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Abstract 

Background  Although the Notch signaling pathway is known to play an important role in ovarian follicle develop-
ment in mammals, whether it is involved in oocyte maturation remains unclear. Therefore, this study was performed 
to elucidate the existence and role of the Notch signaling pathway during oocyte maturation in a porcine model.

Methods  Reverse transcription-polymerase chain reaction (RT-PCR) and immunocytochemical assays were used 
to determine the existence of Notch signaling pathway-related transcripts and proteins in porcine cumulus–oocyte 
complexes (COCs). In vitro maturation (IVM) and parthenogenetic activation of oocytes were employed to examine 
the effects of Notch signaling inhibition on meiotic progression and embryogenesis of COCs using RO4929097 (RO), 
an inhibitor of γ secretase. Various staining methods (TUNEL, Phalloidin-TRITC, MitoTracker, JC-1, BODIPY FL ATP, ER-
Tracker, Fluo-3, and Rhod-2) and immunocytochemical and quantitative PCR assays were used to identify the effects 
of Notch signaling inhibition on meiotic progression, embryogenesis, cell cycle progression, spindle assembly, 
chromosome alignment, mitochondrial and endoplasmic reticulum distribution, and downstream pathway targets 
in COCs.

Results  The RT-PCR and immunocytochemical analyses revealed the presence of Notch signaling-related receptors 
(NOTCH1–4) and ligands (JAG1 and 2 and DLL1, 3, and 4) at 0, 22, 28, and 44 h of IVM in the COCs. RO treatment dur-
ing oocyte maturation markedly reduced meiotic maturation and embryogenesis, inhibiting the cell cycle progres-
sion, spindle assembly, and chromosome alignment processes that are important for meiotic maturation. Further-
more, RO significantly impaired the cellular distribution and functions of the mitochondria and endoplasmic reticula, 
which are important organelles for the cytoplasmic maturation of oocytes. Finally, the involvement of canonical Notch 
signaling in oocyte maturation was confirmed by the decreased expression of HES and HEY family transcripts and pro-
teins in the RO-treated COCs.

Conclusions  It was first demonstrated that Notch signaling pathway-related transcripts and proteins were expressed 
during the meiotic maturation of porcine COCs. Furthermore, the inhibition of Notch signaling during IVM revealed 
the essential role of this signaling pathway during oocyte maturation in pigs.
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Background
The ovary (the female gonad) is the only source of 
oocytes and important for the production of sex steroid 
hormones [1]. The ovarian follicles contain two types of 
cells: germ cells (oocytes) and somatic cells (granulosa 
and theca cells) [2]. During ovarian follicle development, 
the bidirectional communication between the oocyte and 
surrounding somatic cells regulate each other’s prolif-
eration and differentiation [3]. The interactions between 
these cells are highly coordinated by juxtracrine, auto-
crine, paracrine, and endocrine signals [3]. Although the 
molecular mechanism of ovarian follicle development 
is complex, several classical signaling pathways, includ-
ing the Notch, Hedgehog, Wnt, and insulin pathways, 
have been reported to be involved [3]. Of these path-
ways, that of juxtacrine signaling has been the focus of 
research owing to the spatial relationships and interac-
tions between the oocytes and surrounding somatic cells 
[4], with Notch being used the most, as it involves more 
direct cell-to-cell contact signaling [5].

The highly conserved Notch signaling pathway is 
involved in various biological processes, such as stem cell 
maintenance, adult tissue homeostasis, endothelial dif-
ferentiation and fate determination, and tumor progres-
sion [6]. In mammals, five Notch ligands [Jagged (JAG) 
1 and 2 and delta-like canonical Notch ligand (DLL) 1, 3, 
and 4] and four Notch receptors (NOTCH1–4) partici-
pate in the Notch signaling cascade [7]. As both Notch 
ligands and receptors are transmembrane proteins, the 
receptors are activated by their binding of ligands pre-
sented by neighboring cells [8]. Notch receptors undergo 
posttranslational modifications, including glycosylation 
and proteolysis (S1). When a ligand from one cell binds 
to a receptor on a neighboring cell, ligand endocytosis 
is triggered, exposing the metalloprotease recognition 
site on the receptor. S2 cleavage by ADAM10 leads to 
metalloprotease-mediated cleavage and removal of the 
extracellular fragment of the heterodimer. The mem-
brane-anchored receptor fragment is cleaved at S3 by 
the γ secretase complex, an intramembrane aspartyl pro-
tease that cleaves its substrates within their transmem-
brane domains, to release the Notch intracellular domain 
(NICD) [9]. The released NICD is then translocated to 
the nucleus, where it interacts and forms a complex with 
the CSL family [CBF1, Su(H), and Lag-1] of transcrip-
tional regulators, the transactivator mastermind-like 
(MAML), and other modulators [9]. After its formation, 
the complex activates the transcription of multiple effec-
tor genes, including members of the HES/HEY family 
[10]. In contrast, noncanonical functions of Notch that 
are independent of ligand binding or transcription have 
also been reported [11]. Previous studies have reported 
that the noncanonical Notch pathway may function 

through interactions with other signaling pathways, 
including WNT, NF-kappa B, and JNK [12, 13]. How-
ever, information about the noncanonical Notch signal-
ing pathway remains poorly understood due to a lack of 
mechanistic understanding [14].

The involvement of the Notch signaling pathway in 
ovarian follicle development and oocyte maturation has 
been proposed. Previous studies in mouse ovaries dem-
onstrated that the Notch receptors (NOTCH1–3) and 
Notch ligand JAG2 are expressed in granulosa cells, 
while JAG1 and JAG2 are expressed in the oocytes [10, 
15]. Recently, it has been reported that transcripts of 
NOTCH1, JAG2, HES1, and HES2 are expressed in bovine 
germinal vesicle oocytes [12]. Furthermore, Manosalva 
et  al. [16] demonstrated that Hes1, a target gene of the 
Notch signaling pathway, regulates the development of 
ovarian somatic cells that are essential for oocyte matu-
ration and survival. In that study, conventional and 
conditional Hes1 knockout in ovarian somatic cells and 
chemical inhibition of the Notch signaling pathway in 
ovaries using a γ secretase inhibitor led to decreases in 
the total number, size, and maturation of oocytes in mice.

Although the previous study implied that the Notch 
signaling pathway may be required for mammalian 
oocyte maturation, the exact role of the pathway in this 
process has not been fully elucidated. Therefore, the aims 
of this study were to determine the existence and role 
of the Notch signaling pathway during porcine oocyte 
maturation. To this end, we investigated the existence of 
transcripts and proteins of Notch ligands (JAG1 and 2 
and DLL1, 3, and 4) and receptors (NOTCH1–4) in por-
cine cumulus–oocyte complexes (COCs). Additionally, 
RO4929097 (RO), an inhibitor of γ secretase, was used 
to determine the effects of Notch signaling inhibition on 
porcine oocyte maturation.

Materials and methods
Chemicals
Unless otherwise stated, all chemicals and reagents used 
were purchased from Sigma-Aldrich (St. Louis, MO, 
USA).

Oocyte recovery and in vitro maturation
Porcine ovaries were obtained from a local slaughter-
house, placed in 0.9% physiological saline at 38.5 °C, and 
transported to the laboratory within 2 h. Using a syringe, 
COCs were collected from the surface of the ovarian fol-
licles (3–7 mm in diameter), and those containing three 
or more intact cumulus layers were selected. The COCs 
were rinsed three times with an in vitro maturation (IVM) 
medium composed of tissue culture medium 199, 10 ng/
mL epidermal growth factor, 25 µM β-mercaptoethanol, 
0.57 mM cysteine, 10% porcine follicular fluid, 10 IU/mL 
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pregnant mare serum gonadotropin (PMSG; ProSpec, 
Rehovot, Israel), and 10  IU/mL human chorionic gon-
adotropin (hCG; ProSpec). Approximately 50 COCs 
were incubated in IVM medium with paraffin oil (Junsei, 
Tokyo, Japan) for 22 h at 38.5 °C under 5% CO2. Thereaf-
ter, the COCs were transferred to PMSG- and hCG-free 
IVM medium and incubated for another 22 h at 38.5 °C 
under 5% CO2.

Chemical treatment
A stock solution of 20  mM RO (Selleckchem, Houston, 
TX, USA) was prepared with dimethylsulfoxide and 
diluted in IVM medium to final concentrations of 0, 5, 
10, and 20 µM.

Assessment of the cumulus expansion and nuclear 
maturation of oocytes
A total of 1000 COCs was used in five independent rep-
licates. After 44 h of IVM, cumulus expansion was eval-
uated on the basis of the morphology of the COCs and 
classified into four levels: degree 1 (cumulus cells that 
are spherical and compacted with minimal observable 
expansion), degree 2 (cumulus cells that are partially 
expanded with an outer layer), degree 3 (cumulus cells 
that are mostly expanded except for the corona radiata), 
and degree 4 (cumulus cells that are fully expanded). 
To determine the nuclear maturation of the oocytes 
after 44  h of IVM, the COCs were placed in a denud-
ing medium containing Dulbecco’s phosphate-buffered 
saline (DPBS; Gibco, Grand Island, NY, USA), 100  μg/
mL penicillin G, 75  μg/mL streptomycin sulfate, and 
0.1% hyaluronidase. After gently pipetting the COCs, 
the denuded oocytes were observed under a microscope 
(Nikon Corp., Tokyo, Japan) and classified as immature 
(without polar body extrusion), metaphase II (MII; with 
polar body extrusion), or degenerate.

Parthenogenetic activation and in vitro culture
A total of 631 MII oocytes was used in five independ-
ent replicates. For parthenogenetic activation, MII 
oocytes were treated with 15 μM of ionomycin in DPBS 
(Gibco) supplemented with 60  μg/mL gentamicin sul-
fate, 75 μg/mL streptomycin sulfate, and 4 mg/mL bovine 
serum albumin (BSA) for 5  min in the dark. After acti-
vation, the oocytes were incubated in in  vitro culture 
medium (PZM-3 medium containing 4  mg/mL BSA) 
supplemented with 5  µg/mL cytochalasin B and 2  mM 
6-dimethylaminopurine for 4  h at 38.5  °C under 5% 
CO2. Subsequently, the oocytes were transferred to fresh 
in vitro culture medium and cultured for 6 days at 38.5 °C 
under 5% CO2.

Immunocytochemistry
For NOTCH1 staining, in total, 49, 50, 48, and 48 COCs 
were sampled at different time points (0, 22, 28, and 
44  h of IVM, respectively) and used in four independ-
ent replicates. For NOTCH2 staining, in total, 43, 48, 46, 
and 47 COCs were sampled at different time points (0, 
22, 28, and 44  h of IVM, respectively) and used in four 
independent replicates. For NOTCH3 staining, in total, 
35, 36, 37, and 35 COCs were sampled at different time 
points (0, 22, 28, and 44 h of IVM, respectively) and used 
in four independent replicates. For NOTCH4 staining, in 
total, 45, 43, 45, and 43 COCs were sampled at different 
time points (0, 22, 28, and 44 h of IVM, respectively) and 
used in four independent replicates. For JAG1 staining, in 
total, 43, 43, 40, and 44 COCs were sampled at different 
time points (0, 22, 28, and 44 h of IVM, respectively) and 
used in four independent replicates. For JAG2 staining, in 
total, 49, 46, 47, and 48 COCs were sampled at different 
time points (0, 22, 28, and 44 h of IVM, respectively) and 
used in four independent replicates. For DLL1 staining, 
in total, 39, 38, 38, and 38 COCs were sampled at differ-
ent time points (0, 22, 28, and 44 h of IVM, respectively) 
and used in three independent replicates. For DLL3 
staining, in total, 42, 41, 38, and 38 COCs were sam-
pled at different time points (0, 22, 28, and 44 h of IVM, 
respectively) and used in three independent replicates. 
For DLL4 staining, in total, 42, 41, 42, and 39 COCs were 
sampled at different time points (0, 22, 28, and 44  h of 
IVM, respectively) and used in three independent repli-
cates. For GDF9 staining, a total of 40 MII oocytes was 
used in three independent replicates. For BMP15 stain-
ing, a total of 40 MII oocytes was used in three inde-
pendent replicates. For CDX2 staining, a total of 66 
blastocysts was used in three independent replicates. For 
α-Tubulin staining to evaluate the proportions of Pro-MI 
and MI stage oocytes, a total of 348 oocytes was used 
in five independent replicates. For α-Tubulin staining 
to evaluate the chromosome and spindle morphology, a 
total of 144 oocytes was used in four independent repli-
cates. For BUBR1 staining, a total of 96 oocytes was used 
in three independent replicates. For Ac-Tubulin staining, 
a total of 70 oocytes was used in three independent rep-
licates. For HES1 staining, a total of 60 COCs was used 
in three independent replicates. For HES2 staining, a 
total of 42 COCs was used in three independent repli-
cates. For HEY1 staining, a total of 54 COCs was used in 
three independent replicates. For HEY2 staining, a total 
of 60 COCs was used in three independent replicates. 
COCs, oocytes, and blastocysts were washed three times 
in DPBS (Welgene, Daegu, Republic of Korea) supple-
mented with 0.1% polyvinyl alcohol (PBS-PVA) and then 
fixed overnight in 4% paraformaldehyde at 4  °C. After 
washing three times with PBS-PVA, the respective cells 
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were incubated in PBS supplemented with 1% Triton 
X-100 for 1 h at ambient temperature. Then, the permea-
bilized samples were washed three times with PBS-PVA. 
Subsequently, the cell samples were placed in PBS-PVA 
containing 1  mg/mL BSA (PBS-PVA-BSA) at ambient 
temperature for 1  h to block nonspecific binding. To 
stain for caudal type homeobox  2 (CDX2), blastocysts 
were further incubated in PBS containing 10% normal 
goat serum for 1 h. The cell samples were incubated with 
primary antibodies overnight at 4  °C. The specific anti-
bodies used are listed in Supplementary Table  1. After 
washing three times with PBS-PVA-BSA, the samples 
were treated with Alexa Fluor 488-labeled goat anti-rab-
bit, goat anti-mouse, or donkey anti-goat IgG secondary 
antibodies (Invitrogen, Waltham, MA, USA) for 1  h at 
ambient temperature. Following this, the samples were 
washed three times with PBS-PVA-BSA and mounted on 
glass slides with mounting solution containing 1.5 µg/mL 
4′,6-diamidino-2-phenylindole (DAPI; Vector Laborato-
ries, Newark, CA, USA). Cell fluorescence was observed 
using a laser scanning confocal fluorescence micro-
scope (LSM700; Carl Zeiss, Oberkochen, Germany) or 
a fluorescence microscope (DMi8; Leica Microsystems, 
Wetzlar, Germany), and the fluorescence intensity was 
analyzed using ImageJ software after normalization 
through subtraction of the background intensity to that 
of control.

Terminal deoxynucleotidyl transferase‑mediated 
dUTP‑digoxygenin nick end‑labeling assay
A total of 80 blastocysts was used in five independent 
replicates. The In Situ Cell Death Detection Kit (Roche, 
Basel, Switzerland) was used for the terminal deoxynu-
cleotidyl transferase-mediated dUTP-digoxygenin nick 
end-labeling (TUNEL) assay. Blastocysts were fixed over-
night in 4% paraformaldehyde at 4 °C, then washed three 
times with PBS-PVA, and subsequently permeabilized 
in DPBS with 1% (v/v) Triton X-100 for 1  h at ambient 
temperature. Thereafter, the blastocysts were washed 
three times with PBS-PVA and incubated with fluores-
cein-conjugated dUTP and terminal deoxynucleotidyl 
transferase for 1  h at 38.5  °C. After the incubation, the 
blastocysts were washed three times with PBS-PVA and 
then mounted on slides with mounting solution contain-
ing 1.5  µg/mL DAPI (Vector Laboratories). Cell fluo-
rescence was observed using a fluorescence microscope 
(DMi8; Leica Microsystems).

Reverse transcription and quantitative polymerase chain 
reactions
Poly(A) mRNAs were isolated from cumulus cells, 
oocytes, and blastocysts using the Dynabeads mRNA 
Direct Kit (Invitrogen) following the manufacturer’s 

protocol and then reverse transcribed using the Prime-
Script™ RT Reagent Kit with gDNA Eraser (Takara Bio 
Inc., Shiga, Japan) according to the manufacturer’s pro-
tocol. A total of 50 COCs or 10 blastocysts were sampled 
in each batch for Poly(A) mRNA extraction and used in 
three independent replicates. For the reverse transcrip-
tion polymerase chain reactions (RT-PCR), a SureCy-
cler 8800 system (Agilent Technologies, Santa Clara, 
CA, USA) was used: 3  µl cDNA, 1  µl (5  pM) forward 
primer, 1  µl (5  pM) reverse primer, 10  µl ExPrime Pre-
mix (GeNet Bio, Daejeon, Republic of Korea), and 5  µl 
of Nuclease-free water (Invitrogen). The PCR products 
were electrophoresed for 30 min at 110 V using a JY600 
Basic Power Supply (JUNYI, Beijing, China). The results 
were visualized and photographed using a gel imaging 
system (Fusion SOLO S; Vilber, Marne La Vallée, France). 
SYBR Premix Ex Taq (TaKaRa Bio) and the AriaMx Real-
time PCR system (Agilent) were used for the quantitative 
PCR: 3 µl cDNA, 1 µl (5 pM) forward primer, 1 µl (5 pM) 
reverse primer, and 5  µl SYBR Premix Ex Taq (TaKaRa 
Bio). Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) was used as the internal standard for compara-
tive analyses. The specific primers used for the PCRs are 
listed in Supplementary Table 2.

Chromosome spreading
A total of 226 oocytes was used in six independent rep-
licates. To spread the chromosomes, the oocytes were 
treated with acidic Tyrode’s solution to remove the zona 
pellucida. After a brief recovery in fresh medium, the 
oocytes were fixed and spread on glass slides using 1% 
paraformaldehyde in distilled water (pH 9.2) containing 
0.15% Triton X-100 and 3  mM dithiothreitol. The slide 
samples were dried slowly for several hours at ambient 
temperature in a humid chamber, following which they 
were covered with a blocking solution for 1  h at ambi-
ent temperature. Then, the cells were incubated first with 
BUBR1 antibody (Abcam, Cambridge, UK) overnight at 
4  °C and then with Alexa Fluor 488-labeled goat anti-
rabbit secondary antibody for 1  h at ambient tempera-
ture. Finally, the DNA was stained by dropping 10 μL of 
mounting solution containing 1.5  µg/mL DAPI (Vector 
Laboratories) onto the cells. Cell fluorescence was exam-
ined using a laser scanning confocal fluorescence micro-
scope (LSM700; Carl Zeiss).

Analysis of actin filaments
A total of 279 MII oocytes was used in three independent 
replicates. MII oocytes were fixed overnight with 4% par-
aformaldehyde at 4 °C, then incubated in DPBS contain-
ing 1% Triton X-100 for 1 h at ambient temperature, and 
subsequently blocked with 2  mg/mL BSA in PBS-PVA 
for 1 h at ambient temperature. Then, the oocytes were 
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treated with 10 μg/mL phalloidin-tetramethylrhodamine 
B isothiocyanate for 2  h at ambient temperature. After 
washing in PBS-PVA, the oocytes were mounted onto 
glass slides with a mounting solution containing 1.5 µg/
mL DAPI and observed using a laser scanning confocal 
fluorescence microscope (LSM700; Zeiss).

Analysis of mitochondria and endoplasmic reticula
For MitoTracker staining, a total of 156 MII oocytes was 
used in five independent replicates. For JC-1 staining, 
a total of 96 MII oocytes was used in three independ-
ent replicates. For ER-Tracker staining, a total of 236 
MII oocytes was used in nine independent replicates. 
To assess the mitochondrial and endoplasmic reticu-
lum (ER) activities, MII oocytes were incubated in IVM 
medium containing 200  nM MitoTracker Red CMXRos 
(Invitrogen), JC-1 (1:100) (Cayman Chemical, Ann Arbor, 
MI, USA), or 1 µM ER-Tracker (Invitrogen) for 1 h. Sub-
sequently, the oocytes were washed three times with 
PBS-PVA (10 min each time) and then fixed in 4% par-
aformaldehyde for 2  h at 38.5  °C. Cell fluorescence was 
observed immediately using a fluorescence microscope 
(DMi8; Leica Microsystems). To determine mitochon-
drial and ER distribution, stained and fixed oocytes were 
washed three times in PBS-PVA and then mounted onto 
glass slides using mounting solution containing 1.5  µg/
mL DAPI (Vector Laboratories). Cell fluorescence was 
observed immediately under a fluorescence microscope 
(DMi8; Leica Microsystems), and the fluorescence inten-
sity was analyzed using ImageJ software after normaliza-
tion through subtraction of the background intensity to 
that of control.

Analysis of ATP and cytoplasmic and mitochondrial 
calcium concentrations
For ATP staining, a total of 80 MII oocytes was used in 
three independent replicates. For Fluo-3 staining, a total 
of 100 MII oocytes was used in four independent repli-
cates. For Rhod-2 staining, a total of 160 MII oocytes was 
used in five independent replicates. MII oocytes were 
washed three times with PBS-PVA and then fixed over-
night in 4% paraformaldehyde at 4 °C. To stain ATP, fixed 
oocytes were washed three times with PBS-PVA and 
then incubated in PBS-PVA containing 500 nM BODIPY 
FL ATP (Molecular Probes, Eugene, OR, USA) for 1  h 
in the dark at ambient temperature. Subsequently, the 
oocytes were washed three times with PBS-PVA and then 
mounted onto glass slides with a mounting solution con-
taining 1.5 µg/mL DAPI. To stain cytoplasmic and mito-
chondrial calcium, the fixed oocytes were washed three 
times with PBS-PVA and then incubated in PBS-PVA 
containing 10 μM Fluo-3 (Invitrogen) and 5 μM Rhod-2 
(Invitrogen) for 1 h in the dark at ambient temperature. 

Sample fluorescence was observed using a fluorescence 
microscope (DMi8; Leica Microsystems), and the fluores-
cence intensity was analyzed using ImageJ software after 
normalization through subtraction of the background 
intensity to that of control.

Statistical analysis
All statistical analyses were performed using SigmaStat 
software (SPSS Inc., Chicago, IL, USA). Each experiment 
was conducted at least three times. One-way analysis of 
variance was used for comparisons among three or more 
groups, followed by Tukey’s post-hoc test. Student’s t-test 
was used to compare the scores between two groups. The 
results are presented as the mean ± standard error of the 
mean. Differences were considered statistically signifi-
cant at a P-value of less than 0.05.

Results
Notch signaling‑related receptors and ligands are 
expressed during meiotic progression in porcine oocytes 
and cumulus cells
To determine the existence of the Notch signaling path-
way in oocyte meiotic maturation, we first analyzed the 
subcellular localization and expression of the pathway-
related proteins at 0, 22, 28, and 44  h of IVM. Immu-
nofluorescence analyses continuously detected Notch 
signaling-related receptors (NOTCH1–4) and ligands 
(JAG1 and 2 and DLL1, 3, and 4) in the oocytes and 
cumulus cells throughout IVM (Fig.  1A–D). RT-PCR 
analyses also confirmed the presence of transcripts of 
these Notch receptors and ligands in oocytes and cumu-
lus cells throughout IVM (Fig. 1E). These results suggest 
that Notch signaling may have notable effects on oocyte 
meiotic progression.

Notch signaling is essential for oocyte meiotic progression
To investigate the effects of Notch signaling inhibition on 
oocyte meiotic maturation, we cultured COCs in matu-
ration media containing different concentrations of RO 
(0, 5, 10, and 20  µM) and then evaluated the cumulus 
cell expansion and oocyte nuclear maturation. RO treat-
ment significantly decreased the proportion of degree 
4 cumulus expansion and increased that of degree 3 in 
a dose-dependent manner, which was notable starting 
from 10  µM inhibitor treatment (Fig.  2A, B). Addition-
ally, the transcript levels of cumulus expansion-related 
genes [hyaluronan synthase 2 (SHAS2), prostaglandin 
G/H synthase 1 (PTGS1), PTGS2, and tumor necrosis 
factor-inducible gene 6 protein (TNFAIP6)] were sig-
nificantly lower in the 10  µM RO-treated cumulus cells 
than in the controls (Fig. 2C). RO treatment significantly 
decreased the proportion of MII oocytes and increased 
that of immature oocytes in a dose-dependent manner 
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(Fig. 2D, E and Supplementary Table 3). In particular, the 
transcript levels of genes related to oocyte competence 
[growth/differentiation factor 9 (GDF9) and bone mor-
phogenetic protein 15 (BMP15)], mitogen-activated pro-
tein kinase (MOS), and maturation promoting factor [G2/
mitotic-specific cyclin B1 (CCNB1) and cyclin-dependent 
kinase 1 (CDK1)] were significantly lower in the 10  µM 
RO-treated group than in the control group (Fig.  2F). 
Consistent with the qRT-PCR results, the levels of GDF9 
and BMP15 proteins were significantly decreased in the 
10  µM RO-treated group relative to the control group 
(Fig.  2G–J). These results suggest that Notch signaling 
plays an important regulatory role in porcine oocyte mei-
otic progression.

Inhibition of Notch signaling during in vitro 
maturation reduces the developmental competence 
of parthenogenetically activated embryos
To investigate the effect of Notch signaling inhibition dur-
ing IVM on early porcine embryogenesis, RO-treated MII 
oocytes were parthenogenetically activated, and the devel-
opmental competence of the parthenotes was evaluated. 

The rates of cleavage and blastocyst formation were sig-
nificantly decreased in a dose-dependent manner in the 
RO-treated MII oocytes (Fig.  3A–C and Supplementary 
Table 4). The developmental kinetics during the preimplan-
tation period were delayed in the RO-treated MII oocytes 
compared with that in the control. In particular, the pro-
portion of expanded blastocysts was significantly lower 
than that of the controls, leading to a decrease in the total 
cell number (Fig. 3D–G and Supplementary Tables 4 and 
5). Additionally, we evaluated the quality of the blasto-
cysts using CDX2 staining and TUNEL assays. The apop-
totic rate was significantly higher in the 10 µM RO-treated 
group than in the control group (Fig.  3H, I and Supple-
mentary Table  6). Although there was no significant dif-
ference in the transcript levels of the pro-apoptotic gene 
[BCL2-associated X  (BAX)] between the two groups, the 
transcript level of the anti-apoptotic gene [BCL2-like pro-
tein 1 (BCL2L1)] was significantly lower in the 10 µM RO-
treated group (Fig. 3J). Moreover, the cell numbers of the 
inner cell mass and trophectoderm were significantly lower 
in the 10 µM RO-treated group (Fig. 3K, L and Supplemen-
tary Table 7), as were the transcript levels of developmental 

Fig. 1  Subcellular localization and expression of the Notch signaling pathway during porcine oocyte meiotic progression. Immunofluorescence 
analyses of Notch signaling receptors (NOTCH1, NOTCH2, NOTCH3, and NOTCH4) and ligands (JAG1, JAG2, DLL1, DLL3, and DLL4) in porcine 
cumulus–oocyte complexes (COCs) at (A) 0, (B) 22, (C) 28, and (D) 44 h of in vitro maturation (IVM). Bar = 200 µm. E RT-PCR analyses of Notch 
signaling receptors (NOTCH1, NOTCH2, NOTCH3, and NOTCH4) and ligands (JAG1, JAG2, DLL1, DLL3, and DLL4) in oocytes and cumulus cells at 0, 22, 
28, and 44 h of IVM. Each RT-PCR experiment was performed using oocytes and cumulus cells isolated from 50 COCs
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potential-related genes [POU domain, class 5, transcrip-
tion factor 1 (POU5F1), NANOG, SRY-box transcription 
factor 2 (SOX2), CDX2, transcriptional enhancer factor 
TEF-3 (TEAD4), and GATA-binding protein 3 (GATA3)] 
(Fig. 3M). On the basis of these results, 10 µM was selected 
as the RO concentration for subsequent experiments. 
Taken together, these results suggest that the inhibition of 
Notch signaling during IVM reduces the quality of porcine 
oocytes, leading to the failure of early embryogenesis.

Notch signaling is important for cell cycle progression, 
spindle assembly, and chromosome alignment 
during oocyte meiotic progression
To determine how Notch signaling affects the nuclear 
maturation of porcine oocytes, we examined their cell 
cycle entry following RO treatment. After 44 h of IVM, 
most of the control oocytes had matured to the MII stage, 
whereas the RO-treated oocytes were arrested at the 
germinal vesicle breakdown or metaphase I (MI) stages 

Fig. 2  Effect of Notch signaling inhibition on porcine oocyte meiotic progression. A Representative images and (B) proportions of cumulus cell 
expansion in the control and RO4929097-treated groups after 44 h of in vitro maturation (IVM) (n = 250 per group). Bar = 200 µm. C qRT-PCR-assayed 
transcript levels of cumulus expansion-related genes (SHAS2, PTGS1, PTGS2, and TNFAIP6) in cumulus cells after 44 h of IVM in the indicated groups 
(n = 3 per group). D Representative images and (E) proportions of different stages of denuded oocytes in the control and RO4929097-treated 
groups after 44 h of IVM (n = 250 per group). Bar = 200 µm. F qRT-PCR-assayed transcript levels of genes related to oocyte competence 
(GDF9 and BMP15), mitogen-activated protein kinase (MOS), and maturation promoting factor (CCNB1 and CDK1) in oocytes after 44 h of IVM 
in the indicated groups (n = 3 per group). G Representative images and (H) fluorescence intensity of GDF9 immunocytochemical staining in oocytes 
in the indicated groups (n = 20 per group). Bar = 50 µm. I Representative images and (J) fluorescence intensity of BMP15 immunocytochemical 
staining in oocytes in the indicated groups (n = 20 per group). Bar = 50 µm. Data are derived from at least three independent experiments, 
and different superscripts indicate significant differences (P < 0.05). Con, control; RO, 10 µM RO4929097



Page 8 of 16Jeong et al. Cell Communication and Signaling            (2025) 23:1 

(Fig.  4A, B). Although some of the RO-treated oocytes 
matured to the MII stage, they showed a substantially 
higher incidence of aneuploidy and higher proportion 
of abnormal actin morphology compared with the con-
trols (Fig.  4C–F). Moreover, we found that the majority 
of RO-treated oocytes were arrested at the Pro-MI stage 
at 28  h of IVM (Fig.  4G, H) and, interestingly, showed 
noticeably reduced levels of BUBR1, which plays a role 
in the mitotic spindle assembly checkpoint and protects 
against aneuploidy by ensuring proper chromosomal seg-
regation (Fig. 4I, J). On the basis of these results, we ana-
lyzed the meiotic spindle and chromosome organization 
in MI stage oocytes following RO treatment. The control 
oocytes had typical barrel-shaped spindles containing 

well-aligned chromosomes. By contrast, a significantly 
high proportion of RO-treated oocytes had aberrant 
spindles or misaligned chromosomes (Fig.  4K–M). 
Moreover, the RO treatment significantly increased the 
number of lagging chromosomes (Fig.  4N). Our further 
analysis of the spindle width, spindle length, metaphase 
plate width, and the ratio of metaphase plate width to 
spindle length revealed that these parameters were all 
notably increased in the RO-treated oocytes relative to 
their values in the controls (Fig.  4O–S). We also con-
firmed that RO treatment significantly reduced the acet-
ylated tubulin level (Fig.  4T, U). Taken together, these 
results indicate that Notch signaling plays a crucial role 

Fig. 3  Effect of Notch signaling inhibition during IVM on early porcine embryogenesis. A Representative images of blastocysts developed 
from control and RO4929097-treated groups after parthenogenetic activation. Bar = 200 µm. B Cleavage and (C) blastocyst formation rates 
of embryos from control and RO4929097-treated groups after parthenogenetic activation (0: n = 219; 5: n = 161; 10: n = 138; 20: n = 113). D 
Representative images of blastocysts at four different stages: early blastocyst (EB), middle blastocyst (MB), large blastocyst (LB), and expanded 
blastocyst (ExB). Bar = 50 µm. E Proportions of various blastocyst stages in the control and RO4929097-treated groups (0: n = 133; 5: n = 87; 
10: n = 51; 20: n = 40). F Representative nuclear-stained images of blastocysts in the control and RO4929097-treated groups. Bar = 50 µm. G 
Quantification of total cell numbers in the control and RO4929097-treated groups (n = 20 per group). H Representative images of TdT-mediated 
dUTP nick-end labeling (TUNEL)-stained blastocysts. Bar = 50 µm. Embryos were subjected to TUNEL (green, white arrow) and nuclear staining 
(blue). I Quantification of the proportion of apoptotic cells in the indicated groups (n = 40 per group). J qRT-PCR-assayed transcript levels 
of apoptosis-related genes (BAX and BCL2L1) in blastocysts in the indicated groups (n = 3 per group). K Representative images of CDX2 staining 
in blastocysts. Bar = 50 µm. L Quantification of cell numbers in the inner cell mass and trophectoderm in the indicated groups (n = 33 per group). 
M qRT-PCR-assayed transcript levels of developmental potential-related genes (POU5F1, NANOG, SOX2, CDX2, TEAD4, and GATA3) in blastocysts 
in the indicated groups (n = 3 per group). Data are derived from at least three independent experiments, and different superscripts indicate 
significant differences (P < 0.05). Con, control; RO, 10 µM RO4929097
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Fig. 4  Effects of Notch signaling inhibition on cell cycle progression, spindle assembly, and chromosome alignment in porcine oocytes. 
A Representative images of oocytes at four various stages: germinal vesicle (GV), germinal vesicle breakdown (GVBD), metaphase I (MI), 
and metaphase II (MII). Bar = 50 µm. B Proportions of oocyte stages at 44 h of in vitro maturation (IVM) in the indicated groups (con: n = 238; RO: 
n = 226). C Representative images of chromosome spreading in MII oocytes in the indicated groups. Bar = 5 µm. D Proportions of MII oocytes 
with aneuploidy in the indicated groups (con: n = 135; RO: n = 91). E Representative images of MII oocytes stained for actin filaments in the indicated 
groups. Bar = 50 µm. F Proportions of MII oocytes with abnormal actin filaments in the indicated groups (con: n = 145; RO: n = 134). G Representative 
images of Pro-MI and MI stage oocytes. Bar = 5 µm. H Proportions of Pro-MI and MI stage oocytes at 28 h of IVM in the indicated groups (con: 
n = 175; RO: n = 173). I Representative images and (J) fluorescence intensity of BUBR1 staining in Pro-MI stage oocytes in the indicated groups 
(n = 48 per group). Bar = 5 µm. K Representative images of the spindle and chromosome structures in the indicated groups. Bar = 5 µm. White 
arrows indicate lagging chromosomes. Proportions of oocytes with abnormal (L) spindle and (M) chromosome morphology in the indicated 
groups (con: n = 65; RO: n = 79). N Quantification of lagging chromosomes per oocyte in the indicated groups (n = 50 per group). O Representative 
images of spindles and chromosomes indicating the spindle width and length and metaphase plate width. Bar = 5 µm. Quantification of the (P) 
spindle width, (Q) spindle length, (R) metaphase plate width, and (S) ratio of the metaphase plate width to spindle length in the indicated groups 
(n = 50 per group). T Representative images and (U) fluorescence intensity of acetylated tubulin staining in oocytes in the indicated groups (n = 35 
per group). Bar = 5 µm. Data are derived from at least three independent experiments, and different superscripts indicate significant differences 
(P < 0.05). Con, control; RO, 10 µM RO4929097
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in microtubule function, including spindle organization 
and chromosome segregation, during oocyte meiotic 
progression.

Notch signaling maintains organelle distribution 
and functions in porcine oocytes
During oocyte maturation, the movement and distribu-
tion of mitochondria and endoplasmic reticula (ERs) 
depend on microtubule dynamics, and the functions of 
these organelles are important features of oocyte cyto-
plasmic maturation. Thus, we assessed the effect of 
Notch signaling inhibition on mitochondrial and ER dis-
tribution and functions in porcine oocytes. In RO-treated 
oocytes, the mitochondrial content was lower and the 
proportion of abnormal mitochondrial distribution was 
higher than those in the controls (Fig.  5A–D). Mito-
chondrial function analysis revealed that the RO-treated 
oocytes showed significantly lower mitochondrial mem-
brane potentials, ATP contents, and transcript levels of 
mitochondrial biogenesis- and function-related genes 
[transcription factor A, mitochondrial (TFAM), DNA 
polymerase gamma (POLG), POLG2, sirtuin 1 (SIRT1), 
peroxisome proliferator-activated receptor gamma coac-
tivator 1-alpha (PPARGC1A), carnitine palmitoyltrans-
ferase 1 (CPT1A), and carnitine O-palmitoyltransferase 
1, muscle isoform (CPT1B)] than those of the controls 
(Fig.  5E–I). Similarly, the RO-treated oocytes had a 
lower ER content and higher proportion of abnormal 
ER distribution than those of the controls (Fig.  5J–M). 
Moreover, the intracellular and mitochondrial calcium 
ion levels were significantly higher in the RO-treated 
oocytes (Fig. 5N–Q). Additionally, the transcript levels of 
ER stress-related genes [endoplasmic reticulum chaper-
one BiP (HSPA5), non-specific serine/threonine protein 
kinase (ERN1), activating transcription factor 6 (ATF6), 
DNA damage-inducible transcript 3 protein (DDIT3), 
and cyclic AMP-dependent transcription factor ATF-4 
(ATF4)] and the spliced/unspliced X-box binding protein 

1 (XBP1) gene ratio were significantly higher in the RO-
treated oocytes (Fig.  5R, S). These results suggest that 
Notch signaling supports proper cytoplasmic maturation 
by regulating the mitochondrial and ER systems during 
oocyte meiotic progression.

Canonical Notch signaling is active during oocyte meiotic 
progression
The HES and HEY families of transcription factors act 
primarily downstream of the canonical Notch signal-
ing pathway. To verify that Notch regulation of porcine 
meiotic progression occurs downstream of the signal-
ing pathway, we investigated the transcript and protein 
levels of the HES1/2 and HEY1/2 families following RO 
treatment. Immunofluorescence and qRT-PCR analyses 
showed that all Notch signaling pathways downstream 
targets, HES1/2 and HEY1/2, were markedly down-
regulated in oocytes and cumulus cells following RO 
treatment (Fig.  6), indicating that the canonical Notch 
signaling pathway is active through downstream targets 
during oocyte meiotic progression.

Discussion
In this study, we investigated the functional roles and 
potential regulatory mechanisms of the Notch signal-
ing pathway during porcine oocyte meiotic matura-
tion. Notch signaling-related transcripts and proteins 
were continuously detected in oocytes and cumulus 
cells during meiotic maturation. To inhibit Notch activ-
ity, we treated COCs with an inhibitor of γ secretase and 
observed the negative effects on cumulus cell expan-
sion, oocyte nuclear maturation, and subsequent embryo 
development. These meiotic defects provided proof that 
Notch signaling promotes oocyte nuclear maturation by 
orchestrating cell cycle progression, spindle organiza-
tion, and chromosome segregation. Moreover, we found 
that Notch signaling ensures proper cytoplasmic matura-
tion of oocytes by regulating the mitochondrial and ER 

(See figure on next page.)
Fig. 5  Effects of Notch signaling inhibition on the distribution and functions of the mitochondria and endoplasmic reticula in porcine oocytes. 
A Representative images and (B) fluorescence intensity of MitoTracker-stained oocytes in the indicated groups (n = 78 per group). Bar = 100 µm. 
C Representative images of mitochondrial distribution in oocytes and (D) the proportions of oocytes with abnormal mitochondrial distribution 
in the indicated groups (n = 3 per group). Bar = 50 µm. E Representative images and (F) fluorescence intensity (red/green) of JC-1-stained oocytes 
in the indicated groups (n = 48 per group). Bar = 100 µm. G Representative images and (H) fluorescence intensity of BODYPY-ATP-stained oocytes 
in the indicated groups (n = 40 per group). Bar = 50 µm. I qRT-PCR-assayed transcript levels of mitochondria-related genes (TFAM, POLG, POLG2, SIRT1, 
PPARGC1A, CPT1A, and CPT1B) in the indicated groups (n = 3 per group). J Representative images and (K) fluorescence intensity of ER-Tracker-stained 
oocytes in the indicated groups (n = 118 per group). Bar = 100 µm. L Representative images of endoplasmic reticulum (ER) distribution in oocytes 
and (M) the proportions of oocytes with abnormal ER distribution in the indicated groups (n = 3 per group). Bar = 50 µm. N Representative images 
and (O) fluorescence intensity of Fluo-3-stained oocytes in the indicated groups (n = 50 per group). Bar = 100 µm. P Representative images and (Q) 
fluorescence intensity of Rhod-2-stained oocytes in the indicated groups (n = 80 per group). Bar = 100 µm. R qRT-PCR-assayed transcript levels 
of ER stress-related genes (HSPA5, ERN1, ATF6, DDIT3, and ATF4) in the indicated groups (n = 3 per group). S Ratios of qRT-PCR-assayed transcript 
levels of spliced/unspliced XBP1 genes in the indicated groups (n = 3 per group). Data are derived from at least three independent experiments, 
and different superscripts indicate significant differences (P < 0.05). Con, control; RO, 10 µM RO4929097
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Fig. 5  (See legend on previous page.)
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systems. These findings suggest that the Notch signaling 
pathway is important for the meiotic maturation of por-
cine oocytes (Fig. 7).

Mammalian oocyte growth and meiotic matura-
tion occur within the ovarian follicles in  vivo [17] and 
are influenced by follicular somatic cell compartments, 
such as the granulosa and cumulus cells surrounding the 
oocyte [18]. Considering this physiological environment 
of oocyte maturation, several classical signaling pathways 
involved in ovarian follicular development may play a role 
in the meiotic maturation of mammalian oocytes. For 
example, the Notch signaling pathway has been reported 
to be involved in ovarian follicle development and oocyte 
maturation in mice [16]. Therefore, we hypothesized and 
investigated the role of this signaling pathway in porcine 
oocyte maturation. First, to confirm the existence of the 
Notch signaling pathway during the meiotic maturation 
of porcine oocytes, the presence of transcripts and pro-
teins related to the Notch signaling pathway was inves-
tigated using RT-PCR and immunocytochemical assays. 
The results showed that the transcripts and proteins of 
Notch receptors (NOTCH1–4) and ligands (JAG1 and 2 
and DLL1, 3, and 4) were continuously expressed in both 

oocytes and cumulus cells throughout IVM, indicating 
that the Notch signaling pathway is involved in the mei-
otic maturation of porcine oocytes.

During oocyte meiotic maturation, the cumulus expan-
sion of COCs [19] and nuclear and cytoplasmic matura-
tion of oocytes [20] are needed to acquire developmental 
competence. The optimum expansion of cumulus cells is 
essential for proper oocyte maturation [21], fertilization, 
and embryo development [22]. Therefore, cumulus cell 
expansion has been used as a visual indicator of oocyte 
maturation [23]. Additionally, oocyte nuclear and cyto-
plasmic maturation can be evaluated by counting the 
number of mature oocytes with polar body extrusion and 
examining subsequent embryogenesis, respectively [24]. 
Therefore, to investigate the role of the Notch signaling 
pathway during porcine oocyte maturation, the effects of 
its inhibition by RO on cumulus cell expansion, oocyte 
nuclear maturation, and subsequent embryo develop-
ment after parthenogenetic activation were examined. 
During the entire IVM period, 10  µM RO significantly 
reduced cumulus cell expansion, decreasing the level of 
all transcripts (SHAS2, PTGS1, PTGS2, and TNFAIP6) 
related to this process. These results indicate that the 

Fig. 6  Effects of Notch signaling inhibition on downstream targets in porcine cumulus–oocyte complexes. A Representative images and (B) 
fluorescence intensity of HES1 immunocytochemical staining in cumulus–oocyte complexes (COCs) in the indicated groups (n = 30 per group). 
Bar = 200 µm. C qRT-PCR-assayed transcript levels of the HES1 gene in the indicated groups (n = 3 per group). D Representative images and (E) 
fluorescence intensity of HES2 immunocytochemical staining in COCs in the indicated groups (n = 21 per group). Bar = 200 µm. F qRT-PCR-assayed 
transcript levels of the HES2 gene in the indicated groups (n = 3 per group). G Representative images and (H) fluorescence intensity of HEY1 
immunocytochemical staining in COCs in the indicated groups (n = 27 per group). Bar = 200 µm. I qRT-PCR-assayed transcript levels of the HEY1 
gene in the indicated groups (n = 3 per group). J Representative images and (K) fluorescence intensity of HEY2 immunocytochemical staining 
in COCs in the indicated groups (n = 30 per group). Bar = 200 µm. L qRT-PCR-assayed transcript levels of the HEY2 gene in the indicated groups (n = 3 
per group). Data are derived from at least three independent experiments, and different superscripts indicate significant differences (P < 0.05). Con, 
control; RO, 10 µM RO4929097
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Notch signaling pathway is required for proper expan-
sion of the cumulus cell layers during oocyte meiotic 
maturation. With regard to oocyte nuclear maturation, 
the rate of MII in the 10 µM RO-treated group was mark-
edly decreased together with the downregulated level of 
proteins and transcripts related to oocyte competence 
(GDF9 and BMP15) and genes related to mitogen-acti-
vated protein kinase (MOS) and maturation promoting 
factor (CCNB1 and CDK1). These results suggest that the 
nuclear maturation of porcine oocytes is under the con-
trol of the Notch signaling pathway during meiotic matu-
ration. With regard to subsequent embryo development, 
10  µM RO significantly decreased the rate of blastocyst 
formation and reduced their total cell number, includ-
ing those in the inner cell mass and trophectoderm. 

Furthermore, the transcript levels of developmental 
potential-related genes (POU5F1, NANOG, SOX2, CDX2, 
TEAD4, and GATA3) were significantly reduced by 
10  µM RO. Additionally, 10  µM RO-treated blastocysts 
showed a significantly increased percentage of apop-
totic cells, with decreased level of BCL2L1 transcripts. 
These results suggest that proper oocyte meiotic matura-
tion under the control of the Notch signaling pathway is 
important for subsequent porcine embryo development.

To comprehensively investigate the effects of Notch 
inhibition on oocyte nuclear maturation, we analyzed cell 
cycle progression, spindle assembly, and chromosome 
alignment in porcine oocytes matured in the presence 
of 10 µM RO. The inhibitor treatment delayed cell cycle 
progression and increased the incidence of aneuploidy in 

Fig. 7  Graphical overview of the canonical role and potential regulatory mechanisms of the Notch signaling pathway on porcine oocyte 
maturation. Notch signaling-related transcripts and proteins were continuously detected in oocytes and cumulus cells during meiotic maturation. 
Notably, the Notch signaling regulates microtubule function, including spindle organization and chromosome segregation, and supports proper 
cytoplasmic maturation by maintaining homeostasis of the mitochondrial and ER systems in porcine oocytes. These findings provide novel insights 
into the canonical role and potential regulatory mechanisms of the Notch signaling pathway in porcine oocyte maturation
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porcine oocytes. Previous studies have shown that pre-
cise spindle assembly is critical for spindle organization 
and accurate chromosome segregation during meiosis, 
with errors in these processes causing the production of 
developmentally compromised aneuploid oocytes [25, 
26]. As expected, RO treatment resulted in abnormal 
spindle assembly, including aberrant spindles, misaligned 
chromosomes, a higher number of lagging chromo-
somes, and abnormal spindle/chromosome structures in 
porcine oocytes. These results are consistent with those 
of a previous study, which showed that disrupted Notch 
signaling causes abnormal spindle assembly, which leads 
to failure of complete meiosis and thus impaired meiotic 
maturation [27]. These observations of abnormal spindle 
assembly prompted us to further investigate the role of 
Notch signaling in the regulation of microtubule stability. 
RO treatment significantly reduced the level of acetylated 
tubulin, which is important for maintaining the struc-
ture and stability of microtubules [28]. Collectively, these 
results suggest that Notch signaling plays a crucial role 
in microtubule stability and function, including spindle 
organization and chromosome rearrangement, during 
oocyte meiotic maturation.

Organelle and chromosome rearrangements within the 
oocyte are important for successful meiotic maturation 
by ensuring simultaneous maturation of the cytoplasm 
and nucleus, which leads to normal fertilization and sub-
sequent embryo development [29]. The microtubule and 
microfilament dynamics are associated with the rear-
rangement of organelles such as the mitochondria and 
ERs, the proper rearrangement and activation of which 
are important indicators of cytoplasmic maturation [30]. 
We observed abnormal spindle organization and actin 
morphology in the RO-treated oocytes. On the basis 
of these observations, we predict that Notch signaling 
affects the distribution and function of organelles in the 
oocyte cytoplasm. Mitochondria provide most of the ATP 
required to support spindle assembly and chromosome 
segregation and regulate calcium oscillations during fer-
tilization [31]. During oocyte maturation, mitochondria 
redistribute from the cortex in the germinal vesicle stage 
and diffuse until maturation is complete, and their activ-
ity gradually increases [32]. RO significantly decreased 
the mitochondrial content, proportion of normal mito-
chondrial distribution, mitochondrial membrane poten-
tial, and ATP content in porcine oocytes, suggesting that 
Notch signaling regulates mitochondrial distribution and 
function during oocyte maturation. Additionally, the ER 
plays an important role in oocyte metabolic renewal, 
such as the synthesis, transport, and folding of cytoplas-
mic proteins and lipid synthesis [33]. The ER also acts 
as the main storage site for calcium ions, which control 
the resumption and completion of meiosis, prevention 

of polyspermy, and accumulation of maternal mRNAs 
[34]. The RO-treated oocytes had a lower ER content, 
uneven ER distribution, and elevated mitochondrial and 
cytoplasmic calcium ion levels, indicating that Notch 
signaling controls ER distribution and calcium homeo-
stasis during oocyte maturation. Moreover, excessive 
calcium influx within the oocyte cytoplasm may affect 
ER function, leading to the accumulation of unfolded or 
misfolded proteins, which cause ER stress [35]. Severe 
or prolonged stress can cause redistribution and struc-
tural changes in the ERs and interfere with the synthesis 
and processing of proteins required for meiosis [36]. RO 
significantly increased the transcript levels of ER stress-
related genes and the ratio of spliced/unspliced XBP1, 
indicating that these inhibitor-treated oocytes were 
under ER stress. Collectively, these results suggest that 
Notch signaling supports proper cytoplasmic matura-
tion through regulation of the mitochondrial and ER sys-
tems during porcine oocyte maturation, contributing to 
subsequent embryo development. Finally, the substantial 
decreases in HES1, HES2, HEY1, and HEY2 transcripts 
and proteins in RO-treated COCs were further proof that 
the canonical Notch signaling pathway is essential for the 
meiotic maturation of porcine oocytes.

In conclusion, this study is the first to investigate the 
importance of the Notch signaling pathway in mamma-
lian oocyte maturation. We concluded that Notch sign-
aling plays an important role in porcine oocyte meiotic 
progression by regulating microtubule function, includ-
ing spindle organization and chromosome segregation, 
and supports proper oocyte cytoplasmic maturation 
by maintaining homeostasis of the mitochondrial and 
ER systems. These findings provide novel insights into 
the canonical role and potential regulatory mechanisms 
of the Notch signaling pathway in female reproductive 
biology. However, because oocyte maturation in  vivo is 
regulated by multiple factors, including hormonal sig-
nals, interactions between oocytes and somatic cells, and 
other signaling pathways, the role of Notch signaling in 
oocyte maturation revealed in this study may differ from 
that in vivo.
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