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Simple Summary: Assisted reproductive techniques (ART) are used to enhance herds’ genetic gain or
to clinically mitigate reproductive failure. Among several options, in vitro embryo production (IVP)
allows an efficient dissemination of female germplasm, based on the high number of oocytes available
in the ovary. Despite recent progress, many retrieved oocytes are not fully capable to undergo in vitro
maturation, fertilization, and culture, resulting in blastocyst development failure. The prediction
of oocyte competence is a goal for many research groups on different species. To date, the most
promising option to measure the oocyte competence would be evaluating the transcript population of
their neighbor cells: the cumulus cells at a transcriptional level. These cells are important mediators
of essentials signals and substrates for oocyte to acquire its competence. However, besides many
potential candidate’s genes described in the literature, there is no repeatability among different
research studies. Moreover, it is not clear if cumulus cell biopsy should be performed on immature
or on matured cumulus cells. The present study focused on the evaluation of the potential to
predict the oocyte fait after in vitro fertilization, measuring the transcript abundance of a panel of
candidate genes on immature and/or mature cumulus cells. The results showed that from all the
genes evaluated, none of the then can accurately predict oocyte quality in terms of its potential to
develop into an embryo.

Abstract: The present study aimed to determine whether cumulus cells (CC) biopsy, acquired
before or after in vitro maturation (IVM), presents similar gene expression pattern and if would
compromises oocyte quality. First, immature cumulus oocyte complexes (COCs) were distributed:
(1) maturated in groups (control); (2) individually maturated, but not biopsied; (3) subjected to CC
biopsy before maturation and individually matured; (4) individually matured and submitted to
CC biopsy after maturation; (5) individually matured and CC biopsied before and after maturation.
Secondly, candidate genes, described as potential markers of COCs quality, were quantified by
RT-qPCR in CCs before and after IVM. After in vitro fertilization (IVF), zygotes were tracked and
sorted regarding their developmental potential: fully developed to embryo, cleaved and arrested,
and not-cleaved. The COC’s biopsy negatively affects embryo development (p < 0.05), blastocyst cell
number (p < 0.05), and apoptotic cell ratio (p < 0.05), both before and after IVM. The PTGS2, LUM,
ALCAM, FSHR, PGR, SERPINE2, HAS2, and PDRX3 genes were differentially expressed (p < 0.05)
on matured CCs. Only PGR gene (p = 0.04) was under-expressed on matured CCs on Not-Cleaved
group. The SERPINE2 gene was overexpressed (p = 0.01) in the Cleaved group on immature CCs. In
summary, none of the selected gene studies can accurately predict COC'’s fate after fertilization.
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1. Introduction

It is well established that only competent oocytes can resume and complete maturation,
be fertilized, and support the initial embryonic development. Therefore, the efficiency
of any in vitro embryo production (IVP) system relies on the availability of competent
oocytes [1-4]. Oocyte competence is achieved gradually and involves nuclear and cytoplas-
mic modifications, reorganizations of organelles, and intense synthesis and accumulation
of RNA and proteins. Therefore, the morphological selection of cumulus—oocyte complexes
(COCs) for competent oocytes is limited, which has led to a continuous search for more
precise criteria that allow a more accurate selection. Identification of a noninvasive marker
for oocyte selection that would improve embryo production, has an undeniable value for
ARTs in human. In animals the possibility of selecting more accurately the competent and
better-quality oocytes is also of great value especially in situations in which oocytes will
be used for cloning and edited embryos, or for producing embryos using rare semen from
animals that have already died.

Different approaches have been designed to estimate oocyte quality and predict its
developmental fate after fertilization. Oocytes themselves can be used to predict their
competence. For example, oocyte diameters and/or sizes of the follicle from which they
were derived can be related to oocyte competence and used as predictors [5,6]; however,
none of these measurements have proven to be reliable markers. Conversely, investigating
molecular markers in the oocytes themselves would be the best way to predict their
developmental ability [7]; yet this approach is unsuitable as it prevents subsequent use
of oocytes.

Since COC metabolism-derived molecules and products accumulate in the follicular
environment [8,9], it can be a more feasible alternative to investigate molecular markers for
oocyte competence. Even though follicular fluid has been used in this context in assisted
reproductive techniques (ARTs) for humans, its use in predicting COC competence is
limited to farm animals. This is mainly because follicular aspiration must be performed
individually, which is unfeasible in routine IVP in animals. Another option would be to use
follicular cells such as mural granulosa cells (MGCs) and cumulus cells (CCs). MGCs are
attached to the follicular wall and are important for hormone synthesis. Matoba et al. [10]
and Nivet et al. [11] used MGCs obtained after follicle dissection and found several genes
associated with oocyte competence. However, a problem that arises from the use of
MGC:s, just as with follicular fluid, aspiration should be individual, in addition to the
additional procedures to isolate them. That said, the remaining alternative is CCs, which are
metabolically coupled with oocytes; therefore, metabolites such as amino acids, saccharides,
and signaling molecules, which are all essential for oocyte growth and development [12,13],
reach the ooplasm. Such a bidirectional communication with the follicular environment
is critical for oocytes, as CC removal or gap-junction blockage before in vitro maturation
significantly reduces their capacity to undergo embryonic development [14-16]. Given
this close relationship, CC can provide important information regarding oocyte health
and/or its physiological status [4,17,18]. A variety of studies have been performed in the
last two decades, especially in humans, aiming to identify a molecular marker for oocyte
quality. Many authors have suggested that transcript levels of candidate genes in human
CC biopsies can be associated with oocyte maturation [19-21], embryo competence [21-25],
pregnancy [17,21,23,26], or live-birth outcomes [21,27,28]. Although a wide variety of
genes have been identified and achieved promising results, there is still no consensus on
which candidate gene can be considered a reliable marker of oocyte competence in humans
or animals [29]. The lack of consistency in results may be due to several factors such
as ovarian stimulation protocols, patient characteristics, maturation systems, and oocyte
maturational stage.
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In ARTs for humans, oocyte retrieval essentially occurs after in vivo maturation after
hormonal ovarian stimulation [30-32]. Therefore, most of the candidate genes have been
identified in CC matured in vivo. On the other hand, in animal models, oocytes for ARTs
usually are removed prematurely from non-dominant follicles, and candidate markers have
been identified in immature CCs. Moreover, if CCs are obtained from in vitro matured
oocytes, such maturation must be considered a different condition so CCs may exhibit
significant differences in gene expression than those from matured in vivo oocytes. How-
ever, in addition to being identified, a molecular marker must be validated to ensure its
reliability in different situations and/or conditions. To do so, CC biopsies must be safely
removed to ensure sufficient material, and a single oocyte/embryo culture system must
allow the identification of structures until the blastocyst stage.

Given the above, this study aimed to validate the expression patterns of previously
described CC candidate genes and correlate them with oocyte competence to develop to
the blastocyst stage. First, we tested whether CC removal before and after maturation
would not affect embryo development and provided enough material to be used in gene
expression analysis. Afterward, we investigated the efficacy of the gene expression of
specific candidate genes in CCs acquired before and after in vitro maturation (IVM) to be
correlated with oocyte fate after fertilization and culture.

2. Materials and Methods

The reagents used were purchased from Sigma Aldrich (St. Louis, MO, USA) unless
otherwise stated.

All the COCs used in the present study were aspirated from slaughterhouse ovaries and
all the procedures were performed in accordance with the Brazilian Law for Animal Protection.

2.1. Experimental Design
2.1.1. Experiment 1: Effects of CC Biopsy and Individual Culture System on In Vitro
Embryo Production

This experiment aimed to evaluate whether the biopsy performed in CCs of bovine
COCs before and/or after maturation would affect in vitro blastocyst development and
its quality. Only COCs with homogeneous cytoplasm surrounded by three or more un-
expanded CC layers were selected for in vitro maturation. Biopsies were collected using
a scalpel blade and an 8.0 x 0.30 mm insulin syringe (Becton-Dickinson Ultra Fine™,
Franklin Lakes, NJ, USA). The experimental groups are described below:

e  Control: The only group wherein in vitro matured (IVM), in vitro fertilized (IVF), and
in vitro cultured (IVC) were performed with grouped COCs;
Individual IVP: Individual COCs were in vitro matured, fertilized, and cultured;
Biopsy before IVM: Immature COCs were subjected to CC biopsy and then individually
maturated, fertilized, and cultured in vitro;

e  Biopsy after IVM: Individually matured COCs were subjected to CC biopsy and then
fertilized and cultured in vitro;

e  Two Biopsies: Individually matured COCs were subjected to CC biopsies before and
after IVM and then followed by in vitro fertilization and culture.

After performing biopsies, the removed CCs were washed and transferred to 0.2-uL
tubes. They were then immediately subjected to imaging flow cytometry by FlowSight™
(AMNIS, Seattle, WA, USA) to count the total number of cells. After, cleavage at D2 and
blastocyst development at D7 were assessed. To evaluate the effect of CC biopsy on embryo
quality, at the end of culturing (D7), developed blastocyst rates were recorded. Moreover,
embryos at the blastocyst stage (Bx) were evaluated for total and DNA-fragmented cells by
in situ detection of fragmented DNA (TUNEL assay).
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2.1.2. Experiment 2: Quantification of mRNA Levels in Biopsies of Immature and Matured
Bovine CCs as a Predictor of COC’s Ability to Support Embryo Development

This experiment aimed to identify transcript levels of candidate markers for oocyte
competence in bovine immature and matured CCs as a function of their ability to develop
into an embryo in vitro.

Since in Experiment 1, no effect of two biopsies was detected on embryonic devel-
opment, we used them to evaluate gene expression. Therefore, each COC was subjected
to biopsies before and after IVM and then individually cultured through all steps of IVP.
These biopsied CCs were used for gene expression analysis. A total of 10 replicates were
performed, using 625 COCs, which were used for biopsy before and after maturation.

After the biopsy, CCs collected were washed in PBS and transferred to 0.2-uL tubes
with RNAlater™ (Ambion™ Life Technologies, Carlsbad, CA, USA) and immediately
stored at —20 °C. Cleavage was assessed at D2 and blastocyst development at D7. For gene
expression analysis, biopsies were pooled according to COC developmental competence
and were classified as: (1) CCs from COCs that developed to blastocyst (EMBRYO); (2) CCs
from COCs that cleaved after IVF (D2) but did not reach the blastocyst stage (CLEAVED);
and (3) COCs that did not cleave after IVF (NOT-CLEAVED). Then, three pools containing
14 biopsies (each from one COC) were formed for each of the groups.

All selected genes are described in the literature as potential markers of oocyte quality:
Glypican-4 (GPC4) [4], Prostaglandin-endoperoxide Synthase 2 (PTGS2) [21,33,34], Acti-
vated Leukocyte Cell Adhesion Molecule (ALCAM) [35], Follicle Stimulating Hormone
Receptor (FSHR) [5], Progesterone Receptor (PGR) [36], Serine Proteinase Inhibitor Clade
E Member 2 (SERPINE2) [37], and Hyaluronic Acid Synthetase-2 (Has2) [38], as well as
potential markers of oocyte development: Lumican (LUM) [18], Glutathione Peroxidase 3
(GPx-3) [39], and Peroxiredoxin 3 (PRDX3) [40].

2.2. Oocyte Recovery and IVM

Ovaries (Bos indicus) were collected immediately after slaughter and transported to the
laboratory in saline solution (0.9% NaCl) supplemented with penicillin G (100 IU/mL) and
streptomycin sulfate (100 g/mL) at 35 °C. Approximately 1000 COCs were used for all the
experiments. Cumulus oocyte complexes (COCs) were aspirated from 3 to 8 mm diameter
follicles using an 18-gauge needle and pooled into a 15 mL conical tube. The COCs were
recovered and selected in follicular fluid. Only COCs with homogenous cytoplasm and
at least three CC layers were used in the experiments. Immediately after selection, COCs
were transferred to 150 pL drop of IVM basic maturation media comprising tissue culture
media-199 supplemented with 10% fetal calf serum, 0.01 IU/mL porcine FSH (pFSH),
12 IU/mL, L-glutamine, 0.075 mg/mL amikacin, and 0.1 uM cysteamine and were cultured
for 22 h at 38.5 °C and 5% CO,.

Individual IVM culture was performed in 20 uL microdroplets of the same IVM
basic medium described by Kussano et al. [4]. Briefly, in a 60 mm Petri dish, 1620 pL
microdroplets were prepared and each drop held an individual COC. The IVM conditions
were the same as those described for IVM in the in-group culture.

2.3. CC Biopsies

Biopsies of CCs from immature and matured COCs were performed as described
by Bunel et al. [18]. The biopsies were conducted individually. The COC was placed in
50-pL drops of follicular fluid previously centrifuged at 700x g for 5 min. A very small
CC biopsy was removed with an ophthalmic blade (15° Straight; ACCUTOME, Malvern,
PA, USA) and an 8.0 x 0.30 mm insulin syringe (Becton-Dickinson Ultra Fine™, NJ, USA).
The time to perform the biopsy was approximately of 30 s for each COC. Biopsied immature
and matured COCs were washed in PBS and transferred to an IVM or IVF medium, as
previously described. Both biopsies were washed in PBS and stored separately in RNA later
(Ambion™ Life Technologies, Carlsbad, CA, USA) at —20 °C until gene expression analyses.
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Biopsies of bovine CCs removed from immature and matured oocytes were as-
sessed by cytometry. The samples were analyzed using FlowSight Imaging Flow Cy-
tometer (Amnis Corporation, Seattle, WA, USA) equipped with Amnis INSPIRE software
(https:/ /www.merckmillipore.com/, accessed on 1 March 2021). For analysis, a single cell
from each group/moment was quantified. For single cell acquisition, a specific template
was created for cumulus cells, then only events containing cells with size, shape, and
positive fluorescence for Hoechst 33342 dye (bisBenzimide H33342) were assessed. H33342
staining was used according to Hallap et al. [41] to exclude potential cellular debris. To
do this, cells were previously incubated for 15 min in a buffer solution containing H33342
(0.01 mg/mL), with Hoechst 33342 emissions being collected after exposure to a 405 nm
laser at 30 mW. Then, the cell concentration of each sample was subsequently analyzed by
the IDEAS V5.0 software (https://ideas.com/, accessed on 1 March 2021).

2.4. In Vitro Fertilization and Embryo Culture

Frozen semen from Nellore bull previously tested was used in IVE. Motile spermatozoa
were obtained using the Percoll (GE Healthcare, Piscataway, NJ, USA) gradient method
in microtubes [42] and were added to the fertilization drop at a final concentration of
1 x 10° spermatozoa/mL. Spermatozoa and oocytes were co-incubated for 18 h at 38.8 °C
with 5% COj; in the air. The fertilization medium consisted of Tyrode’s albumin lactate
pyruvate (TALP) adapted medium (EMBRAPA, Brasilia, Brazil [43] supplemented with
2 mM penicillamine, 1 mM hypotaurine, 250 mM epinephrine, and 10 mg/mL heparin.
The day of in vitro insemination was considered day 0. For individual IVF, a microdroplet
system (20 uL) was used. First, a volume of 350 uL fertilization medium was prepared,
as described above. Thereafter, the selected spermatozoa were added at the same con-
centration. The IVF medium containing the spermatozoa was used to prepare the 20 uL
microdroplets. Each droplet held an individual matured COC.

After a co-incubation period, presumptive zygotes were washed and transferred
to 200 mL droplets of synthetic oviductal fluid (SOF) medium [44] supplemented with
essential and non-essential amino acids, 0.34 mM sodium tricitrate, 2.77 mM myo-inositol,
and 5% of FBS (Invitrogen™, Waltham, MA, USA). For the culture of individual zygotes,
16 droplets of the same culture medium (20 pL) described above were mounted in a Petri
dish and covered with mineral oil.

Embryos were evaluated on day 2 (48 h post-insemination (pi)) for cleavage, and D7
(168 h pi) for blastocyst development.

2.5. Total Cell Number (Hoechst 33342) and Apoptotic Cell Ratio (Terminal Deoxynucleotidyl
Transferase dUTP Nick End Labeling (TUNEL))

To determine the total cell number and apoptotic cell ratio, expanded embryos were
stained with terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
and Hoechst 33342. Blastocysts were washed in warm PBS (Life Technologies, Waltham,
MA, USA) supplemented with polyvinyl pyrrolidone (PVP, Life®, Carlsbad, CA, USA)
(1 mg/mL) before fixation in 4% paraformaldehyde for 1 h. All incubation steps occurred
at room temperature in the dark unless otherwise noted, and embryos were washed in
1 mg/mL of PVP between each incubation step. After washing in 1 mg/mL of PVP, the
blastocysts were incubated in 0.5% Triton-X for 60 min. Subsequently, positive (artificial
DNA denaturation, TUNEL, and Hoechst 33342 staining) and negative (artificial DNA
denaturation, Hoechst staining) controls were incubated with 50 U/mL DNase (Roche,
Vilvoorde, Belgium) for 1 h. Blastocysts (except negative controls) were then stained with
a TUNEL enzyme-labeling mix (Roche) for 60 min at 37 °C and Hoechst 33342 staining
for 10 min. Finally, the blastocysts were washed in PVP, mounted on glass slides, and
observed under a fluorescent microscope. For each blastocyst, the individual total cell
number (blue nuclei, Hoechst 33342) and the total number of apoptotic cells (green nuclei,
TUNEL) were determined.
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2.6. RT-qPCR

The relative abundance of transcripts for ten target genes (GPC4, PTGS2, FSHR, PGR,
HAS2, LUM, ALCAM, GPx-3, SERPINE2, and PRDX3) were quantified by qPCR. The
qPCR amplification was performed using a 7500 Fast Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA) platform. In total, three biological replicates with 14 CCs
biopsies/treatments were used. Total RNA (RNeasy Plus Micro, QIAGEN™, Hilden,
Germany) from each pool was used for complementary DNA synthesis using 200 U of
Superscript III reverse transcriptase (200 U/1 mL; Invitrogen, Waltham, MA, USA) and
0.5 mg of oligo-dT primer (0.5 mg/mL; Invitrogen™, Waltham, MA, USA) in a final volume
of 25 pL. The reactions were performed at 65 °C for 5 min and 42 °C for 52 min, followed by
enzyme inactivation at 70 °C for 15 min. The qPCR analysis was performed using Fast SYBR
Green Master Mix (Applied Biosystems, https:/ /www.thermofisher.com/, accessed on
1 May 2021). The reactions were optimized to provide the maximum amplification efficiency
for each gene (80% and 110%) based on calculations using the relative standard curves
in the 7500 software 2.0.3 (Applied Biosystems). Each sample was analyzed as technical
triplicates, and the specificity of each PCR product was determined by melting-curve
analysis and evaluation of amplicon sizes using agarose gels. Each reaction was performed
in a final volume of 25 pL using complementary DNA corresponding to 0.35 biopsy, an
average of 2267 and 327 CCs in the immature and matured biopsy, respectively. The PCR
cycling conditions were 95 °C for 5 min, followed by 50 cycles of denaturation at 95 °C for
15 s, and then annealing at 60 °C for 30 s.

Nomenclature, primer sequences and concentrations, amplicon sizes, and GenBank
access number for each primer pair are listed in Table 1. The expression levels of three ref-
erence genes, Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), (3-actin (ACTB), and
Peptidylprolyl isomerase A (PPIA) were subjected to the genNorm software
(https://genorm.cmgg.be/, accessed on 1 May 2021) [45], which indicated that all genes
were similarly stable, with GAPDH chosen as the reference gene for data normalization.
The relative expression of each gene was calculated using the AACt method with efficiency
correction as described by Pfaffl [46].

Table 1. Information about the specific primers used for the amplification of gene fragments for the
quantitative polymerase chain reaction analysis.

GenBank Access

Genes Primer Sequences Amplicon Size (bp) Primer Concentration (nM) Number/Reference
GAPDH E (égg %gg ﬁé(c; g?GCgCAf:ﬁGGTTAT AA 118 300 NM_001034034.2
Gres R TCT CAG CCA CCA TCA GOA TAG CAT 152 00 NM_001205784.1
ww BeCTCocTTaTTCT
PTS2 i 0GACAG AGC ATA TAG GATTAC 193 250 NM_1744452
wow ECSACGSETGA G AT AC
FSHR R TCA CTC GAA GCT TGG TGA GAA © 133 300 NM_174061
Grxs  FEOCTAGACCCTITACT GITACAC 18 - NM_174077.4
PGR R CTTAGGGCTTGGCTITCGTITG 126 00 NM_001205256.1
SERPINE2 N e o A e € 158 300 NM_174669.2
PDRX3 F: GGC AGG AACTTT GAT GAG AT 205 300 NM_174643.1

R: GTG TGT AGC GGA GGT ATT TC

F: primer forward; R: primer reverse.
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2.7. Statistical Analyses

For cleavage at day 2 and blastocyst development (Bi, Bl, Bx, and Be) at day 7, analysis
of variance (ANOVA) was performed, and Tukey’s test was used for means compari-
son. For cell concentration in biopsies and total and apoptotic cell numbers in blasto-
cysts, Kruskal-Wallis was applied. Gene expression data were evaluated by Student’s
t-test. All statistical analyses were performed using the Prophet software version 5.0, 1997
(https:/ /www.prophet-web.com/support/supported-versions/, accessed on 5 June 2021),
or GraphPad Prism 6 (https://www.graphpad.com/, accessed on date 5 June 2021), con-
sidering p values < 0.05 and <0.1 as statistically significant and trend, respectively.

3. Results
3.1. Experiment 1: Effect of CC Biopsy and Individual Culture System on In Vitro
Embryo Production

In this experiment, we evaluated whether the moment at which the biopsy is per-
formed affects embryonic development (Table 2). Embryo production did not show differ-
ences in individual culture systems compared to in-group control (p > 0.05). Likewise, the
time that CC biopsy was performed did not affect (p > 0.05) blastocyst cleavage or develop-
ment. However, an interaction between biopsy and individual culture was observed since
all groups of oocytes subjected to individual culture and CC biopsies (Immature Biopsy,
Matured Biopsy, and Two Biopsies) had lower cleavage (p < 0.05) and blastocyst rates
(p < 0.05) than did control group.

Table 2. Number (1) and percentage + standard deviation (% =+ SD) of cleavage (D2) and embryo
development (D7). Cumulus oocyte complexes (COCs) were submitted to in vitro maturation,
fertilization, and culture in groups (Control), individually (Individual IVP), or individually submitted
to cumulus cells (CC) biopsy, before (Immature Biopsy), after (Matured Biopsy), and before and after
in vitro maturation (Two Biopsies).

Blastocyst at D7
Treatment Oocytes Cleavage at D2 -
n n (% + S.D.) Bi Bl Bx Total
n (%) n (%) n (%) n (% £ SD)
Control 177 135 (76.2 £5.0) 2 19 (28.0%) 25 (37.0%) 24 (35.0%) 68 (38.4+7.8)°
Individual IVP 112 76 (68.0 + 17.4) b 12 (32.4%) 16 (43.2%) 9 (24.4%) 37(33.0 &+ 5.1) 2P
Immature Biopsy 112 63 (56.2 + 8.5) P 9 (29.0%) 16 (52.0%) 6 (19.0%) 31(27.6 £42)b
Matured Biopsy 112 70 (62.5 + 4.5) P 6 (21.6%) 15 (53.5%) 7 (25.0%) 28 (25.0 +4.3) b
Two Biopsies 112 67(60.0 + 4.0) P 13 (45.0%) 9 (31.0%) 7 (24.0%) 29 (258 +£3.5)P

ab Values with different superscripts in the same column are significantly different by ANOVA (p < 0.05). Initial
blastocyst (Bi), blastocyst (Bl) and expanded blastocyst (Bx).

The concentration of cumulus cells obtained from biopsies of immature COCs
(6478.2 cells/mL) was higher (p < 0.05) than that of biopsies from matured COCs
(934.2 cells/mL).

The number of total cells of D7 expanded blastocyst from the control group was higher
(p < 0.05) than that of individual IVP and all biopsied groups. Regardless of the moment
at which it was performed, biopsy affected the percentage of apoptotic cells since it was
higher (p < 0.05) in the biopsied groups than in the individual IVP and Control groups
(Table 3).

3.2. Experiment 2: Quantification of mRNA Levels in Biopsies of Immature and Matured Bovine
CCs as A Predictor of COC Ability to Support Embryo Development

In Experiment 2, embryo development showed no differences (p > 0.05) in individual
culture systems between non-biopsied and biopsied groups (Table 4).
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Table 3. Means and standard deviation (mean =+ SD) of the number of total cells and the percent-
age (%) of apoptotic cells of D7 expanded blastocyst (Bx). Embryos were originated from cumulus
oocyte complexes (COCs) submitted to in vitro maturation, fertilization, and culture in groups (Con-
trol), individually (Individual IVP) or individually and submitted to cumulus cells (CC) biopsy,
before (Immature Biopsy), undergoing maturation (Matured Biopsy), and before and after in vitro
maturation (Two Biopsies).

Treatments Total Number of Cells Apoptotic Cells Ratio
Mean + SD %
Control 134.0 +24.82 3.732
Individual IVP 118.0 +£18.1° 3.812
Immature Biopsy 113.0 +20.2° 6.72"°
Matured Biopsy 119.2 +£19.3° 5.62P
Two Biopsies 1155+ 19.0° 7.53P

ab Values with different superscripts in the same column are significantly different (p < 0.05), according to
Kruskal-Wallis test.

Table 4. Number (1) and percentage + standard deviation (% =+ SD) of cleavage (D2) and embryo
development (D7). Cumulus oocyte complexes (COCs) individually matured, fertilized, and cultured
were submitted or not (Control) to a biopsy before and after in vitro maturation (Two biopsies).

Blastocyst at D7
Treat ¢ Oocytes Cleavage at D2 -
reatmen n n (% + S.D.) Bi Bl Bx Be Total
n (%) n (%) n (%) n (%) n (% + SD)
Control 160 100 (62.5 £ 14.4) 14 (28.5%) 12 (24.5%) 19 (38.7%) 4 (8.1%) 49 (30.6 = 7.5)
Two Biopsies 160 98 (61.2 & 21.9) 13 (28.2%) 15 (32.6%) 18 (39.1%) 0(0.0%) 46 (28.7 £ 9.6)

All data were analyzed by ANOVA. Initial blastocyst (Bi), blastocyst (Bl), expanded blastocyst (Bx), hatching, and
hatched blastocyst (Be).

For gene expression analysis, we initially compared the abundance of transcripts
in immature and mature cumulus cells (Figure 1). The results demonstrated that the
expression of eight out of the ten genes analyzed changed during in vitro maturation. The
genes PTGS2, PGR, HAS2, LUM, ALCAM, SERPINE2, and PRDX3 were upregulated after
IVM (p < 0.01). FSHR was the only gene in which transcript levels decreased during IVM
(p = 0.01). Finally, GPC4 and GPX3 showed similar relative abundance before and after
maturation (p > 0.05).

Finally, we evaluated the expression levels of the selected genes in immature (Figure 2)
and matured (Figure 3) biopsies and correlated them with COC developmental potential.
For immature CCs, only SERPINE2 was overexpressed (p = 0.01) in the cleaved group.
However, matured CCs showed no difference in the same transcript (p > 0.05). The gene
PGR overexpressed in the not-cleaved (p = 0.04) when compared to the cleaved group, but
no difference (p > 0.05) was observed with the embryo group. Moreover, the expression of
the gene LUM tended (p = 0.08) to be lower in matured CCs on COCs from the not-cleaved
group when compared to the others.
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Figure 1. Relative abundance of messenger RNA (mRNA) encoding GPC4, PTGS2, LUM, ALCAM,
FSHR, PGR, GPX3, SERPINE2, HAS2, and PRDX3 genes determined by quantitative polymerase
chain reaction in immature (black bar) or CCs of COCs undergoing maturation (gray bar). Mean
+ standard error of the mean (SEM) of three biological replicates. The data were normalized using
the formula DDCT by Pfaffl [46], with GAPDH as an endogenous control. The differences were
significant when p < 0.05, according to the T test.
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Figure 2. Relative abundance of messenger RNA (mRNA) encoding GPC4, PTGS2, LUM, ALCAM,
FSHR, PGR, GPX3, SERPINE2, HAS2, and PRDX3 genes determined by quantitative polymerase
chain reaction. Samples acquired on immature CCs biopsy from COCs that developed until embryo
(black bar); cleaved but did not develop (bright gray bar) or did not cleave (dark gray bar) after IVM,
IVE and IVC. Mean =+ standard error of the mean (SEM) of three biological replicates. The data
were normalized using the formula DDCT by Pfaffl [46], with GAPDH as an endogenous control.
ab Statistically significant differences between treatments. The differences were significant when
p < 0.05, according to the T test.
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Figure 3. Relative abundance of messenger RNA (mRNA) encoding GPC4, PTGS2, LUM, ALCAM,
FSHR, PGR, GPX3, SERPINE2, HAS2, and PRDX3 genes determined by quantitative polymerase
chain reaction. Samples acquired on matured CCs biopsy from COCs that developed until embryo
(black bar); cleaved but did not develop (bright gray bar) or did not cleave (dark gray bar) after
IVM, IVF and IVC. Mean = standard error of the mean (SEM) of three biological replicates. The data
were normalized using the formula DDCT by Pfaffl [46], with GAPDH as an endogenous control.
ab statistically significant differences and P tendency between treatments The differences were
considered to be significant and a tendency, when p < 0.05 and p < 0.1, respectively, according to the
T test.
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4. Discussion

Oocyte competence is gradually acquired during oogenesis and results from inter-
actions between oocytes and follicular cells [47,48]. Cumulus cells are somatic cells that
maintain a metabolic relationship with the oocyte, supporting maturation and competence
acquisition [15,49]. Therefore, CCs can give us important information about oocyte status
and could be used as a non-invasive tool to select more competent oocytes. Even though a
variety of studies have reported candidate genes as molecular markers to predict oocyte
competence, there is no consensus about which genes could be used as a marker. Especially
in domestic animals, such information is hindered not only due to the fewer studies but
also due to differences among species and in vitro systems. Thus, our study proposed to
evaluate whether CC biopsy could interfere with embryo development and quality after fer-
tilization. The study also evaluated whether the gene panel already established as markers
of human oocyte competence may also work for bovine COCs before and after IVM.

In the first experiment, the effect of biopsies performed before and/or after IVM
on embryo development was evaluated. Since CC biopsies were mainly used to detect
molecular markers, in the first assay the number of feasible cells to be obtained from
immature and mature CC biopsies was quantified. The results showed that biopsies from
immature COCs had a higher number of cells compared to biopsies from matured ones.
The lower cell numbers in matured COCs may have been due to cumulus expansion.
Under such conditions, cells are dispersed in hyaluronic acid, thus, in same-sized biopsies,
fewer cells are recovered in matured COCs. Therefore, even with a fewer number of cells,
matured COCs had enough material to quantify gene expression by qPCR. Moreover, a
housekeeping gene was used to normalize the assay, allowing comparisons between the
relative abundances of matured and immature CCs.

Regarding the biopsy effect, our results showed that its performance before and/or
after maturation did not impact embryo development. In the first experiment, the indi-
vidual system alone was unable to negatively affect blastocyst development, but a biopsy
and individual culture interaction negatively affected embryo production. In contrast,
Bunel et al. [18] found no effect of individual culture on embryo development. Based on
our results and in the literature [4], we can assume that individual culture potentialized by
biopsy procedure does negatively affect embryo development. Grouped COCs/embryos
are widely known to be exposed to autocrine and paracrine molecules produced and se-
creted by “neighbor” counterparts. Among the factors secreted in the group, the system
is insulin-like growth factors I and II (IGF-I, IGF-II), transforming growth factor « and 3
(TGF-a, TGF-p), interferon T (IFN-T), epidermal growth factor (EGF), platelet activated
factor (PAF), platelet-derived growth factor (PDGF) [50,51], and glucose and other energy
substrates [52]. All these molecules may be important for the regulation of oxidative stress,
intercellular communication, and activation of pathways responsible for cell prolifera-
tion. Thus, the beneficial effect of a group culture is expected to be lost during individual
culture [53-55], perhaps due to the impact of bench handling on COC quality.

We also evaluated the quality of embryos. In all individually cultured groups, ex-
panded blastocysts had lower cell counts, suggesting a poorer embryo quality. The total
number of cells can estimate the developmental potential of embryos after transfer. Blasto-
cysts with higher cell numbers are more likely to have success during maternal recognition
of pregnancy and have reduced pregnancy losses in many species [56,57]. Moreover, total
cell counts have a positive correlation with embryo resistance during cryopreservation [58].
Such an observation reinforces the above discussed, paracrine factors produced and se-
creted are important for proper embryo development. To enhance our analyses on embryo
quality, the percentage of apoptotic cells was determined in the same embryos. The results
demonstrated that biopsy increased apoptosis rates in the expanded blastocysts analyzed.
CC communication is important for proper oocyte maturation; however, performing a
biopsy on matured COCs induced apoptosis at the same intensity as in immature ones. This
may have occurred due to the metabolic co-dependence between oocytes and CCs, which
is important not only during maturation but also during fertilization [52]. In addition, a
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negative effect of manipulation itself cannot be ruled out, as there may be a degree of inva-
siveness that affects oocytes. To conclude the first goals, we must assume that individual
IVP and CC biopsy affect total cell number and apoptotic rates, respectively. Despite their
negative impact on embryo quality, these two procedures are essential to track oocyte cells
and produce accurate information about biopsy effect on their further development.

In the second experiment, we aimed to validate candidate genes as potential markers
for oocyte competence. Unlike other studies, ours was the first study to use the same COCs
to acquire biopsies of CCs, before and after IVM. The use of CC biopsies from the same
COCs, in both moments, allows tracking oocytes precisely throughout the entire process.
Moreover, based on the results in Experiment 1, no difference was observed in embryo
development and its quality, irrespective of the biopsy moment. Therefore, we quantified
gene expression on immature and matured CCs and then correlated it to the ability of
COCs to develop into embryos.

During maturation, COCs undergo functional, morphological, and molecular transfor-
mations to ensure their progression to MII, reorganization of organelles, and expansion of
CCs. These, together, confer female gamete competence to be fertilized and develop to later
stages after fertilization [7,52]. Data from the last decade show that a dynamic process in
the abundance of transcripts in CCs [59] and oocytes [60] occurs to coordinate these afore-
mentioned events. These differences may lead to misinterpretation of the molecular panel
of competence genes designed in a study to be used in another one. Moreover, breed [61],
age [62], follicle size [63,64], maturation system, and media [65] affect CC molecular signa-
ture. Therefore, these factors can reduce COC quality prediction accuracy, based on the
expression of the competence gene marker. Therefore, using the same COCs to acquire CC
biopsy before and after maturation would exclude all confounding factors and point out
the real differences between both time points. In the present study, we found that 7 out of
10 genes were overexpressed after maturation (LUM, PTGS2, ALCAM, PGR, SERPINE2,
HAS2, and PDRX3). Moreover, 1 (FSHR) and 2 (GPC4 and GPX3) out of 10 genes were
downregulated or stable after IVM, respectively. Such information is important because,
in bovines, the acquisition of CCs for molecular analyses is often performed in immature
COCs [4,10,60], different from humans [17,19,23-25,27,28,66]. Therefore, the gene panel
designed for different species may not be the same across all mammals.

The molecular markers of immature COCs have a high correlation with the maturation
process. Using the same markers to predict the quality of matured COCs may be inefficient,
as the pathway in which they participate will no longer be required after maturation.
Therefore, a panel of genes has to be designed for a specific stage. In our study, the gene
expression panel was compared among immature and mature CCs, depending on the
COC fate. After fertilization, structures that did (CLEAVED) or did not (NOT-CLEAVED)
cleave on Day 2, and those that reached the blastocyst stage on D7 (EMBRYO) were used as
phenotypes. The gene LUM tended to be overexpressed (p = 0.08) in CCs from matured
oocytes that reached the blastocyst stage or cleaved when compared to oocytes that did
not cleave (not-Cleaved). The gene LUM plays an important role in extracellular matrix
regulation, is present in cumulus expansion and oocyte maturation, and is also associated
with cell proliferation, migration, apoptosis, and angiogenesis [67]. When evaluating
the level of transcripts of the LUM gene in immature and matured oocytes after in vivo
and in vitro maturation, Mamo et al. [60] found a progressive increase in the amount of
mRNA after meiosis resumption, with a higher number of transcripts after maturation.
However, Bunel et al. [18] found that less competent oocytes, which failed to become
embryos after IVM, IVE and IVC, presented high levels of LUM mRNA in immature COCs.
Such difference may be because the follicles used to obtain COCs belong to a heterogeneous
class of follicles, as they may be in the recruitment or atresia phase, which could influence
the degree of competence of oocytes.

Moreover, the gene PGR was the only one to show a significant difference (p = 0.04),
and a higher expression was observed in CCs from cleaved COCs than from not-cleaved
ones. The gene PGR was reported to be induced by LH and suggested as a crucial playmaker
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(hormone receptor and transcription factor) upstream of the ovulatory process pathway [68].
Therefore, we cannot explain why this gene was overexpressed in CCs from cleaved COCs
compared to both extremes, the ones that did develop into embryos or, on the other side,
the ones that did not cleave.

Evaluating immature CCs, the gene SERPINE2 showed a similar pattern, with higher
expression (p = 0.01) in cleaved ones compared to those that did not or become embryos.
SERPINE2, also known as protease nexin-1, belongs to the serine protease inhibitor SERPIN
superfamily. It is one of the potent SERPINs that modulate the activity of plasminogen
activators [69]. For humans, mature CCs with higher expression were associated with
higher blastocyst development [70] and pregnancy [37]. Our findings make clear the
impossibility of extrapolating information from humans to other mammalian species.

Finally, the present study demonstrated that transcript levels of the genes PTGS2, AL-
CAM, SERPINE2, HAS2, and PDRX3 are indeed related to COC maturation, corroborating
the literature data [28,66,71,72]. However, no correlation was found regarding COC fate
after IVE. Finally, analyzing the genes GPC4 and GPX3, no difference was observed either
concerning the maturation stage or the ability of COCs to cleave (D2) or to develop into
embryos (D7).

A non-invasive method for COC competence assessment should indicate oocytes that
are more competent to develop after IVF and IVC. Such differentiation is the most important
step to identifying precociously the developmental potential of embryos. However, gene
expression varies not only because of maturation status and COC fate, as demonstrated in
our results. Still, several other factors beyond our findings may influence COC fate [63,65].

5. Conclusions

Based on our results, we concluded that none of the selected genes can accurately
predict oocyte quality in terms of its potential to develop into an embryo after fertilization.
In addition, because gene expression in cumulus cells varies along maturation, studies
using genes expression for oocyte quality investigation must consider whether cumulus
cell biopsy will be acquired before or after maturation.

Author Contributions: Conceptualization: A.L.S.G. and M.A.N.D. Methodology: A.L.S.G. and
M.A.N.D. Formal analysis: A.L.S.G., A TM.C., L.d.O.L. and M.C.C. Draft preparation: J.EFW.S. and
A.LS.G. Review and editing: J.EW.S., M.A.N.D. and M.M.F. Supervision, project administration
and funding acquisition: M.A.N.D. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by EMBRAPA, and the APC was funded by grant 06/2018 FAPEG.

Institutional Review Board Statement: Ethical review and approval are not required for this study.
The present experiments were not performed on live animals, and ovaries were obtained from
commercially slaughtered bovine female. The results presented are based on bovine cumulus oocyte
complexes under in vitro embryo production.

Informed Consent Statement: Not applicable.
Data Availability Statement: All available data are included in the present paper.

Conflicts of Interest: The authors declare no conflict of interest.

1. Rizos, D.; Ward, E; Dulffy, P; Boland, M.P.; Lonergan, P. Consequences of bovine oocyte maturation, fertilization or early embryo
development in vitro versus in vivo: Implications for blastocyst yield and blastocyst quality. Mol. Reprod. Dev. 2002, 61, 234-248.

[CrossRef] [PubMed]

2. Lonergan, P; Faerge, I.; Hyttel, PM.; Boland, M.; Fair, T. Ultrastructural modifications in bovine oocytes maintained in meiotic
arrest in vitro using roscovitine or butyrolactone. Mol. Reprod. Dev. 2003, 64, 369-378. [CrossRef] [PubMed]

3.  Dode, M.A.N.; Dufort, I.; Massicotte, L.; Sirard, M.-A. Quantitative expression of candidate genes for developmental competence
in bovine two-cell embryos. Mol. Reprod. Dev. 2005, 73, 288-297. [CrossRef] [PubMed]

4. Kussano, N.; Leme, L.; Guimaraes, A.; Franco, M.; Dode, M. Molecular markers for oocyte competence in bovine cumulus cells.
Theriogenology 2016, 85, 1167-1176. [CrossRef]


http://doi.org/10.1002/mrd.1153
http://www.ncbi.nlm.nih.gov/pubmed/11803560
http://doi.org/10.1002/mrd.10206
http://www.ncbi.nlm.nih.gov/pubmed/12548669
http://doi.org/10.1002/mrd.20427
http://www.ncbi.nlm.nih.gov/pubmed/16362969
http://doi.org/10.1016/j.theriogenology.2015.11.033

Animals 2022, 12, 3113 15 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Caixeta, E.S.; Ripamonte, P.; Franco, M.M.; Junior, ].B.; Dode, M.A.N. Effect of follicle size on mRNA expression in cumulus cells
and oocytes of Bos indicus: An approach to identify marker genes for developmental competence. Reprod. Fertil. Dev. 2009, 21,
655-664. [CrossRef]

Fair, T. Follicular oocyte growth and acquisition of developmental competence. Anim. Reprod. Sci. 2003, 78, 203-216. [CrossRef]
Sirard, M. Resumption of meiosis: Mechanism involved in meiotic progression and its relation with developmental competence.
Theriogenology 2001, 55, 1241-1254. [CrossRef]

Benkhalifa, M.; Madkour, A.; Louanjli, N.; Bouamoud, N.; Saadani, B.; Kaarouch, I.; Chahine, H.; Sefrioui, O.; Merviel, P.; Copin,
H.; et al. From global proteome profiling to single targeted molecules of follicular fluid and oocyte: Contribution to embryo
development and IVF outcome. Expert Rev. Proteom. 2015, 12, 407—423. [CrossRef]

Dumesic, D.A.; Meldrum, D.R.; Katz-Jaffe, M.G.; Krisher, R.L.; Schoolcraft, W.B. Oocyte environment: Follicular fluid and
cumulus cells are critical for oocyte health. Fertil. Steril. 2014, 103, 303-316. [CrossRef]

Matoba, S.; Bender, K.; Fahey, A.G.; Mamo, S.; Brennan, L.; Lonergan, P,; Fair, T. Predictive value of bovine follicular components
as markers of oocyte developmental potential. Reprod. Fertil. Dev. 2014, 26, 337-345. [CrossRef]

Nivet, A.-L.; Vigneault, C.; Blondin, P; Sirard, M.-A. Changes in granulosa cells’ gene expression associated with increased oocyte
competence in bovine. Reproduction 2013, 145, 555-565. [CrossRef]

Paulini, F; Melo, E.O. The Role of Oocyte-Secreted Factors GDF9 and BMP15 in Follicular Development and Oogenesis. Reprod.
Domest. Anim. 2010, 46, 354-361. [CrossRef] [PubMed]

Gilchrist, R.B.; Luciano, A.M.; Richani, D.; Zeng, H.T.; Wang, X.; De Vos, M.; Sugimura, S.; Smitz, J.; Richard, EJ.; Thompson, J.G.
Oocyte maturation and quality: Role of cyclic nucleotides. Reproduction 2016, 152, R143-R157. [CrossRef] [PubMed]

Luciano, A.M.; Franciosi, F.; Modina, S.C.; Lodde, V. Gap Junction-Mediated Communications Regulate Chromatin Remodeling
During Bovine Oocyte Growth and Differentiation Through cAMP-Dependent Mechanism(s)1. Biol. Reprod. 2011, 85, 1252-1259.
[CrossRef] [PubMed]

Yeo, C.X,; Gilchrist, R.B.; Lane, M. Disruption of Bidirectional Oocyte-Cumulus Paracrine Signaling During In Vitro Maturation
Reduces Subsequent Mouse Oocyte Developmental Competencel. Biol. Reprod. 2009, 80, 1072-1080. [CrossRef]

Gilchrist, R.; Ritter, L.; Armstrong, D. Oocyte-somatic cell interactions during follicle development in mammals. Anim. Reprod.
Sci. 2004, 82-83, 431-446. [CrossRef]

Assou, S.; Haouzi, D.; Mahmoud, K.; Aouacheria, A.; Guillemin, Y.; Pantesco, V.; Reme, T.; Dechaud, H.; DE Vos, J.; Hamamah, S.
A non-invasive test for assessing embryo potential by gene expression profiles of human cumulus cells: A proof of concept study.
Mol. Hum. Reprod. 2008, 14, 711-719. [CrossRef]

Bunel, A.; Jorssen, E.; Merckx, E.; Leroy, J.; Bols, P.; Sirard, M. Individual bovine in vitro embryo production and cumulus cell
transcriptomic analysis to distinguish cumulus—oocyte complexes with high or low developmental potential. Theriogenology 2015,
83,228-237. [CrossRef]

McKenzie, L.J.; Pangas, S.A.; Carson, S.A.; Kovanci, E.; Cisneros, P; Buster, ].E.; Amato, P.; Matzuk, M.M. Human cumulus
granulosa cell gene expression: A predictor of fertilization and embryo selection in women undergoing IVE. Hum. Reprod. 2004,
19, 2869-2874. [CrossRef]

Hamel, M.; Dufort, I.; Robert, C.; Léveillé, M.-C.; Leader, A.; Sirard, M.-A. Identification of follicular marker genes as pregnancy
predictors for human IVF: New evidence for the involvement of luteinization process. Mol. Hum. Reprod. 2010, 16, 548-556.
[CrossRef]

Wathlet, S.; Adriaenssens, T.; Segers, I.; Verheyen, G.; Van De Velde, H.; Coucke, W.; El, R.R.; Devroey, P; Smitz, J. Cumulus cell
gene expression predicts better cleavage-stage embryo or blastocyst development and pregnancy for ICSI patients. Hum. Reprod.
2011, 26, 1035-1051. [CrossRef] [PubMed]

Cillo, F,; Brevini, T.A.; Antonini, S.; Paffoni, A.; Ragni, G.; Gandolfi, F. Association between human oocyte developmental
competence and expression levels of some cumulus genes. Reproduction 2007, 134, 645-650. [CrossRef] [PubMed]

Anderson, R.A; Sciorio, R.; Kinnell, H.; Bayne, R.; Thong, K.J.; De Sousa, P.; Pickering, S. Cumulus gene expression as a predictor
of human oocyte fertilisation, embryo development and competence to establish a pregnancy. Reproduction 2009, 138, 629-637.
[CrossRef]

Feuerstein, P; Puard, V.; Chevalier, C.; Teusan, R.; Cadoret, V.; Guérif, F.; Houlgatte, R.; Royere, D. Genomic Assessment of
Human Cumulus Cell Marker Genes as Predictors of Oocyte Developmental Competence: Impact of Various Experimental
Factors. PLoS ONE 2012, 7, €40449. [CrossRef]

Scarica, C.; Cimadomo, D.; Dovere, L.; Giancani, A.; Stoppa, M.; Capalbo, A.; Ubaldi, EM.; Rienzi, L.; Canipari, R. An integrated
investigation of oocyte developmental competence: Expression of key genes in human cumulus cells, morphokinetics of early
divisions, blastulation, and euploidy. J. Assist. Reprod. Genet. 2019, 36, 875-887. [CrossRef]

Hamel, M.; Dufort, I; Robert, C.; Léveillé, M.-C.; Leader, A.; Sirard, M.-A. Genomic assessment of follicular marker genes as
pregnancy predictors for human IVE. Mol. Hum. Reprod. 2010, 16, 87-96. [CrossRef] [PubMed]

Demiray, S.B.; Goker, E.N.T.; Tavmergen, E.; Yilmaz, O.; Calimlioglu, N.; Soykam, H.O.; Oktem, G.; Sezerman, U. Differential
gene expression analysis of human cumulus cells. Clin. Exp. Reprod. Med. 2019, 46, 76-86. [CrossRef]

Gebhardt, K.M.; Feil, D.K,; Dunning, K.R.; Lane, M.; Russell, D.L. Human cumulus cell gene expression as a biomarker of
pregnancy outcome after single embryo transfer. Fertil. Steril. 2011, 96, 47-52.€2. [CrossRef]


http://doi.org/10.1071/RD08201
http://doi.org/10.1016/S0378-4320(03)00091-5
http://doi.org/10.1016/S0093-691X(01)00480-0
http://doi.org/10.1586/14789450.2015.1056782
http://doi.org/10.1016/j.fertnstert.2014.11.015
http://doi.org/10.1071/RD13007
http://doi.org/10.1530/REP-13-0032
http://doi.org/10.1111/j.1439-0531.2010.01739.x
http://www.ncbi.nlm.nih.gov/pubmed/21198974
http://doi.org/10.1530/REP-15-0606
http://www.ncbi.nlm.nih.gov/pubmed/27422885
http://doi.org/10.1095/biolreprod.111.092858
http://www.ncbi.nlm.nih.gov/pubmed/21816847
http://doi.org/10.1095/biolreprod.108.073908
http://doi.org/10.1016/j.anireprosci.2004.05.017
http://doi.org/10.1093/molehr/gan067
http://doi.org/10.1016/j.theriogenology.2014.09.019
http://doi.org/10.1093/humrep/deh535
http://doi.org/10.1093/molehr/gaq051
http://doi.org/10.1093/humrep/der036
http://www.ncbi.nlm.nih.gov/pubmed/21372047
http://doi.org/10.1530/REP-07-0182
http://www.ncbi.nlm.nih.gov/pubmed/17965254
http://doi.org/10.1530/REP-09-0144
http://doi.org/10.1371/journal.pone.0040449
http://doi.org/10.1007/s10815-019-01410-3
http://doi.org/10.1093/molehr/gap079
http://www.ncbi.nlm.nih.gov/pubmed/19778949
http://doi.org/10.5653/cerm.2019.46.2.76
http://doi.org/10.1016/j.fertnstert.2011.04.033

Animals 2022, 12,3113 16 of 17

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Uyar, A.; Torrealday, S.; Seli, E. Cumulus and granulosa cell markers of oocyte and embryo quality. Fertil. Steril. 2013, 99, 979-997.
[CrossRef]

Chang, C.-C.; Shapiro, D.B.; Bernal, D.P,; Wright, G.; Kort, H.I.; Nagy, Z.P. Human oocyte vitrification: In-vivo and in-vitro
maturation outcomes. Reprod. Biomed. Online 2008, 17, 684-688. [CrossRef]

Ouandaogo, Z.G.; Frydman, N.A.; Hesters, L.; Assou, S.; Haouzi, D.; Dechaud, H.; Frydman, R.; Hamamah, S. Differences in
transcriptomic profiles of human cumulus cells isolated from oocytes at GV, MI and MII stages after in vivo and in vitro oocyte
maturation. Hum. Reprod. 2012, 27, 2438-2447. [CrossRef] [PubMed]

Raziel, A.; Schachter, M.; Strassburger, D.; Kasterstein, E.; Ron-El, R.; Friedler, S. In vivo maturation of oocytes by extending the
interval between human chorionic gonadotropin administration and oocyte retrieval. Fertil. Steril. 2006, 86, 583-587. [CrossRef]
[PubMed]

Marei, W.F,; Abayasekara, D.R.E.; Wathes, D.C.; Fouladi-Nashta, A.A. Role of PTGS2-generated PGE2 during gonadotrophin-
induced bovine oocyte maturation and cumulus cell expansion. Reprod. Biomed. Online 2014, 28, 388—400. [CrossRef] [PubMed]
Ocampo, A.; Pedraza, J.; Ortiz, G.; Hernandez-Pérez, E.; Porchia, L.; Lopez-Bayghen, E. Assessment of Prostaglandin-
Endoperoxide Synthase 2 and Versican gene expression profile from the cumulus cells: Association with better in vitro
fertilization outcomes. J. Ovarian Res. 2018, 11, 84. [CrossRef] [PubMed]

Adriaenssens, T.; Wathlet, S.; Segers, I.; Verheyen, G.; De Vos, A.; Van der Elst, ].; Coucke, W.; Devroey, P.; Smitz, ]. Cumulus cell
gene expression is associated with oocyte developmental quality and influenced by patient and treatment characteristics. Hum.
Reprod. 2010, 25, 1259-1270. [CrossRef]

Shimada, M.; Yamashita, Y.; Ito, J.; Okazaki, T.; Kawahata, K.; Nishibori, M. Expression of two progesterone receptor isoforms in
cumulus cells and their roles during meiotic resumption of porcine oocytes. . Mol. Endocrinol. 2004, 33, 209-225. [CrossRef]
Hamel, M.; Dufort, I; Robert, C.; Gravel, C.; Leveille, M.-C.; Leader, A.; Sirard, M.-A. Identification of differentially expressed
markers in human follicular cells associated with competent oocytes. Hum. Reprod. 2008, 23, 1118-1127. [CrossRef]
Adriaenssens, T.; Segers, 1.; Wathlet, S.; Smitz, ]J. The cumulus cell gene expression profile of oocytes with different nuclear
maturity and potential for blastocyst formation. J. Assist. Reprod. Genet. 2010, 28, 31-40. [CrossRef]

Huang, X.; Hao, C.; Shen, X.; Zhang, Y.; Liu, X. RUNX2, GPX3 and PTX3 gene expression profiling in cumulus cells are reflective
oocyte/embryo competence and potentially reliable predictors of embryo developmental competence in PCOS patients. Reprod.
Biol. Endocrinol. 2013, 11, 109. [CrossRef]

Cree, L.M.; Hammond, E.R.; Shelling, A.N.; Berg, M.C.; Peek, ].C.; Green, M.P. Maternal age and ovarian stimulation indepen-
dently affect oocyte mtDNA copy number and cumulus cell gene expression in bovine clones. Hum. Reprod. 2015, 30, 1410-1420.
[CrossRef]

Hallap, T.; Nagy, S.; Jaakma, U.; Johannisson, A.; Rodriguez-Martinez, H. Usefulness of a triple fluorochrome combination
Merocyanine 540/ Yo-Pro 1/Hoechst 33342 in assessing membrane stability of viable frozen-thawed spermatozoa from Estonian
Holstein Al bulls. Theriogenology 2006, 65, 1122-1136. [CrossRef]

Machado, G.; Carvalho, J.; Filho, E.S.; Caixeta, E.; Franco, M.; Rumpf, R.; Dode, M. Effect of Percoll volume, duration and force of
centrifugation, on in vitro production and sex ratio of bovine embryos. Theriogenology 2009, 71, 1289-1297. [CrossRef] [PubMed]
Parrish, ].J.; Krogenaes, A.; Susko-Parrish, J.L. Effect of bovine sperm separation by either swim-up or Percoll method on success
of in vitro fertilization and early embryonic development. Theriogenology 1995, 44, 859-869. [CrossRef]

Holm, P; Shukri, N.; Vajta, G.; Booth, P.; Bendixen, C.; Callesen, H. Developmental kinetics of the first cell cycles of bovine in vitro
produced embryos in relation to their in vitro viability and sex. Theriogenology 1998, 50, 1285-1299. [CrossRef]

Vandesompele, ].; De Preter, K.; Pattyn, F.; Poppe, B.; Van Roy, N.; De Paepe, A.; Speleman, F. Accurate normalization of real-time
quantitative RT-PCR data by geometric averaging of multiple internal control genes. Genome Biol. 2002, 3, 1-12. [CrossRef]
Pfaffl, M.W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 2001, 29, e45. [CrossRef]
[PubMed]

Krisher, R.L. In Vivo and In Vitro Environmental Effects on Mammalian Oocyte Quality. Annu. Rev. Anim. Biosci. 2013, 1, 393-417.
[CrossRef]

Sirard, M.-A; Richard, F,; Blondin, P; Robert, C. Contribution of the oocyte to embryo quality. Theriogenology 2006, 65, 126-136.
[CrossRef]

Dias, F.; Khan, M.; Adams, G; Sirard, M.; Singh, ]J. Granulosa cell function and oocyte competence: Super-follicles, super-moms
and super-stimulation in cattle. Anim. Reprod. Sci. 2014, 149, 80-89. [CrossRef]

Hoelker, M.; Rings, F.; Lund, Q.; Ghanem, N.; Phatsara, C.; Griese, J.; Schellander, K.; Tesfaye, D. Effect of the microenvironment
and embryo density on developmental characteristics and gene expression profile of bovine preimplantative embryos cultured
in vitro. Reproduction 2009, 137, 415-425. [CrossRef]

Gopichandran, N.; Leese, H.J. The effect of paracrine/autocrine interactions on the in vitro culture of bovine preimplantation
embryos. Reproduction 2006, 131, 269-277. [CrossRef] [PubMed]

Richani, D.; Dunning, K.R.; Thompson, J.G.; Gilchrist, R.B. Metabolic co-dependence of the oocyte and cumulus cells: Essential
role in determining oocyte developmental competence. Hum. Reprod. Updat. 2020, 27, 27-47. [CrossRef] [PubMed]

Gardner, D.K.; Hamilton, R.; McCallie, B.; Schoolcraft, W.B.; Katz-Jaffe, M.G. Human and mouse embryonic development,
metabolism and gene expression are altered by an ammonium gradient in vitro. Reproduction 2013, 146, 49-61. [CrossRef]
[PubMed]


http://doi.org/10.1016/j.fertnstert.2013.01.129
http://doi.org/10.1016/S1472-6483(10)60316-1
http://doi.org/10.1093/humrep/des172
http://www.ncbi.nlm.nih.gov/pubmed/22617121
http://doi.org/10.1016/j.fertnstert.2006.02.091
http://www.ncbi.nlm.nih.gov/pubmed/16828475
http://doi.org/10.1016/j.rbmo.2013.11.005
http://www.ncbi.nlm.nih.gov/pubmed/24447957
http://doi.org/10.1186/s13048-018-0456-2
http://www.ncbi.nlm.nih.gov/pubmed/30241554
http://doi.org/10.1093/humrep/deq049
http://doi.org/10.1677/jme.0.0330209
http://doi.org/10.1093/humrep/den048
http://doi.org/10.1007/s10815-010-9481-9
http://doi.org/10.1186/1477-7827-11-109
http://doi.org/10.1093/humrep/dev066
http://doi.org/10.1016/j.theriogenology.2005.07.009
http://doi.org/10.1016/j.theriogenology.2009.01.002
http://www.ncbi.nlm.nih.gov/pubmed/19230963
http://doi.org/10.1016/0093-691X(95)00271-9
http://doi.org/10.1016/S0093-691X(98)00227-1
http://doi.org/10.1186/gb-2002-3-7-research0034
http://doi.org/10.1093/nar/29.9.e45
http://www.ncbi.nlm.nih.gov/pubmed/11328886
http://doi.org/10.1146/annurev-animal-031412-103647
http://doi.org/10.1016/j.theriogenology.2005.09.020
http://doi.org/10.1016/j.anireprosci.2014.07.016
http://doi.org/10.1530/REP-08-0370
http://doi.org/10.1530/rep.1.00677
http://www.ncbi.nlm.nih.gov/pubmed/16452720
http://doi.org/10.1093/humupd/dmaa043
http://www.ncbi.nlm.nih.gov/pubmed/33020823
http://doi.org/10.1530/REP-12-0348
http://www.ncbi.nlm.nih.gov/pubmed/23613618

Animals 2022, 12, 3113 17 of 17

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Wydooghe, E.; Heras, S.; Dewulf, ].; Piepers, S.; Van den Abbeel, E.; De Sutter, P.; Vandaele, L.; Van Soom, A. Replacing serum
in culture medium with albumin and insulin, transferrin and selenium is the key to successful bovine embryo development in
individual culture. Reprod. Fertil. Dev. 2014, 26, 717-724. [CrossRef]

Wydooghe, E.; Vandaele, L.; Heras, S.; De Sutter, P; Deforce, D.; Peelman, L.; De Schauwer, C.; Van Soom, A. Autocrine
embryotropins revisited: How do embryos communicate with each other in vitro when cultured in groups? Biol. Rev. 2015, 92,
505-520. [CrossRef]

Milewski, R.; Szpila, M.; Ajduk, A.M. Dynamics of cytoplasm and cleavage divisions correlates with preimplantation embryo
development. Reproduction 2018, 155, 1-14. [CrossRef]

Wu, J; Zhang, J.; Kuang, Y.; Chen, Q.; Wang, Y. The effect of Day 3 cell number on pregnancy outcomes in vitrified-thawed single
blastocyst transfer cycles. Hum. Reprod. 2020, 35, 2478-2487. [CrossRef]

Pereira, D.C.; Dode, M.A.N.; Rumpf, R. Evaluation of different culture systems on the in vitro production of bovine embryos.
Theriogenology 2005, 63, 1131-1141. [CrossRef]

Wyse, B.A.; Weizman, N.F,; Kadish, S.; Balakier, H.; Sangaralingam, M.; Librach, C.L. Transcriptomics of cumulus cells—A
window into oocyte maturation in humans. J. Ovarian Res. 2020, 13, 1-14. [CrossRef]

Mamo, S.; Carter, E; Lonergan, P,; Leal, C.L.; Al Naib, A.; McGettigan, P.; Mehta, ].P.; Evans, A.C.; Fair, T. Sequential analysis
of global gene expression profiles in immature and in vitro matured bovine oocytes: Potential molecular markers of oocyte
maturation. BMC Genom. 2011, 12, 151. [CrossRef]

Ticianelli, J.S.; Emanuelli, L.P.; Satrapa, R.A.; Castilho, A.C.S.; Loureiro, B.; Sudano, M.].; Fontes, PK,; Pinto, R EP.; Razza, EM,;
Surjus, R.S.; et al. Gene expression profile in heat-shocked Holstein and Nelore oocytes and cumulus cells. Reprod. Fertil. Dev.
2017, 29, 1787-1802. [CrossRef] [PubMed]

McReynolds, S.; Dzieciatkowska, M.; McCallie, B.R.; Mitchell, S.D.; Stevens, J.; Hansen, K.; Schoolcraft, W.B.; Katz-Jaffe, M.G.
Impact of maternal aging on the molecular signature of human cumulus cells. Fertil. Steril. 2012, 98, 1574-1580.e5. [CrossRef]
[PubMed]

Melo, E.O.; Cordeiro, D.M.; Pellegrino, R.; Wei, Z.; Daye, Z.]J.; Nishimura, R.C.; Dode, M.A.N. Identification of molecular markers
for oocyte competence in bovine cumulus cells. Anim. Genet. 2016, 48, 19-29. [CrossRef]

Hatzirodos, N.; Hummitzsch, K.; Irving-Rodgers, H.F.; Harland, M.L.; Morris, S.E.; Rodgers, R.J. Transcriptome profiling of
granulosa cells from bovine ovarian follicles during atresia. BMC Genom. 2014, 15, 40. [CrossRef]

Salhab, M.; Tosca, L.; Cabau, C.; Papillier, P.; Perreau, C.; Dupont, J.; Mermillod, P.; Uzbekova, S. Kinetics of gene expression
and signaling in bovine cumulus cells throughout IVM in different mediums in relation to oocyte developmental competence,
cumulus apoptosis and progesterone secretion. Theriogenology 2011, 75, 90-104. [CrossRef]

Assidi, M.; Montag, M.; Sirard, M.-A. Use of Both Cumulus Cells’ Transcriptomic Markers and Zona Pellucida Birefringence to
Select Developmentally Competent Oocytes in Human Assisted Reproductive Technologies. BMC Genom. 2015, 16, S9. [CrossRef]
Kao, WW.-Y,; Funderburgh, J.L.; Xia, Y.; Liu, C.-Y.; Conrad, G.W. Focus on Molecules: Lumican. Exp. Eye Res. 2006, 82, 3-4.
[CrossRef] [PubMed]

Assidi, M.; Dieleman, S.J.; Sirard, M.-A. Cumulus cell gene expression following the LH surge in bovine preovulatory follicles:
Potential early markers of oocyte competence. Reproduction 2010, 140, 835-852. [CrossRef] [PubMed]

Lee, RK.-K,; Fan, C.-C.; Hwu, Y.-M.; Lu, C.-H.; Lin, M.-H.; Chen, Y.-J.; Li, S.-H. SERPINE?2, an inhibitor of plasminogen activators,
is highly expressed in the human endometrium during the secretory phase. Reprod. Biol. Endocrinol. 2011, 9, 38. [CrossRef]
[PubMed]

Devjak, R.; Tacer, K.F; Juvan, P; Klun, I.V,; Rozman, D.; Bokal, E.V. Cumulus Cells Gene Expression Profiling in Terms of
Oocyte Maturity in Controlled Ovarian Hyperstimulation Using GnRH Agonist or GnRH Antagonist. PLoS ONE 2012, 7, e47106.
[CrossRef]

Ekart, J.; McNatty, K.; Hutton, J.; Pitman, J. Ranking and selection of MII oocytes in human ICSI cycles using gene expression
levels from associated cumulus cells. Hum. Reprod. 2013, 28, 2930-2942. [CrossRef] [PubMed]

Feuerstein, P.; Cadoret, V.; Dalbies-Tran, R.; Guerif, F; Bidault, R.; Royere, D. Gene expression in human cumulus cells: One
approach to oocyte competence. Hum. Reprod. 2007, 22, 3069-3077. [CrossRef] [PubMed]


http://doi.org/10.1071/RD13043
http://doi.org/10.1111/brv.12241
http://doi.org/10.1530/REP-17-0230
http://doi.org/10.1093/humrep/deaa209
http://doi.org/10.1016/j.theriogenology.2004.06.008
http://doi.org/10.1186/s13048-020-00696-7
http://doi.org/10.1186/1471-2164-12-151
http://doi.org/10.1071/RD16154
http://www.ncbi.nlm.nih.gov/pubmed/27802411
http://doi.org/10.1016/j.fertnstert.2012.08.012
http://www.ncbi.nlm.nih.gov/pubmed/22968048
http://doi.org/10.1111/age.12496
http://doi.org/10.1186/1471-2164-15-40
http://doi.org/10.1016/j.theriogenology.2010.07.014
http://doi.org/10.1186/1471-2164-16-S1-S9
http://doi.org/10.1016/j.exer.2005.08.012
http://www.ncbi.nlm.nih.gov/pubmed/16213485
http://doi.org/10.1530/REP-10-0248
http://www.ncbi.nlm.nih.gov/pubmed/20724459
http://doi.org/10.1186/1477-7827-9-38
http://www.ncbi.nlm.nih.gov/pubmed/21426587
http://doi.org/10.1371/journal.pone.0047106
http://doi.org/10.1093/humrep/det357
http://www.ncbi.nlm.nih.gov/pubmed/24041818
http://doi.org/10.1093/humrep/dem336
http://www.ncbi.nlm.nih.gov/pubmed/17951581

	Introduction 
	Materials and Methods 
	Experimental Design 
	Experiment 1: Effects of CC Biopsy and Individual Culture System on In Vitro Embryo Production 
	Experiment 2: Quantification of mRNA Levels in Biopsies of Immature and Matured Bovine CCs as a Predictor of COC’s Ability to Support Embryo Development 

	Oocyte Recovery and IVM 
	CC Biopsies 
	In Vitro Fertilization and Embryo Culture 
	Total Cell Number (Hoechst 33342) and Apoptotic Cell Ratio (Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling (TUNEL)) 
	RT-qPCR 
	Statistical Analyses 

	Results 
	Experiment 1: Effect of CC Biopsy and Individual Culture System on In Vitro Embryo Production 
	Experiment 2: Quantification of mRNA Levels in Biopsies of Immature and Matured Bovine CCs as A Predictor of COC Ability to Support Embryo Development 

	Discussion 
	Conclusions 
	References

