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junctions, progressively increased from 4-cell (45.8 £ 5.1) to 8-cell embryos

(58.7 = 6.2). It is concluded that E-cadherin exhibits a developmental stage-
dependent localization with cytoplasmic predominance in early stages and a

progressive accumulation at cell junctions, which coincides with that reported
in embryos obtained by in vitro fertilization, while in fragmented embryos the
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pattern suggests alterations in the normal redistribution of E-cadherin, for ex-
ample, aberrant E-cadherin localization may serve as molecular marker for
poor embryo quality or impending developmental failure.
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1. Introduction

Parthenogenesis is defined as the generation of an individual without the partici-
pation of the paternal genome; this occurs naturally in some species. The use of
parthenogenetic embryos has shed light on some molecular mechanisms of em-
bryonic development [1].

A parthenogenetic embryo is obtained when the oocyte is artificially activated
[2]. Oocyte activation can be performed using compounds such as ethanol, cal-
cium jonophore, Tyrode’s solution, and puromycin. Electric activation is also
available [3]. The production of parthenogenetic embryos is used to study the
mechanisms that regulate embryo development [4] or as a control group in in
vitromammalian embryo culture systems, due to their close resemblance to mam-
mals and because they allow for obtaining precise information on the behavior of
in vitro embryo cultures [5].

E-cadherin is a transmembrane glycoprotein that regulates epithelial cell adhe-
sion and is calcium (Ca*") dependent [6]. It is produced in both oocytes and em-
bryos and has an important role in the regulation of morphogenesis through the
formation of adherent junctions, the termination of cell shape and polarity, and
cell signaling during the embryo compaction process. It is also expressed in germ
cells and on the surface of blastomeres during the early stages of embryonic de-
velopment [7] [8].

In a 6- to 8-cell embryo, or even a 16-cell embryo, depending on the animal
species, the blastomeres increase the cell-cell contact surface area due to the for-
mation of adherent junctions. This process marks the beginning of the embryonic
compaction [9].

Cell contacts are due to E-cadherin, which is progressively distributed from the
cytoplasm to the cell membrane, producing increasingly tighter cell contacts and
adherent junctions as the embryo compacts [10].

Embryo compaction is characterized by a mechanical flattening of the blasto-
meres that changes the organization of the membranes and the cytoplasm, causing
cell polarization by cell contact and the appearance of tight junctions that divide
the plasma membrane of the external blastomeres into apical and basolateral
membrane domains, Ca**-dependent cell adhesion and cell-cell communication
mediated by gap junctions [7] [9].

Loss or alteration of E-cadherin can alter the regulation of cell adhesion and a
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decreased capacity for organization, which can lead to embryonic fragmentation
[11]. Studies that have addressed this issue indicate that E-cadherin dysfunction can
cause embryonic cell dissociation and the accumulation of cytoplasmic fragments,
which is an indication that cellular interactions are not occurring properly [12].

Embryo cells with E-cadherin defects tend to experience an increased rate of
apoptosis and necrosis, which also contributes to embryo fragmentation [13].

Fragmentation occurs in most embryos, and its origin is not fully established
[14]. Some theories indicate that the fragments originate from cellular remains
without a nucleus or that they are the result of the decomposition of one or more
cells of the embryo itself during its divisions, which share space with the cells
themselves [15]. Poor oocyte quality can result in embryos with a high degree of
fragmentation [16]. Fragmentation can be classified into four degrees, depending
on the percentage of space occupied by the fragment: Grade 1: less than 10% of
the free space between cells; Grade 2: fragments occupy between 10 and 25%;
Grade 3: fragments occupy between 25 and 30%; and Grade 4: fragments occupy
more than 35%. Its presence at high levels (>15% - 20%) is associated with a lower
rate of development to blastocyst and implantation [17].

Cytoplasmic fragmentation is the most common cause of embryo loss after in
vitro fertilization (IVF), and is associated with the presence of several abnormali-
ties, such as low cell counts, unequal blastomere size, impaired cell-cell contact,
and multinucleated blastomeres [18].

This process can compromise embryo viability and reduce implantation and
blastocyst development rates, as it impedes cell-to-cell contact for compaction and
the initiation of blastulation [15].

The failure of cell-cell adhesion by E-cadherin promotes the extrusion and de-
tachment of blastomeres, leading to embryonic fragmentation.

Therefore, the objective of this study was to determine the location and distri-
bution pattern of E-cadherin in parthenogenetic sheep (Ovis aries) embryos and

its relationship to fragmentation.

2. Materials and Methods

All reagents used were from Sigma Aldrich unless otherwise stated. The animal
study protocol was approved by the Institutional Ethics Committee, “Ethics Com-
mission of the Biological and Health Sciences Division of the Universidad
Auténoma Metropolitana Iztapalapa (protocol code CECBS23-13 and date of ap-
proval: 4 April 2023)” for studies involving animals, and it is in agreement with
the ARRIVE 2.0 (Animal Research: Reporting of /n Vivo Experiments; E&E, Ex-
planation and Elaboration) guidelines (PLOS Biology|

https://doi.org/10.1371/journal.pbio.3000410).

2.1. In Vitro Maturation of Ovis aries Oocytes

Based on the methodology of Hernandez-Martinez et al [19] and Vazquez-Aven-
dafio et al [20] with some modifications, for in vitro maturation (IVM) of oocytes,

DOI: 10.4236/cellbio.2025.143004

35 CellBio


https://doi.org/10.4236/cellbio.2025.143004
https://doi.org/10.1371/journal.pbio.3000410

A. Trejo-Cérdova et al.

ovaries were collected weekly during spring to summer seasons at a local slaugh-
terhouse from adult domestic sheep (Ovis aries) creole type coming from States
surrounding Mexico City, and transported to the laboratory for 1 hour in 100
mL of physiological solution (0.9% NaCl and 1% antibiotic-antifungal, /n Vitro,
S.A., CDMX, México) at 30°C - 35°C. Cumulus-oocyte complexes (COC) were
aspirated from ovarian follicles (2 - 5 mm in diameter) by puncture with an 18 -
20 G hypodermic needle and a 10 mL syringe containing 1 mL of aspiration me-
dium based on TCM-199 with Hepes (/n Vitro, S.A., CDMX, Mexico) supple-
mented with 100 IU/mL of heparin sodium salt. The COCs were recovered in a 35
mm Petri dish and selected according to their morphology and number of granu-
losa cell layers [21]. Subsequently, they were incubated for 22 h in a 4-well dish
(Nunc, Thermofisher, Massachusetts, USA) containing 500 pL of 7n vitro matura-
tion medium (IVM) based on Hepes-free TCM-199 (In Vitro, SA, CDMX, Mex-
ico) supplemented with cysteine [0.57 mM], D-glucose [3.05 mM], polyvinyl al-
cohol [PVA] [0.1%], sodium pyruvate [0.91 mM], 10% newborn calf serum
(NBCS) (Biowest, Nuaill¢, France), 0.1 IU of FSH-LH (Pluset, Calier, Italy), gen-
tamicin [50 ug/mL] and epidermal growth factor [EGF, 10 ng/mL], under mineral
oil. Then they were incubated at 38°C and 5% CO, in high humidity for 24 h.

After IVM, oocytes were denuded from cumulus cells in Eppendorf tubes con-
taining 1.5 mL of TCM-199 with Hepes supplemented with hyaluronidase (0.5
mg/mL) and incubated for 8 min under the described conditions. Subsequently,
gentle and constant pipetting was performed with a 200 pL automatic micropipette.
The denuded oocytes were washed twice in 100 uL of TCM-199 with Hepes and
2% NBCS, transferred to 50 pL droplets of the same medium, and selected based
on the presence of the first polar body, as a sign that they were mature, that is, in
Metaphase II (MII) of the cell cycle [20].

2.2. 0ocyte Activation to Produce Parthenogenetic Embryos

According to Vazquez-Avendaio et al [21], with some modifications, for the de-
velopment of parthenogenetic embryos, MII oocytes were activated with calcium
ionophore A23187 (8 pg-mL™") in TCM-199 with Hepes and 2% NBCS, for 5 min.
Subsequently, they were washed 3 times in TCM-199 with Hepes and 20% NBCS,
for 3 min, and incubated in BO-IVC medium (IVF-Biosciences) containing 6-
DMAP (2 mM), for 4 h under the conditions described. The activated oocytes
were washed 3 times and cultured for in vitro development (IVD) in 100 pL of the
same medium covered with mineral oil, under the same conditions. At 36 h of
culture, the embryos developmental stage was determined, and they were pro-

cessed for E-cadherin immunostaining.

2.3. E-Cadherin Immunostaining

E-cadherin immunostaining was performed following the technique proposed by
Barcroft et al. [22], for which parthenogenetic O. aries embryos were fixed using

two concentrations of methanol-PBS solution, the first at a 1:1 ratio and the sec-
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ond at 2:1 (v:v), each for 2 min. The embryos were then permeabilized in 1% Tri-
ton X100 for 5 min. Next, they were incubated in PBS with 1% albumin-fraction
V for 1 h, then incubated with the primary antibody (1:50) anti-E-cadherin (cat.
ab287970- 100 ug, anti-e cadherin antibody (36/e-cadherin, abcam) overnight. Fi-
nally, the embryos were incubated with the secondary antibody (1:50) anti-IgG
labeled with FITC (Cat. ab150117- 500 ug, goat polyclonal secondary antibody to
mouse IgG H&L, abcam) overnight.

To determine the distribution pattern of E-cadherin, embryos were evaluated
using a confocal microscope (Zeiss LSM T-PMT, FITC filter). Images were ana-
lyzed using ZEN Life software (Zeiss), and fluorescence intensity was determined

in fluorescence units (fu) in the cytoplasm and at cell junctions (Figure 1).

A) Bright field. B) Dark field. E-cadherin immunostaining, FITC filter. C) Evaluation of E-cadherin distribu-
tion in the cytoplasm, E) Evaluation of E-cadherin distribution in the adherent junctions. 40X magnification

seen on a Zeiss LSM T-PMT confocal microscope. D and F) E-cadherin uf graphics.

Figure 1. Evaluation of E-cadherin in a 2-cell parthenogenetic embryo of domestic sheep (Ovis aries).

An analysis of variance was applied to compare the fluorescence intensity (given
in fluorescence units—fu, evaluated by the ZEISS ZEN lite software) between the
different stages of embryonic cleavage and between cytoplasmic E-cadherin and
adherent junctions [23].

To ensure data consistency and reproducibility, the regions of interest (cyto-
plasmic region vs. adherent junctions) were defined and standardized as follows:
In the first step, to determine cytoplasmic E-cadherin, the fluorescence intensity
of the cytoplasm in blastomeres was measured transversely (Figure 1(C)). While
in the second, the junctions between blastomeres were measured longitudinally to

obtain the fluorescence intensity of the E-cadherin (Figure 1(E)).
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3. Results

A total of 40 O. ariesparthenogenetic embryos that developed to different cleavage
stages were evaluated: 2 to 4-cell (n = 9), 5 to 6-cell (n = 6), 7 to 8-cell (n = 10),
and fragmented (n = 15) (Table 1, Figure 2).

Table 1. In vitro development rate of O. aries parthenogenetic embryos.

Oocyte number IVM N (%) Cleavage N (%) 2 -4-cellN (%) 5-6-cell N (%) 7-8-cell N (%) Fragmentated N (%)

100 54 (75) 40 (74) 9 (16.6) 6 (11.1) 10 (18.5) 15 (27.7)

The percentage of each column was obtained from the oocyte number.

Left column, images in bright field. Right column, images in dark field. a) and b) 2- to 4-
cell embryo. c and d) 5- to 6-cell embryo. e and f) 7- to 8-cell embryo. g and h) Fragmented
embryo. Magnification 40X, Zeiss LSM T-PMT confocal microscope.

Figure 2. Distribution pattern of E-cadherin in cytoplasmic and adherent junctions be-
tween blastomeres, in O. aries parthenogenetic embryos at different development stages
and fragmented, after 36 h of in vitro culture.
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The results of the fluorescence intensity of E-cadherin in cytoplasmic and ad-
herent junctions are shown in Figure 3. For the 4-cell embryos it was 57.6 + 5.1
fu and 45.8 + 5.1 fu, for the 6-cell embryos it was 27.8 + 3.0 fu and 29.2 + 3.4 fu,
and for 8-cell embryos it was 50.0 + 5.9 fu and 58.7 + 6.2 fu, respectively.

From the 4- to 6-cell stage, E-cadherin significantly decreased in embryos in the
cytoplasmic region, whereas from the 6- to 8-cell stage it significantly increased
in the adherent junctions (p < 0.05).

E-cadherin did not show significant differences between its localization in cy-
toplasmic and adherent junction in the 4-cell, 6-cell, and 8-cell embryo groups.
However, in the fragmented embryos, there were significant differences, with
preferential localization in the cytoplasm (p < 0.5) (Figure 3). Figure 3 shows a
high standard deviation in the distribution of E-cadherin in adherent junctions;
this can be explained by the higher fluorescence observed in fragmented embryos

compared to normal ones.
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Different literals a, b, ¢, d, e, f, show significant differences in E-cadherin in cytoplasmic and adherent junctions between
embryo cleavage stages. *Significant differences between E-cadherin in cytoplasmic and adherent junctions (p < 0.05).

Figure 3. Fluorescence units (fu) of E-cadherin in cytoplasmic and adherent junctions, in O. aries parthenogenetic embryos
at different development stages.

4. Discussion

The results show that ovine parthenogenetic embryos exhibit a stage-dependent
E-cadherin distribution pattern. At early stages (2- to 4-cell), E-cadherin is present
in a higher amount in the cytoplasm, whereas at the 8-cell stage, E-cadherin is
concentrated mainly at cell-cell junctions. These results are consistent with Ali-
kani [18], who observed that E-cadherin is mainly localized in the cytoplasmic

regions, whereas at advanced stages, its localization is concentrated in cell-cell
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contact regions in early-stage embryos obtained by IVF.

The E-cadherin distribution pattern in fragmented embryos had previously
been described by Alikani [18]. The author points out that E-cadherin presents a
diffuse and pronounced cytoplasmic fluorescence at the cell margins. The embryo
fragmentation rate of 27.7% observed in the present study (Figure 2(h)), corre-
sponds to the cleavage stages prior to embryonic genome activation as pointed out
by Alikani [18]. In sheep, embryo genome activation occurs between 8 and 16-cell
stages [24].

The origin of embryo fragmentation has not been fully established. Factors such
as culture conditions, oocyte quality, abnormal cell divisions, and excessive ma-
nipulation are considered [25].

It is possible that in fragmented embryos, the abnormalities in E-cadherin dis-
tribution are due to the manipulation carried out for the in vitro production of
parthenogenetic embryos and to parthenogenetic activation with 6-DMAP, pre-
venting the activation of the maturation-promoting factor (MPF) [26], which
could have led to early divisions due to defective spindles. 6-DMAP is a serine-
threonine kinase inhibitor that mimics the events following sperm fertilization,
injtiating DN A replication as if the oocyte had been fertilized, causing it to divide
and develop as an embryo (parthenote). Furthermore, as an inhibitor of cyclin-
dependent protein kinases (CDKs) crucial for cell cycle regulation and proper mi-
totic spindle formation, it can lead to defective spindle formation and abnormal
cell division [27].

Pelzer et al. [28] point out that embryo fragmentation may be due to prolonged
contact between the chromosomal material and the cell cortex, a process like mei-
osis, in which Rho-GTPases, specifically RhoA, participate Kale et al [29], point
out that RhoA generates tension in the cytoskeleton for its organization, necessary
for E-cadherin to activate, which is consistent with the fact that once E-cadherin
forms homotypic junctions, it negatively regulates RhoA expression.

Fragmentation is linked to apoptosis [27]. The marked relationship between E-
cadherin and apoptotic processes has become evident in studies against different
carcinomas [30]. Research focuses on the process of epithelial-to-mesenchymal
transition (EMT), where E-cadherin plays a key role.

According to Lu et al. [31], E-cadherin is involved in embryo differentiation, in-
cluding apoptotic events, and can induce, at high concentrations, the programmed
cell death-inducing signaling complex (DISC) by activating the apoptotic recep-
tors CDR4/CDR5, Fas (CD95), or TNF-R1. This links it to fragmentation events,
which could explain the higher intensity of E-cadherin fluorescence observed in
the fragmented embryos and its localization at the periphery of the zona pellucida.
The DISC assembly mechanism begins with the ligation of DR5 and DR4, followed
by stable assembly with E-cadherin mediated by a-catenin. To complete the assem-
bly of a DISC complex, the Fas adaptor protein-associated death domain (FADD)
and the apoptosis-initiating protease caspase-8 are recruited. This indicates that

E-cadherin can mediate both indirect apoptosis (initiating the recruitment of DR5
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and DR4) and direct apoptosis (organizing the actin cytoskeleton) [31].

E-cadherin proteolysis by caspases or metalloproteinases has also been de-
scribed to generate fragments that can act as intracellular signals to induce apop-
tosis [32]. Thus, when E-cadherin loses its function, an apoptotic cascade is acti-
vated, since cells depend on stable intercellular junctions for their viability. This
loss of adhesion can be interpreted by the cell as irreparable structural damage
[33].

On the other hand, embryos receive extracellular stimuli in the form of soluble
molecules (growth factors, cytokines, and hormones) that interact with cell sur-
face receptors, adherent interactions with the extracellular matrix, and cell-cell
adhesion. These stimuli generate changes in the actin cytoskeleton at specific sites,
through the Rho proteins [34].

Arnold et al [35] linked the Rho GTPases family to E-cadherin function due to
their role in cytoskeletal remodeling. This is relevant because Rho GTPases are
closely related to embryogenesis, and their deficiency disrupts epithelial morpho-
genesis, tubulogenesis, and the development of the central nervous system and
limbs [36].

E-cadherin activates GTPases that regulate cell adhesion mediated by junc-
tional proteins of the Rho family, with interference in cell morphology and mi-
gration [34]. Rho GTPases are 20 to 30 kDa proteins of the Ras superfamily, which
include: Rho A, B, C, D, E, Racl and 2, RacE, Cdc42Hs and TC10. Particularly,
RhoA, Racl and Cdc42 regulate the organization of the actin cytoskeleton, allow-
ing cell-cell adhesion of the cell membrane mediated by E-cadherin. This relation-
ship between E-cadherin and GTPases can be positive or negative. A negative reg-
ulation of RhoA will allow the arrangement of the cytoskeleton and the conse-
quent union to E-cadherin. While being active, RhoA will decrease the concentra-
tion of E-cadherin [7], which could be another cause of embryo fragmentation.

Finally, although E-cadherin is an adhesion molecule, it participates in different
signaling pathways directly or indirectly because it is closely related to catenins
(a, B, y), particularly with S-catenin in the actin cytoskeleton [37]. This, in turn,
is related to the Wnt/f-catenin signaling pathway (Wingless-related integration
site), which expresses totipotential genes for nuclear reprogramming, such as the
octamer-binding transcription factor 4 (Oct4). For signaling to occur, an inter-
mediate physiological level of f-catenin must be present [7] [38]. Therefore, the
E-cadherin adequate localization and distribution is decisive for embryo develop-
ment.

The p-catenin is a molecule that binds to E-cadherin and plays a role in regu-
lating the balance between proliferation and apoptosis. When E-cadherin/g-catenin
binding is lost, the latter can translocate to the nucleus and modify the gene ex-
pression, activating or repressing pro- or anti-apoptotic genes [39].

The results obtained in this study support the hypothesis raised, showing that
the distribution of E-cadherin in O. aries parthenogenetic embryos is significantly

related to embryo fragmentation, affecting the quality of embryo development,
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with emphasis on the group of fragmented embryos, where its fluorescence by
itself causes a high standard deviation, that agrees with the literature referring to
the relationship of E-cadherin with apoptosis [31].

This study evaluated parthenogenetic embryos at 36h of culture, limiting the
evaluation of later stages of embryonic development; however, this time was se-
lected to simplify the evaluation of the images obtained by confocal microscopy,
because in a previous study (Data not shown), we observed that the greater the
number of blastomeres in the embryo, the less clarity in the intensity of fluores-
cence in the adherent junctions between blastomeres and the difficulty of being
analyzed by the confocal microscope.

In conclusion, the E-cadherin localization depends on the embryo development
stage, with cytoplasmic predominance in early stages (2- to 4-cell) and progressive
accumulation at cell junctions (8-cell), a pattern consistent with that reported for
IVFE-derived embryos. On the other hand, fragmented embryos showed diffuse
and intense cytoplasmic fluorescence, suggesting alterations in the normal redis-
tribution of E-cadherin. This alteration may be linked to apoptotic processes, as
E-cadherin has been proposed to participate in the activation of programmed cell
death pathways such as DISC. Finally, E-cadherin is not only a marker of embryo
compaction but also a potential molecular indicator of embryo viability and frag-

mentation.
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