustered in the same region of chromosome BTA14 (Chr
14; SI Appendix, Table S3). These two miRNAs share a pri-
mary transcript, which is also reflected in the coordinates (same
chromosome and start and stop positions very close to each
other). Similarly, two novel DE miRNAs (bta-novel-miR-231,
bta-novel-miR-462) up-regulated in blastocyst EVs are clus-
tered in the same region of chromosome BTA 21 (Chr 21; S/
Appendix, Table S4). We also identified five novel DE miRNAs
(bta-novel-miR-19, bta-novel-miR-33, bta-novel-miR-326, bta-
novel-miR-342, and bta-novel-miR-360) with matched bovine
seed regions, that are up-regulated in nonblastocyst EVs and
clustered in the same region of the chromosome (Chr 7; S/
Appendix, Table S4). By using the miRBase database, we
matched DE miRNAs with miRNA gene families, and we
could identify that two known miRNAs (bta-miR-25 and bta-
miR-92b) were connected to the same family (miR-25) and
that three miRNAs (bta-miR-151-3p, bta-miR-151-5p, and
bta-miR-28) also belong to the same family (miR-28) (87
Appendix, Table S1). For the novel miRNAs, we found
bta-novel-miR-163 and bta-novel-miR-164 belonging to the
miR-1421 family, while both bta-novel-miR-81 and bta-novel-
miR-82 belong to the miR-130 family (87 Appendix, Table S2).
Only one known miRNA (bta-miR-11986b) was missing gene
families, as no matched seed region could be found in miRbase
(81 Appendix, Table S1).

To assess the DE miRNA-target interactions, we used
miRanda to predict targets based on the genome of Bos Taurus.
The results revealed that 4,346 genes were targeted by DE
known and novel miRNAs of blastocyst and nonblastocyst
EVs. For these target genes, simplifyEnrichment analysis
revealed Gene Ontology (GO) gene sets enriched in cell devel-
opment, signaling pathway response, cell differentiation, cellu-
lar proliferation, cell survival, endosomes, plasma membrane
receptor, vesicles, ion binding, kinase activity, and channel reg-
ulator activity (Fig. 2 B-D). Additional analysis of the top 10
enriched Kyoto Encyclopedia of Genes and Genomes (KEGG)
and GO pathways displayed a similar output (as detailed in S/
Appendix, Fig. S4). These data showed that miRNAs in
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Fig. 1. Identification and characterization of EVs isolated from the blastocyst and nonblastocyst CM. (A) Western blotting analysis of the EVs shows that
blastocyst (b) and nonblastocyst (nonb) CM and ampullary oviduct fluid (AOF) expressed traditional EV-associated markers CD63 (42 kDa), CD9 (25 kDa), and
TSG101 (49 kDa). Non-EV markers AGO 2 (87 kDa) and ApoA-I (28 kDa) were absent in EV-enriched fractions (6 to 15) derived from blastocyst CM by SEC
(9EV single step), while they were expressed in SEC fractions 16 to 20 and positive control (pure embryo CM). (B) Size distribution of blastocyst and nonblas-
tocyst EVs by NTA indicates a larger size for blastocyst EVs. The mode, mean value, and SD of size and concentration are provided for each EV isolation.
The value D50 represents the median size. Similarly, 90% of the distribution lies below the D90 value, and 10% of the population lies below the D10 value.
(C) Transmission electron micrograph of the blastocyst and nonblastocyst EVs demonstrates vesicles with sizes ranging from 50 nm to 250 nm in diameter.
EVs (black arrows) and amorphous material (white arrows) are indicated. (Scale bar: 100 nm or 50 nm.)

blastocyst EVs are highly relevant in embryo development and
quality.

miRNA-378a-3p Is Located inside EVs Secreted by Blastocysts.
Among all DE miRNAs, miRNA-378a-3p (hereinafter referred
to as miR-378) was selected for further validation based on its
association with blastocyst-derived EVs and on evidence from
literature indicating a role in cell growth, cellular proliferation,
and embryo implantation (Table 1). Firstly, the EV origin of
miR-378 was confirmed. The RNA concentration was slightly
decreased for EVs treated with Proteinase K and RNase A,
when compared to untreated EVs (control) (about 10%; S/
Appendix, Fig. S5 A and B). Addition of detergent (Nonidet
P-40) along with Proteinase K and RNase A resulted in a
greater decline in the RNA concentration (about 58%; S/
Appendix, Fig. S5B). The RNA concentration was also deter-
mined in samples where RNA was extracted directly from the

PNAS 2022 Vol. 119 No.12 e2122708119

blastocyst CM. For both treatment groups (Proteinase K and
RNase A, Proteinase K and RNase A, along with Nonidet
P-40), the RNA concentration was significantly decreased com-
pared with the control (about 48% and 62%, respectively; S/
Appendix, Fig. S5B).

For qRT-PCR normalization, two reference miRNAs (bta-
miR-93 and bta-miR-127b) were selected (21), but only bta-
miR-93 was stably expressed at different concentrations and
retained for further analysis. Expression of miR-378 was deter-
mined by qRT-PCR for the different treatment groups. When
EVs were treated with Proteinase K and RNase A, but not with
Nonidet P-40, the PCR signal for the miR-378 remained simi-
lar to the control. This indicates that miR-378 captured by the
qEV column was located inside the vesicles and therefore pro-
tected, by the lipid bilayer, from Proteinase K and RNase A
digestion (SI Appendix, Fig. S5C). Treating EVs with Protein-
ase K and RNase along with Nonidet P-40 led to the digestion
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Fig. 2.

EV-derived miRNA profiles of medium conditioned by blastocysts (B) and nonblastocysts (NB). (A) Heatmap generated by clustering of the DE miR-

NAs in blastocyst and nonblastocyst EVs. Red, up-regulation; blue, down-regulation as compared to the mean expression over all samples. (B-D) GO enrich-
ment of DE miRNAs. Semantic similarities scores were calculated between all significant GO terms with their respective category (biological process [BP], cel-
lular component [CC], and molecular function [MF]) with Schlicker's Relevance method. The resulting GO terms were clustered by binary cut enriched and

categorized by (B) BP, (C) MF, and (D) CC.

of RNAs (87 Appendix, Fig. S5B), confirming that their initial
resistance to digestion was due to impounding within vesicles,

which proved miR-378 to be inside of the blastocyst EVs.

miRCURY Locked Nucleic Acids (LNA) miRNA Mimics Are
Taken up by Embryos. Before examining the functionality of
candidate miR-378, we first tested whether the commercially
available triple-RNA-strand mimics can pass through the zona
pellucida of bovine embryos. In order to confirm internaliza-
tion of these mimics, we supplemented fluorescently labeled
miRNA mimics or phosphate-buffered saline (PBS) to in vitro
culture medium of presumed zygotes at 1 dpi. After 24 h, fluo-
rescence microscopy showed that mimics were able to cross the
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zona pellucida, whereas the PBS control showed no signal (Fig.
34). Notably, these triple-RNA-strand labeled mimics were sta-
ble until 8 dpi (Fig. 3B), confirming uptake of these mimics by
embryos without performing microinjection.

miR-378 Mimics and Inhibitors Modulate Hatching and
Embryo Quality. To further determine the effect of miR-378 on
embryo development, we supplemented miR-378 mimics or
inhibitors to the culture medium containing presumed zygotes at
1 dpi and cultured them until day 8, thus allowing miR-378
mimics or inhibitors to influence further embryo development.
While cleavage and blastocyst rates were not affected, supplemen-
tation of miR-378 mimics resulted in an increased hatching rate

pnas.org
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Table 1. Literature indicating involvement in embryo development of the selected miRNA for qRT-PCR verification

miR_ID
References (PMID)?

hsa-miR-378a-3p

18077375,19844573,21242960,;2124296021471220, 21846797,23447532, 23333942,

23625957, 23625957, 23625957, 27855367, 2515062227001906, 26313654,

Target gene

Target genes functionality (Entrez ID)

2625581626749280, 27832641

SUFU, NPNT, MYC, TOB2,MSC, CYP19A1, GRB2, CDK6, IGF1R, KSR1, MAPK1, TGFBZ2, PGR,

GLI3, NKX3-1GOLT1A, RUNX1, WNT10A

Cell growth, cellular proliferation, cell adhesion, cell cycle progression, cell survival,

embryo implantation, protein binding

2PMID: PubMed unique identifier

(22.6 + 3.6) in comparison to the control (10.7 + 2.6) and nega-
tive control (NC) mimic (12.5 + 2.4) groups (P = 0.004) (Table
2). In line with these findings, supplementation with the miR-
378 inhibitor resulted in a much lower hatching rate (1.0 + 1.1)
compared to the control group (10.8 + 2.0) (P = 0.002). Fur-
thermore, differential apoptotic staining indicated a beneficial
effect of miR-378 on embryo quality (Table 3). Notably, blasto-
cysts cultured in the presence of miR-378 mimics had a higher
number of ICM cells (60.1 + 3.1) than all other groups
(P = 0.0003). Also, the total cell number (TCN) was greater
(P < 0.05) for blastocysts cultured with miR-378 mimics (149 +
9.5) than the control (123 + 9.5). Similarly, supplementation
with the miR-378 inhibitor resulted in a lower TCN (88.3 +
8.9) and ICM (38.8 + 3.6) than the nonsupplemented control
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Fig. 3. Bright-field and fluorescence images demonstrating the passage of
miRNA mimics through the zona pellucida and the subsequent miRNA
mimics uptake by the cells of the blastocyst. Commercial triple-RNA-strand
mimics were prelabeled with 5 FAM (5-carboxyfluorescein) and supple-
mented to the in vitro culture medium at 1 dpi along with PBS (control)
and cultured until 8 pdi. (4) At 2 dpi, zona-intact bovine embryos along with
labeled mimics (5’ FAM, green) or PBS were washed, fixed, and stained
with Hoechst (blue) to visualize the nuclei. The merged image demon-
strates uptake of green fluorescent-labeled mimics by zona-intact embryos
at 2 dpi. A control with PBS coincubated with bovine embryos did not show
any green fluorescence. (B) Similarly, at 8 dpi, blastocysts were collected
and washed, fixed, and stained with Hoechst (blue) to visualize the nuclei.
The merged images also demonstrate the uptake of labeled mimics by
blastocysts even at 8 dpi.
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(120 + 7.9 and 52.3 + 3.2, respectively) (P = 0.008), but this
was not significant when compared to the supplementation with
NC inhibitor. Interestingly, the apoptotic cell (AC) number and
AC ratio (AC/TCN) were greater in the miR-378 inhibitor
group (10.2 + 1.2 and 12.6 + 1.0, respectively) compared to the
control (6.0 + 1.0 and 4.9 + 0.9, respectively) (P < 0.05). These
results indicate that miR-378 contributes to embryo growth,
embryo quality, and hatching. Hereinafter, embryo treatment
groups will be referred to as control, NC mimic, NC inhibitor,
miR-378 mimic, and miR-378 inhibitor.

Higher miR-378 Expression Is Associated with Improved
Embryo Quality. The miR-378 expression levels were compared
by qRT-PCR in blastocysts vs. nonblastocysts vs. in the EVs
released by the blastocysts and nonblastocysts, using both an
individual and a group culture system (87 Appendix, Fig. S6).
This confirmed the higher expression of miR-378 in blastocyst-
derived EVs, compared to EVs derived from arrested embryos.
Interestingly, the miR378 content in the blastocysts was also
higher, compared to nonblastocysts (P < 0.001). Yet, miR-378
levels in the embryos and in the EVs released by these embryos
were not statistically different. Strikingly, miR-378 levels were
significantly higher in embryos cultured in a group compared
to individual culture (P < 0.0002), again demonstrating the
link between miR-378 and hatching, as hatching rates were sig-
nificantly higher in group culture when compared to individual
culture (7).

miR-378 Mimics and Inhibitors Modulate the Transcriptome
Profile of Blastocysts. To gain more in-depth molecular
insights, we performed transcriptome profiling of blastocysts
cultured in the presence of miR-378 mimics or inhibitors.
The effect of miR-378 mimics was determined for three com-
parisons (control vs. NC mimic; control vs. miR-378 mimic,
and NC mimic vs. miR-378 mimic), resulting in a total of
238 DE genes. Comparison of both control groups (control
vs. NC mimic) showed 80 DE genes, indicating some pheno-
typic influence on the embryos of the NC mimic. Therefore,
the 20 common DE genes in control vs. NC mimic were
excluded from further comparison between miR-378 mimics
and both control groups (Fig. 44). As such, a total of 158 DE
genes were identified in the miR-378 mimic supplemented
group compared to both controls (Dataset S1). Supplementa-
tion of miR-378 mimic resulted in 58 DE genes (29 up and
29 down) compared to the nonsupplemented control, and 89
DE genes (48 up and 41 down) compared to the NC mimic,
while 11 common DE genes were found for the miR-378
mimic group compared to both control groups (SI Appendix,
Table S5).

Further transcriptional analysis of blastocysts from the
miRNA-378 inhibitor treatment groups (control vs. NC
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Table 2. Blastocyst development and hatching rates of bovine embryos treated with miRNA mimics/inhibitors

Hatched/hatching Hatched/hatching

No. of presumed  Cleavage  Blastocyst rate Blastocyst rate per presumed per 8 dpi
Treatment zygotes rate (%) 7 dpi (%) 8 dpi (%) zygotes (%) blastocysts (%)
Control 161 88.6 + 2.9° 42.2 + 4.8% 49.7 + 3.92 10.7 + 2.6° 22.1 + 4.9%°
NC mimic 225 90.1 + 2.5° 37.4 + 4.1° 46.2 + 3.3° 12,5 + 2.4° 27.3 + 4.8°
mMiRNA-378 mimic 171 92.8+22° 413+47° 49.1 +3.8° 22.6 + 3.6° 46.5 + 5.9°
Control 239 88.3 + 2.0° 39.2 + 3.72 455 + 4.5° 10.8 + 2.0° 22.6 + 3.9°
NC inhibitor 165 89.7 +23* 297 + 3.6° 322 +4.8° 6.0 + 1.8%° 17.2 + 4.9%
miRNA-378 inhibitor 194 90.2 £2.1* 304 +3.5° 37.7 £ 4.9° 1.0 £1.1° 6.1 + 2.6°

Cleavage, 7 and 8 dpi blastocyst rates, and hatched/hatching rates expressed as a percentage of presumed zygotes. For the miRNA mimic experiment, culture media were not
supplemented (Control), or were supplemented with control mimics (NC mimics) or with miRNA-378 mimics. For the miRNA inhibitor experiment, culture media were not
supplemented (Control), or were supplemented with control inhibitors (NC inhibitor) or with miRNA-378 inhibitor. Different superscripts per column (a and b) represent statistical

differences (P < 0.05) among treatments. Results are expressed as least-square mean + SE.

inhibitor; control vs. miR-378 inhibitor, and NC mimic vs.
miR-378 inhibitor) resulted in the identification of a total of
297 DE genes. As observed above, 102 DE genes were found
in the comparison of control vs. NC inhibitor. Therefore, the
29 DE genes from control vs. NC inhibitor which were in
common with the other miR-378 comparisons were excluded
(Fig. 4B), and a total of 195 DE genes were identified in the
miR-378 inhibitor supplemented group compared to both con-
trol groups (Dataset S2). Supplementation of miR-378 inhibi-
tor resulted in 104 DE genes (45 up and 59 down) compared
to the nonsupplemented control, and 73 DE genes (36 up and
37 down) compared to the NC inhibitor, while 18 genes were
DE for the miR-378 inhibitor group compared to both control
groups (SI Appendix, Table S6).

Finally, the direct comparison of blastocysts cultured in the
presence of the miR-378 mimic vs. miR-378 inhibitor resulted
in a total of 145 DE genes (Dataset S3). We compared these
DE genes with the above identified DE genes of miR-378
mimic vs. controls (z = 158; Dataset S1) and miR-378 inhibi-
tor vs. controls (7 = 195; Dataset S2) (Fig. 4C). A total of 68
DE genes were commonly expressed among these groups, after
exclusion of 10 common DE genes between miR-378 mimic
and miR-378 inhibitor vs. controls. Hierarchical clustering and
heatmap imaging revealed that these 68 significantly altered
genes could be categorized into two groups (miR-378 mimic

and miR-378 inhibitor) (Fig. 4D).

miR-378 Targets Genes Involved in Embryo Quality and
Development. To examine the main pathways affected by
miR-378, GO gene set overrepresentation analysis was per-
formed with the simplifyEnrichment package (Fig. 5) on the
68 DE genes found both in the direct comparison of

miR-378 mimic vs. miR-378 inhibitor and in miR-378
mimic vs. controls and/or in miR-378 inhibitor vs. controls
(Fig. 4C). This revealed predominant involvement in cata-
bolic and metabolic processes, phosphatase activity, positive
regulation, signaling receptor, development, differentiation,
and lipoprotein. Additionally, the top 10 KEGG and GO
pathways of these common DE genes indicated similar
enrichment pathways (as detailed in S/ Appendix, Fig. S7).
In conclusion, both pathway analyses indicated the EV ori-
gin of miR-378 and its involvement in embryo development
and quality. Additionally, predictive gene target analysis also
identified 98 genes (Dataset S4), expressed in human endo-
metrium and regulated by miR-378, which shows that miR-
378 could influence embryo implantation.

Discussion

This study proves that EVs secreted by competent embryos
contain miR-378a-3p, which significantly affects embryo hatch-
ing. We provided evidence for three technical factors: 1) Our
customized EV isolation procedure proved effective in isolating
EVs from limited volumes of CM, yielding high-quality RNA
for robust miRNA sequencing; 2) our data indicated that
EV-derived RNAs are more stable than free RNAs derived
directly from embryo CM; and 3) we proved that miRNA
mimics are able to penetrate embryos without any transfection
reagent. This resulted in two major biological findings: 1) The
size, morphology, and content of EVs secreted by bovine
embryos reflect developmental competence and embryo quality,
with blastocyst EVs being larger than nonblastocyst EVs and
with differential expression of 21 known and 48 novel miR-
NAs; 2) miR-378a-3p originates from EVs secreted by

Table 3. Embryo quality assessment of bovine embryos treated with miRNA mimics/inhibitors

Cell Nos.

No. of ICM/TCN AC/TCN
Treatment blastocysts TCN ICM TE AC ratio (%) ratio (%)
Control 17 123 + 9.5%° 436 + 3.12 79.8 + 8.1° 8.1 +1.3° 37.5 +2.8° 6.4 + 1.0°
NC mimic 16 106 + 9.8 46.9 + 3.2° 59.1 + 8.3° 54 +1.4% 46.3 + 2.9° 50+ 1.1°
miRNA-378 mimic 17 149 + 9.5° 60.1 + 3.1° 88.6 + 8.1° 7.1 +1.3° 413 +2.82 47 +1.0°
Control 22 120 + 7.9° 52.3 + 3.2° 68.0+ 6.1 6.0+1.0® 457 +22° 49+0.9%®
NC inhibitor 17 102 +8.9%° 421 +37® 604+7.0° 73+12° 432+25  7.2+1.0
miRNA-378 inhibitor 18 88.3 + 8.9° 38.8 + 3.6° 495+ 6.8 102+ 1.2° 441+25 126+ 1.0°

TCN, AC, ICM/TCN ratio, and AC/TCN ratio of differentially stained day 8 blastocysts. For the miRNA mimic experiments, culture media were not supplemented (Control), or were
supplemented with control mimics (NC mimics) or miRNA-378 mimics. For the miRNA inhibitor experiment, culture media were not supplemented (Control), or were supplemented
with control inhibitors (NC inhibitor) or miRNA-378 inhibitor. Different superscripts per column (a, b, and c) represent statistical differences (P < 0.05) among groups. Results are

expressed as least-square mean =+ SE.
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Fig. 4. Venn diagrams showing the number of DE genes in bovine blastocysts after treatment with miR-378 mimic and miR-378 inhibitor vs. NC and unsup-
plemented controls. (A) Control vs. miR-378 mimic vs. NC mimic; (B) control vs. miR-378 inhibitor vs. NC inhibitor; (C) miR-378 mimic vs. controls, miR-378
inhibitor vs. controls, and miR-378 mimic vs. miR-378 inhibitor. (D) Hierarchical clustering (Euclidean distance) and heatmap imaging of the 68 DE genes that
are common among DE genes of miR-378 mimic vs. controls or miR-378 inhibitor vs. controls, and miR-378 mimic vs. miR-378 inhibitor. Up-regulated

expression is shown in red, and down-regulated expression is shown in blue.

blastocysts and significantly affects embryo quality, hatching,
and related gene expression.

There has been a growing interest in embryo-derived EVs
and their cargo, but isolating EVs from a limited volume
(<500 pL) of embryo CM is arduous, limiting the yields
and purity of EVs obtained by ultracentrifugation protocols
(22, 23). In the present study, we used SEC (qEV), which
proved to be effective in isolating EVs from limited volumes
of bovine embryo CM. In conformity with literature,
EV-rich SEC fractions were free from lipoprotein contami-
nation (ApoA-I) (24-26) and from ribonucleoproteins
(AGO 2), which might interfere with miRNA sequencing
(27, 28). Several recent studies also indicate that SEC (qEV)
is a suitable and efficient method for downstream analysis
(24, 27, 29-33). However, EVs isolated from low volumes
of CM are often not adequate to attain a desirable RNA con-
centration for miRNA sequencing, and only a few studies
have been conducted on miRNAs derived from bovine
embryo CM (17, 34, 35). So, in the present study, we opti-
mized a customized procedure for isolating EVs from CM.
As it is not possible to use volumes exceeding 1 mL for SEC
(qEV), we aliquoted CM into small portions before SEC
(qEV). Furthermore, as SEC (qEV) does not result in con-
centrated samples, we combined it with Ultrafiltration (Ami-
con), as reported previously (20), to rapidly concentrate the
EV fractions instead of pelleting the EVs with an ultracentri-
fugation step. Overall, this customized procedure proved to
be efficient for EV isolation and subsequent RNA extraction
(SI Appendix, Fig. S3) and miRNA sequencing (SI Appendix,
Tables S1 and S2).

PNAS 2022 Vol.119 No.12 2122708119

Our data also indicate that the total RNA content present in
EVs is stable and resistant to enzymes that degrade proteins and
RNAs, whereas the total RNA content derived directly from CM
is relatively less stable and easily degradable by enzymes and
detergents, limiting previous studies due to the instability of free
circulating miRNAs (36). Therefore, miRNAs originating from
EVs are the best choice for starting biomarker studies (37).

Using an individual culture system allowing follow-up of
each embryo and collection of corresponding EVs secreted in
the medium, we demonstrated that the size, morphology, and
content of EVs depend on the embryo development stage and
quality. As we selectively collected late fractions with SEC,
focusing on isolating small EVs (exosomes and microvesicles),
apoptotic bodies were not considered in this study, neither in
nonblastocyst nor in blastocyst samples. Hence, among exo-
somes and microvesicles, blastocyst EVs appear to be larger
than nonblastocyst EVs. Smaller-sized EVs in the nonblasto-
cyst group originate from embryos arrested at early stages of
embryo development, indicating inferior embryo quality. In
conformity, EVs isolated from bovine CM of early embryos
(2 dpi and 5 dpi) were relatively small (ranging from 61 nm
to 120 nm) compared with EVs collected at 8 dpi (ranging
from 154 nm to 163 nm) (22). Interestingly, some of the
vesicles are larger than the pores of the zona pellucida in
bovine embryos, which are, on average, between 150 nm and
220 nm in diameter, depending on the embryonic stage (38,
39). Our previous study showed fluorescent microspheres of
smaller sizes (20 nm to 26 nm) are able to cross the zona of
an early blastocyst (40). However, particles with larger sizes
(>200 nm) can only pass through the zona when they are
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Fig. 5. Overrepresentation analysis on 68 DE genes that were common among miR-378 mimic vs. controls, miR-378 inhibitor vs. controls, and miR-378
mimic vs. miR-378 inhibitor. Semantic similarities scores were calculated between all significant GO terms with their respective category (BP, CC, and MF)
with Schlicker's Relevance method. The resulting GO terms were clustered by binary cut enriched (A) CC, (B) MF, and (C) BP.

lipophilic and biologically active (41). This clearly indicates
that the EVs are plastic and can adapt and pass through some-
what smaller zona pores.

Besides the morphological difference, we also detected a
different miRNA profile in EVs secreted by developmentally
competent blastocysts, when compared to EVs derived from
medium conditioned by arrested embryos. We identified 21
DE known miRNAs, of which 19 known miRNAs are signifi-
cantly up-regulated in blastocyst derived EVs. Four of these
blastocyst-associated miRNAs have a vital role in embryo
development: The miR-378, miR-371, miR-184, and miR-
186 form a core set of miRNAs involved in enhancing cell
survival and promoting trophoblast cell development
(42—-44). The miR-378 further regulates trophoblast differen-
tiation and placental development in mice (45), and it has
also been detected in human placentas throughout the differ-
ent stages of gestation and in preterm pregnancies (42).
Besides the known miRNAs, 48 novel DE miRNAs were
detected. As miRNAs are highly conserved, we could deter-
mine 25 mammalian homologs by matching the seed region,
but 23 unknown bovine miRNAs require further annotation.
Based on miRbase, we identified five blastocyst-associated
miRNAs which were connected to the same families (bta-
miR-25 and bta-miR-92b to miR-25, and miR-151-3p, bta-
miR-151-5p, and bta-miR-28 to miR-28) (87 Appendix, Table
S1). Both miR-25 and miR-28 are involved in biological
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processes which are relevant for embryo development, such as cell
proliferation, differentiation, migration, and apoptosis (46, 47).
Out of the 21 DE known miRNAs, only two (bta-miR-10b
and bta-miR-146b) were up-regulated in nonblastocyst EVs.
Our recent bovine studies also identified bta-miR-10b to be
up-regulated in medium conditioned by degenerated embryos
when compared to medium conditioned by blastocysts (48).
The miR-10b negatively influences embryo development and
quality by targeting Homeobox A1 (HOXA1) or by influencing
DNA methylation (48). However, other studies showed
up-regulation of miR-10b in EVs derived from viable bovine
embryos (34, 35), which is probably related to a different
experimental setup and purification of EVs. In our study, an
individual embryo culture system was used, and media were
collected based upon the quality of embryos on the final day of
embryo culture. In the other studies, media were collected from
a group culture system, where embryos were separated at the
morula stage and cultured until the blastocyst stage (34, 35).
As some morulas might degenerate, there could be an exchange
of miRNAs among good and bad embryos during the group
culture period, thus compromising the outcome. Overall, an
individual culture system allows unbiased sampling and pro-
vides the standard for human embryo culture. Besides, in both
studies, it is not clear whether miRNA sequencing was per-
formed on EVs or on CM, as the EV purification method was
not detailed (34, 35), whereas our customized EV isolation
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method proved to be efficient in performing miRNA sequenc-
ing from the EVs themselves. In the same way, inconsistencies
with other studies showing up-regulation of bta-miR-192, bta-
miR-186, and bta-miR-25 in degenerated embryos, while we
observed up-regulation in the blastocyst EVs, can be related to
the experimental design and to the difference between the anal-
ysis of EV-derived miRNAs and free-floating miRNAs (17,
49). Our study also showed an up-regulation of bta-miR-146b
in EVs derived from nonblastocysts. The miR-146b has been
associated with the promotion of apoptosis and impedes the
proliferation of bovine male germline stem cells (50). It directly
targets Smad4 pathways and negatively regulates the TGEF-B
signaling pathway, and, as such, it may eventually affect devel-
opment of embryonic cells (51).

Further pathway analysis for the 69 DE miRNAs in the gen-
eral comparison of blastocyst vs. nonblastocyst EVs revealed
enrichment of cell development, cell differentiation, cellular
proliferation, cell survival, membrane vesicle, and phospholipid
binding (Fig. 2 B-D). In a previous study, we studied free-
floating miRNAs;, released directly by bovine embryos into the
culture medium, and we mainly detected their involvement in
cell death and apoptosis (18). This is in conformity with litera-
ture, showing that unbound miRNAs derived directly from
embryo CM were generally up-regulated in medium condi-
tioned by degenerated embryos, when compared to blastocyst
CM (17, 52). Our data are based upon EV-derived miRNAs
and show the opposite, with most of the DE known miRNAs
up-regulated in the blastocyst-derived EVs and regulating genes
being associated with embryo development, like cell signaling
and cellular proliferation. For instance, the MAPK, TGFp, and
Wnt signaling pathways were significantly enriched and partici-
pate in protein synthesis, cell survival, migration, invasion, cell
cycle progression, cellular proliferation, and differentiation
(53-55). Overall, we demonstrate that EVs secreted by blasto-
cysts are larger and contain different miRNAs regulating
embryo development when compared to EVs derived from
arrested embryos.

To validate these findings, we targeted one of the DE miR-
NAs for functionality testing. This was preceded by a final
technical optimization step. Our data illustrate that fluores-
cently tagged miRNA mimics can be incorporated by embry-
onic cells without any transfection reagents. Moreover, these
miRNA mimics were stable until the final day of embryo cul-
ture (8 dpi), allowing functionality testing by addition of spe-
cific miRNA mimics and inhibitors to the embryo culture
medium. Incorporation of these miRNAs may be due to the
high concentration used in this study following the manufac-
turer’s instruction, but miRNA mimics could also facilitate cel-
lular uptake by endocytosis (56). In our previous study, we
observed that specific miRNA mimics (miR-30c and miR-10b)
supplemented to the embryo culture medium have a pheno-
typic influence on embryos, but validation of the embryo
uptake mechanism was not performed (18, 48).

The miR-378 proved to significantly enhance embryo quality
parameters, and specifically embryo hatching rates, while it also
regulated the expression of genes involved in cell division, differ-
entiation and embryo development. The miR-378 was chosen for
functionality testing based upon its up-regulation in blastocyst-
derived EVs and its key role in enhancing cell survival and
promoting trophoblast cell development (42). This was further
supported by target gene prediction analysis on miR-378, showing
a connection to cell growth, cellular proliferation, and embryo
implantation (Table 1). The supplementation of miR-378 mimics
significantly improved the embryo hatched/hatching rate, the total

PNAS 2022 Vol.119 No.12 2122708119

number of TE and ICM cells, and the ICM/TCN ratio, whereas
addition of the miR-378 inhibitor significantly reduced the
embryo hatching rate to almost zero, with concomitant lower
embryo quality (Tables 2 and 3).

The association between higher expression of miR-378 and
improved embryo quality was further confirmed by qRT-PCR.
In conformity with miRNA sequencing data, miR-378 was
up-regulated in blastocysts and blastocyst-derived EVs, compared
to nonblastocysts and the EVs secreted by these embryos, respec-
tively. Additionally, higher expression of miR-378 in blastocysts
cultured in a group compared with individually cultured blasto-
cysts further indicates involvement of miR-378 as an embryotro-
pin in group culture, enhancing hatching. Group culture is able
to rescue the development of slow-cleaving embryos (57) and also
improves hatching rates (7). While the effect of miR-378 on
embryo quality was consistently observed, embryo development
rates were not significantly affected, even though the primary
selection of miR-378 was based upon its presence in EVs derived
from competent embryos that reached the blastocyst stage. It
may be that up-regulation of miR-378 is only initiated at the
blastocyst stage, implying it affects events occurring after blastula-
tion rather than the chance to reach the blastocyst stage itself.
This is supported by the higher miR-378 expression in blastocysts
compared to arrested embryos. Additionally, miRNAs enriched
in EVs could also be released into CM for the purpose of keeping
miRNA homeostasis in embryos to promote survival or with
the purpose of communicating with other cells or neighboring
embryos in group culture (58).

To further examine the regulating effect of miR-378, miR-
378 mimics and inhibitors were supplemented to the embryo
culture medium, and the transcriptome of the resulting embryos
was analyzed. We identified several common DE genes, result-
ing from the comparisons of the miR-378 mimic with the
controls, the miR-378 inhibitor with the controls, and the miR-
378 mimic vs. inhibitor (Fig. 4 and S/ Appendix, Tables S3 and
S4). Based upon pathways analysis, these genes, of which the
expression appears affected by miR-378, are involved in cell
division, cell differentiation, and embryo development (Fig. 5).
Strikingly, among these DE genes, RAPIGAP (RAP1 GTPase-
activating protein), NR2CI (nuclear receptor subfamily 2 group
C member 1), ARFGEF2 (ADP ribosylation factor-guanine
nucleotide exchange protein), SLC7A6 (solute carrier family
7 member 6), CENPA (centromere protein A), SPI (Spl tran-
scription  factor), LDLR (low-density lipoprotein receptor),
PYCRI (pyrroline-5-carboxylate reductase 1), MYD88 (myeloid
differentation factor 88), TPPI (tripeptidyl peptidase 1), and
NCOA3 (nuclear receptor coactivator 3) have been shown to
play an important role in embryo quality and hatching (59-71).
For further evidence and to determine the underlying mecha-
nism of improved hatching, we ran an overrepresentation analy-
sis on these genes. From the enriched pathways (SI Appendix,
Fig. S8), we could identify the major molecular and enzymatic
processes (nuclear receptor, proteases, serine type proteases,
nucleosidase, endopeptidase, and reductase) that have been pro-
posed to play a crucial role in the betterment of the hatching
process and digestion of the zona pellucida (72-75). As such,
transcriptomic profiling of blastocysts treated with miR-378
mimic or inhibitor provided an additional proof that miR-378
regulates the expression of genes involved in embryo quality and
hatching. Further, a predictive gene target analysis on miR-378
expressed in human endometrium revealed 98 genes, including
prostaglandin recepror (PGR), which is known to be a crucial
gene involved in embryo implantation (76). This indicates that
miR-378 might also play a role in embryo implantation by
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affecting the endometrium. However, potential off-target effects
of the miR-378 mimics and inhibitors cannot be excluded, and
further research is required to validate the effect of miR-378 on
specific (predicted) target genes, the molecular mechanism
behind the effect on hatching, and a potential functional effect
of miR-378 on the endometrium.

In summary, the findings presented herein indicate the true
potential of EVs derived from preimplantation embryos and
their miRNA cargo. This study provides a comprehensive
insight into the miRNA content of EVs secreted by blastocysts
and nonblastocysts, using an individual culture system. Addi-
tionally, we showed that miRNAs originating from EVs are
better candidates for embryo quality when compared with free
circulating miRNAs or miRNAs of unidentified origin. Nota-
bly, EV-derived miR-378 could be a booster for embryo devel-
opment and quality, since functionality studies proved that it
enhances embryo quality and hatching and that it regulates the
expression of genes involved in embryo development and

quality.
Materials and Methods

Media and Reagents. Tissue culture medium (TCM)-199, minimal essential
medium, nonessential amino acids (100x), synthetic basal medium eagle
amino acids, gentamycin, and kanamycin were purchased from Life Technologies
Europe. PBS was obtained from Gibco (Catalog number: 20012019, Thermo
Fisher Scientific). All other chemicals were obtained from Sigma-Aldrich. All
media were filtered before use (0.22 uM, Pall Corporation).

In Vitro Embryo Production. An overview of the experimental design is pre-
sented in (S Appendix, Fig. S94). Routine in vitro methods were used for bovine
embryo production, as described previously by ref. 77 (SI Appendix, Fig. S9A).
Briefly, cow ovaries were obtained at the local abattoir and processed within 2
h after collection. Upon arrival at the laboratory, the ovaries were washed three
times in warm physiological saline (with kanamycin [25 mg/mL]).
Cumulus-oocyte complexes were aspirated from antral follicles, sizing between
4- and 8-mm diameter, using an 18-gauge needle attached to a 10-mL syringe.
Subsequently, viable oocytes with uniformly granulated cytoplasm and sur-
rounded by more than three compact layers of cumulus cells were cultured in
groups of 60 in 500 mL of modified bicarbonate buffered TCM-199 (supple-
mented with 50 mg/mL gentamicin and 20 ng/mL epidermal growth factor) in
5% CO, in air for 22 h at 38.5°C.

Frozen-thawed bull spermatozoa were separated using a 45/90% Percoll gra-
dient (GE Healthcare Biosciences) centrifugation. The sperm pellet was washed
in  IVF-Tyrode's  albumin-pyruvate-lactate  (TALP) medium, containing
bicarbonate-buffered Tyrode solution. The sperm concentration was adjusted to a
final concentration of 1 x 10° spermatozoa per mL using IVF-TALP medium
enriched with BSA (Sigma A8806; 6 mg/mL) and heparin (25 mg/mL).

After 22 h of maturation, bovine oocytes were washed in 500 pl of IVF-TALP
and subsequently coincubated with bull spermatozoa. After 21-h gamete coincu-
bation, presumed zygotes were vortexed to remove surplus zona attached cumu-
lus and sperm cells. As previously demonstrated by our group, BSA (Sigma
A9647) is not a possible source of EV contamination (7). So, 4 mg/mL BSA
(Sigma A9647) was supplemented to synthetic oviductal fluid enriched with non-
essential and essential amino acids (SOFaa) and ITS (5 pg/mL insulin; 5 pg/mL
transferrin; 5 ng/mL selenium). The presumed zygotes were culture individually
in 20-pL droplets, or in groups of 25 in 50-uL droplets (control) covered with Par-
affin oil (SAGE oil for tissue culture, ART-4008-5P, Cooper Surgical Company), at
38°Cin 5% CO, 5% O, and 90% N,.

In total, individual droplets of 2,520 presumed zygotes (nine replicates) were
cultured. Three replicates with 120 presumed zygotes were performed for EV
characterization, and six replicates with 360 presumed zygotes for miRNA analy-
sis. At 45 h post insemination, embryo cleavage was scored as the percentage of
cleaved embryos out of presumed zygotes. At 8 dpi, the developmental compe-
tence of each embryo was assessed, enabling a division of individually cultured
embryos into two subgroups: 1) embryos that were not able to reach the
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blastocyst stage (nonblastocysts) and 2) blastocysts. CM of individually cultured
blastocysts or nonblastocysts were pooled into two groups, each containing a
total of nine replicates, used for further analysis (S/ Appendix, Fig. S9).

Media Collection from Individually Cultured Embryos. For EV isolation
and characterization, three replicates of 500 plL of CM were collected
from each group (blastocyst or nonblastocyst). To obtain 500 pL of CM,
26 individual culture droplets of CM were pooled according to embryo
development (as illustrated in S/ Appendix, Fig. S9). A maximum volume
of 500 pL (one replicate) from each group was subjected to SEC (qEV sin-
gle column). Similarly, for total RNA and miRNA extraction from EVs, six
replicates with 2 mL of pooled CM from each group (blastocyst or non-
blastocyst) were collected. To obtain 2 mL of CM, 110 individual culture
droplets of CM were pooled for both blastocysts and nonblastocysts. As
illustrated in (SI Appendix, Fig. S9B), EV isolation was performed by
splitting 2 mL (one replicate) of blastocyst or nonblastocyst CM into four
groups of 500 pL each. Eluted EV-rich fractions (6 to 15) of each group
were subjected to an Amicon Ultra-2 10K filter (UFC201024, Merck Milli-
pore) for concentration. Finally, 600 pL of the EV concentrated pellet was
subjected to total RNA extraction followed by miRNA extraction. The
same procedure was performed for the other five replicates for
miRNA isolation.

EV Isolation by qEV Single Column. EVs were isolated by gEV single size
exclusion column (IZON Science, Cat. Number: qEV single ser. Y1000588). A
maximum 500 pL of blastocyst or nonblastocyst CM was loaded onto the qEV
Classic size exclusion column, followed by elution with 5 mL of freshly filtered
PBS (PH: 7.4, 0.22 um filtered). As per the manufacturer's instructions, EV-rich
fractions 6 to 15 were pooled and loaded in Amicon Ultra-2 10 K centrifugal
filters (UFC201024, Merck Millipore) and centrifuged at 4 °C for 40 min at
3,000 x g using a swinging bucket rotor. Concentration of the samples was
achieved by upside-down centrifugation at 4 °C for 2 min at 1,000 x g (7).
Around 200 pl of EVs were retrieved from the flow-through reservoir and stored
at —80 °C until downstream analysis. These EVs will hereinafter be called blasto-
cyst EVs and nonblastocyst EVs, referring to their origin.

Extracellular Vesicles Characterization. All the EVs identification and char-
acterization methods (western blotting, transmission electron microscopy, nano-
particle tracking analysis) are detailed in S Appendix.

RNA Isolation and RNA Analyses. Purified EVs were extracted from the CM
from both groups (blastocyst and nonblastocyst) by qEV single size exclusion col-
umn. As detailed above (illustrated in S/ Appendix, Fig. S9B), 600 pL (x 6 repli-
cates) of the concentrated EV pellet from each group was used for total RNA
extraction, using the Plasma/Serum Circulating & Exosomal RNA Purification
Mini Kit (Norgen Biotek, Cat. 51000) according to the manufacturer's protocol.
The quality and concentration of the RNA samples were examined using an RNA
6000 Pico Chip (Agilent Technologies) and a Quant-iT RiboGreen RNA Assay kit
(Life Technologies), respectively.

Small RNA Library Construction and Deep Sequencing. Small RNA library
preparation was performed with the Tailormix v2 kit (SeqMatic). The quality-
ensured RNA-seq libraries were pooled, and sequencing was performed in tripli-
cate (of x 6 replicates) (S Appendix, Fig. S9B) on the Illumina Miseq (NXTGNT
sequencing facility of Ghent University). Quality control included sequence qual-
ity, sequencing depth, read duplication rates (clonal reads), alignment quality,
and nucleotide composition bias.

Small RNA-seq Data Analysis. Identification of known miRNAs, prediction of
putative novel miRNAs, and read counting were done using the mirPRo pipeline
(78). The microRNA data from the miRBase (v22) (79) and the annotated cow
genome (Bos Taurus ARS-UCD1.2 release 95) were used as a reference. Prior to
the small RNA-seq, one replicate of the nonblastocyst EVs sample did not meet the
quality control metrics (SI Appendix, Fig. S3D), so we removed this samples from
the analysis. Differential expression between blastocyst EVs (three replicates) and
nonblastocyst EVs (two replicates) was statistically tested in R (R version 4.0.3) (80)
with DESeq?2 (81) via a custom written R script. A miRNA was considered DE when
the Benjamini-Hochberg corrected P value was <0.05 and the absolute value of
the log, foldchange was >1. The heatmap of DE miRNAs was constructed by
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selecting the DE miRNAs. Expression values were normalized with the median ratio
method and subsequently transformed with a variance stabilizing transformation,
both as implemented in DESeq2. The mean transformed expression value over all
samples was subtracted from the transformed expression value of each sample.

Target Gene Prediction and GO/KEGG Pathway Enrichment Analysis.
Based on the sequence of the DE miRNAs (from nonblastocyst EVs and blastocyst
EVs) and the 3" untranslated regions of the bovine transcripts potential target
mRNAs were determined using miRanda v3.3a (82). These initial results were fil-
tered based on their paired score (>155) and energy (<—20). To gain further
biological insight into these results, a classical overrepresentation analysis based
on a hypergeometric test was applied in the R package fgsea (83). Pathways
with a P value < 0.05 were considered statistically significant. GO terms contain
redundant information due to their hierarchical nature. To avoid this redundancy,
the initial results of the enrichment analysis were processed further by calculat
ing semantic similarities between the significant GO terms with the relevance
method (84). Afterward, clustering was performed with the binary cut method.
Both steps were implemented in the R package simplifyEnrichment (85). Addi-
tional details of sequence annotation pipeline analysis and predictive gene tar-
get analysis on miR-378 connecting to endometrium are described in
SI Appendix.

Confirmation of EV Origin. Details on EVs degradation and determining miR-
378 origin are described in S/ Appendix.

miRNA Functional Analysis. Details of miRNA functional analysis are pro-
vided in S/ Appendix.

Labeling and Uptake. Bovine embryos were produced in vitro as specified
above in In Vitro Embryo Production, and embryo culture was performed in
groups of 25 embryos in 50-uL droplets of SOF+ITS+BSA, covered with mineral
oil at 38.5°Cin 5% COy, 5% 0y, and 90% N,. Fluorescently labeled NC miRNA
mimics (miRCURY LNA miRNA Mimic - 5" Fam, Product No. 339173, Qiagen)
were supplemented into the culture medium of presumed zygotes (S/ Appendix,
Fig. S9C, Top) with a final concentration of 1 pM (as per the miRCURY LNA
miRNA Mimics Handbook). In parallel, a control was included by adding an
equal volume of RNA-free water to culture medium. On 2 and 8 dpi, the
embryos were washed twice using PBS-BSA and fixed at room temperature for
30 min with 4% paraformaldehyde. All embryos were stained with Hoechst
33342 (dilution 1:100 PBS) for 10 min and imaged using a ZEISS Confocal
Microscope (ZEISS LSM 980, Zeiss Microscopy). This experiment was repeated
three times, and 15 to 20 embryos were assessed per replicate.

Supplementing miR-378 Mimics and Inhibitors. The microRNA mimics and
inhibitors with a unique LNA-enhanced, triple-RNA strand designed for mimick-
ing mature endogenous miR-378 (has-miR-378a-3p) were purchased from Qia-
gen. These miR-378 mimics and inhibitors (miRCURY LNA Power mimics and
inhibitors, Product Nos. 339173 and 339131, respectively) were supplemented
to the culture medium of presumed zygotes (n = 1,155, eight replicates) (S/
Appendix, Fig. S9C, Bottom) with a final concentration of 1 uM. In parallel, an
NC mimic or inhibitor (cel-mIR-39-3p, labeled miRNA mimic and inhibitor, Prod-
uct No. 339173, Qiagen) was supplemented to the culture medium. Finally, a
control group was included by adding an equal volume of RNA-free water to cul-
ture medium.

In vitro embryo culture was performed in two treatments (mimic and inhibi-
tor). For the mimic treatment, the presumed zygotes (n = 557, four replicates)
were allocated to three different groups (control, NC mimic, and miR-378
mimic). Similarly, for the inhibitor treatment, the presumed zygotes (n = 598,
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four replicates) were allocated to three different groups (control, NC inhibitor,
and miR-378 inhibitor). Culture medium was prepared in groups, as described
above, by culturing 25 embryos in 50-uL droplets of SOF+ITS+BSA, covered
with mineral oil at 38.5°C in 5% CO,, 5% O,, and 90% N,. Embryo develop-
ment was evaluated on 7 and 8 dpi, while embryo quality was assessed by dif-
ferential staining on 8 dpi. All blastocysts (8 dpi) were collected for differential
apoptotic staining and transcriptomic analysis.

Differential Apoptotic Staining. Differential apoptotic staining was per-
formed using a previously described protocol (86). A brief description is provided
in SI Appendix.

qRT-PCR Analysis. Total RNA (including small RNA) was isolated from blasto-
cysts and nonblastocyst embryos derived from both group and individual culture
(three replicates of eight embryos in each group), using the miRNeasy mini kit
(Qiagen). Reverse transcription, gRT-PCR, and data analysis were performed as
reported previously (18). A brief description is provided in S/ Appendix.

Transcriptomics. Details on transcriptomics analysis are provided in
Sl Appendix.

Availability of Protocols. Written details on experimental procedures have
been submitted to the Transparent reporting and Centralizing Knowledge in
Extracellular Vesicle Research (EV-TRACK) knowledgebase (EVIRACK ID:
EV200029) .

Statistical Analyses. Details of statistical analyses are provided in
SI Appendix.

Data Availability. The miRNA sequencing and transcriptomics datasets gener-
ated during the current study were deposited in the National Center for Biotech-
nology Information (NCBI) Gene Expression Omnibus (GEO) database with acces-
sion number GSE197878. Written details on experimental procedures have
been submitted to the EV-TRACK knowledgebase (EVTRACK ID: EV200029) (87).
All other study data are included in the article and/or supporting information.
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