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Abstract.  Granulosa cells (GCs) in secondary follicles differentiate into cumulus cells (CCs) and mural granulosa 
cells (MGCs) in the antral follicle. Only CCs maintain direct connections with oocytes through transzonal projections 
(TZPs) and support oocyte growth. Here, we examined whether granulosa cells (GCs) from secondary follicles and 
MGCs from early and late antral follicles were able to reconstruct complexes with TZP-free denuded oocytes (DOs) 
and regenerate TZPs. Furthermore, to confirm that the regenerated TZPs were functional, the development of the 
reconstructed complexes and oocyte growth in the complexes were evaluated. After coculture, GCs and MGCs from 
early antral follicles reconstructed the complexes with DOs and regenerated TZPs. Furthermore, the oocytes in the 
integrally reconstructed complexes grew fully and acquired meiotic competence, suggesting that the regenerated 
TZPs were functional. In contrast, MGCs from the late antral follicles lost their ability to elongate TZPs. As the ability 
to regenerate TZPs differed among cells, we analyzed the transcriptomes of GCs, CCs, and MGCs collected from 
follicles of different sizes. The characteristics of TZP generation coincided with the transcriptome changes in two 
directions: from GCs to CCs and MGCs. In conclusion, until the early antral follicle stage, bovine GCs, CCs, and 
MGCs have common characteristics to elongate TZPs and form antrum-like structures that support oocyte growth in 
vitro. Furthermore, as the follicle develops, MGCs lose the ability to elongate TZPs.
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During secondary follicle to early antral follicle development, 
granulosa cells (GCs) differentiate into cumulus cells (CCs), 

which surround the oocyte, and mural granulosa cells (MGCs), 
which line the follicle wall [1, 2]. These two cell types have different 
phenotypes and roles in the follicle [2, 3]. MGCs play a role in estrogen 
synthesis and control the estrous cycle. In contrast, CCs maintain direct 
connections with oocytes through transzonal projections (TZPs) and 
support oocyte growth. Although MGCs do not contact oocytes, they 
indirectly support oocyte growth in a paracrine manner [4–6]. MGCs 
produce natriuretic peptide precursor C (NPPC), which stimulates 
natriuretic peptide receptor 2 (NPR2) in CCs and increases cyclic 
guanosine monophosphate (cGMP) levels. cGMP is transported to 
oocytes via TZPs and maintains oocyte meiotic arrest [6, 7]. As the 
antrum develops, growing oocytes acquire the ability to resume 
meiosis [8–10]. CCs and MGCs cooperatively prevent precocious 
meiotic resumption of growing oocytes [11–14]. Although MGCs 
and CCs play different roles, they cooperate during the growth and 
meiotic arrest of oocytes in the antral follicles.

The default pathway of GC differentiation proceeds to the MGC 
phenotype [15] and oocyte-derived factors such as growth differentia-
tion factor 9 (GDF9) and bone morphogenetic protein 15 (BMP15) 
promote GC differentiation into the CC phenotype [3, 16]. In mice, 
some studies showed that MGCs and CCs express different subsets 
of transcripts in the antral follicles [17, 18] and that oocytes control 

the expressions of multiple genes in CCs [19, 20]. These studies 
support the hypothesis that a concentration gradient of oocyte-derived 
factors in the antral follicles is responsible for the different roles of 
these two cell types.

We previously showed that MGCs from bovine early antral follicles 
adhered to TZP-free denuded oocytes (DOs) and directly supported 
oocyte growth through TZPs like CCs [21]. However, it remains 
unknown whether MGCs maintain the ability to elongate TZPs 
during antral follicle development and whether this ability is related 
to the transcriptome of each follicular cell type.

This study was conducted to clarify whether bovine GCs, after 
differentiating into MGCs and during further antral follicle develop-
ment, maintain the ability to support oocyte growth via TZPs and to 
examine the relationship between this ability and the transcriptome 
of the cell type. Using oocyte and MGC reconstitution methods 
[21] (Supplementary Fig. 1), we examined whether GCs from 
secondary follicles and MGCs from late antral follicles were able 
to reconstruct complexes with TZP-free DOs and regenerate TZPs 
similar to MGCs from early antral follicles. To confirm whether the 
regenerated TZPs were functional, the integrity of the reconstructed 
complexes and antrum formation were examined throughout the 
subsequent growth culture period. After culture, the TZP count, 
oocyte diameter, and meiotic competence were determined. The 
transcriptomes of GCs, CCs, and MGCs from the three differently 
sized follicles were analyzed.

Materials and Methods

Chemicals
All chemicals were purchased from Sigma-Aldrich (St. Louis, 

MO, USA) unless otherwise stated.

https://creativecommons.org/licenses/by-nc-nd/4.0/
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Collection of DOs, GCs, and MGCs
Oocyte-cumulus cell-mural granulosa cell complexes (OCGCs) 

were collected from early antral follicles (0.5–0.7 mm in diameter) 
as described previously [22, 23]. Denuded oocytes (DOs) and mural 
granulosa cells (MGCs) were collected from OCGCs as described 
previously [21] (Supplementary Fig. 1). Bovine ovaries were obtained 
from a local slaughterhouse and transported to the laboratory. The 
ovaries were washed once with 0.2% (w/v) cetyltrimethylammonium 
bromide (FUJIFILM Wako Pure Chemical Corporation, Osaka, 
Japan) and three times with Dulbecco’s phosphate-buffered saline 
(PBS) containing 0.1% (w/v) polyvinyl alcohol (PVA) (PBS-PVA). 
Ovarian cortical slices were collected using surgical blades (No. 21; 
ELP, Akiyama-seisakusyo, Tokyo, Japan) and forceps. Early antral 
follicles (0.5–0.7 mm in diameter) were dissected from ovarian 
cortical slices in 25 mM HEPES (Dojindo Laboratories, Kumamoto, 
Japan) -buffered medium 199 (Nissui Pharmaceutical, Tokyo, Japan) 
(HEPES-199) containing 0.1% (w/v) PVA, 0.85 mg/ml sodium 
bicarbonate (FUJIFILM Wako Pure Chemical Corporation), and 
0.08 mg/ml kanamycin sulfate. The follicles were opened using a 
surgical blade (No. 10; Feather Safety Razor, Tokyo, Japan) and 
forceps to collect the OCGCs containing growing oocytes. MGCs 
were also collected from late antral follicles (4–6 mm in diameter).

Oocyte-granulosa cell complexes (OGCs) were collected from 
bovine secondary follicles (0.2–0.4 mm in diameter) to prepare 
granulosa cells (GCs). Oocytes were removed from the OGCs using 
a narrow pipette, and the GCs were collected.

The diameter of oocytes in OCGCs and DOs (excluding the zona 
pellucida) from early antral follicles was measured to the nearest 
1 µm under an ocular micrometer (Olympus Corporation, Tokyo, 
Japan) attached to an inverted microscope. Oocytes with diameters 
90–105 µm were selected for further analysis.

OCGCs containing fully grown oocytes with diameters of at 
least 115 µm were collected from late antral follicles and aspirated 
with follicular fluid using a syringe and needle (18 GA; Terumo 
Corporation, Tokyo, Japan). Cumulus cells (CCs) and MGCs were 
removed completely from the OCGCs using a narrow pipette, and 
the diameters of the collected DOs were measured. Oocytes with 
diameters of 115 µm or more served as the in vivo fully grown 
control [9].

Reconstruction of DO+GC/MGC complexes
To prepare TZP-free DOs, groups of 4–14 DOs collected from 

early antral follicles from at least three biological replicates were 
cultured individually in 12 µl microdrops of culture medium covered 
with paraffin oil in Petri dishes (Falcon No. 351007; BD Biosciences, 
Franklin Lakes, NJ, USA) at 38.5°C under a controlled humidified 
atmosphere of 5% O2, 5% CO2, and 90% N2 for 24 h as described 
previously [21]. The basic culture medium was α-minimum essential 
medium (αMEM, Cat. No. 11900-024; Invitrogen, Carlsbad, CA, 
USA) supplemented with 5% (v/v) fetal bovine serum (FBS; ICN 
Biomedicals, Aurora, OH, USA), 50 µg/ml ascorbic acid 2-glucoside 
(Hayashibara Biochemical Laboratories, Okayama, Japan), 55 µg/ml 
cysteine, 0.05 µM dexamethasone, 4 mM hypoxanthine, 4% (w/v) 
polyvinylpyrrolidone (molecular weight 360,000), 2.2 mg/ml sodium 
bicarbonate, and 0.08 mg/ml kanamycin sulfate [24]. Based on a 
previous report [23], the culture medium was supplemented with 10 
ng/ml 17β-estradiol and 10 ng/ml androstenedione (Tokyo Chemical 
Industry, Tokyo, Japan).

To reconstruct oocyte-granulosa cell complexes and oocyte-mural 
granulosa cell complexes, 2–3 masses of GCs from secondary follicles 
and masses of MGCs, larger than those of DOs, from early and late 

antral follicles were prepared as described above. Collected GCs 
and MGCs were cocultured with TZP-free DOs individually in 12 
µl microdrops of the culture medium in Petri dishes (Falcon No. 
351007) for 24 h. After coculture, the reconstructed complexes in 
which GCs and MGCs adhered to DOs (DO+GCs and DO+MGCs) 
were transferred to Millicell inserts (cell culture inserts 0.4 µm, 30 
mm diameter; Merck Millipore, Darmstadt, Germany) in Petri dishes 
(Falcon No. 351008) and cultured for 4 or 12 days. The reconstructed 
complexes were cultured at 38.5°C under a controlled humidified 
atmosphere of 5% O2, 5% CO2, and 90% N2 for 5 days, followed 
by culture in an atmosphere of 5% CO2 in the air for 7 days [25]. 
The day on which the DOs were collected was designated as day 
0, and half of the culture medium was replaced with fresh medium 
every other day after day 6.

Fluorescence microscopy
To identify transzonal projections (TZPs) rich in actin filaments, 

fluorescence microscopy was performed as previously described [21, 
23]. Briefly, oocytes surrounded by CCs or MGCs were mechanically 
denuded. The DOs were washed twice with PBS-PVA and fixed in 
4% paraformaldehyde in PBS-PVA for 60 min. After washing twice 
with PBS-PVA, fixed oocytes were stored in PBS-PVA containing 
1 mg/ml bovine serum albumin (BSA) (PBS-PVA-BSA) at 4°C 
overnight. The oocytes were then incubated with Alexa Fluor 488 
conjugated phalloidin (8.25 nM in PBS-PVA-BSA; Cat. No. A12379; 
Molecular Probes, Eugene, OR, USA) at 38.5°C under a controlled 
atmosphere (5% CO2 in air) for 90 min. The cells were washed three 
times for 15 min each in PBS-PVA-BSA and mounted on glass slides 
with ProLong Gold antifade reagent with DAPI (Cat. No. P36931; 
Molecular Probes). The TZPs were visualized using a confocal 
laser scanning microscope (FV1000-KDM; Olympus Corporation). 
The number of visible actin-based TZPs that penetrated the zona 
pellucida and reached the oocyte surface was counted in the widest 
oocyte section.

In vitro growth culture of complexes
In vitro growth culture of DO+GCs and DO+MGCs (24 h after 

denudation and 24 h of reconstruction) was performed on Millicell 
inserts, as described above, for 12 days (total of 14 days). As the 
control, groups of 9–14 OCGCs collected from early antral follicles 
from at least 7 biological replicates were cultured for 14 days on 
Millicell inserts placed in Petri dishes (Falcon No. 351008) under the 
same conditions at 38.5°C with a controlled humidified atmosphere of 
5% O2, 5% CO2, and 90% N2 for 7 days, followed by an atmosphere 
of 5% CO2 in air for 7 days [25]. Formation of antrum-like structures 
by the complexes was examined daily by identifying the visible 
spaces surrounded by somatic cells. Complexes with cytoplasmic 
degenerative oocytes, detachment of somatic cells from the zona 
pellucida, and collapsed complexes were classified as disintegrated 
complexes, whereas all others were regarded as complexes that 
maintained their integrity.

After culture, the diameters of the oocytes were measured as 
described above. Some oocytes were mechanically denuded to examine 
the number of TZPs or stages of meiosis. The number of TZPs was 
determined as described above. To assess the meiotic stage, the oocytes 
were fixed in acetic acid-ethanol (1:3) and stained with 1% (w/v) 
aceto-orcein (FUJIFILM Wako Pure Chemical Corporation). The 
stages of meiotic division were assessed using Nomarski interference 
microscopy. Oocytes are classified based on the morphology of the 
chromatin and nuclear envelope [21, 26, 27]. The oocyte stages 
before meiotic resumption were classified as filamentous chromatin 
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(FC), stringy chromatin (SC), and germinal vesicle I–IV (GV I–IV). 
After the resumption of meiosis, the stages were classified as early 
diakinesis (ED), late diakinesis (LD), metaphase I (MI), anaphase 
I and telophase I (AI-TI), and metaphase II (MII). Oocytes with 
cytoplasmic or nuclear abnormalities were considered degenerate. 
The meiotic stages of oocytes collected from the late antral follicles 
were also examined and served as in vivo controls.

In vitro maturation culture of complexes
DO+GCs, DO+MGCs, and OCGCs that maintained their integrity 

after in vitro growth culture were used to analyze in vitro maturation, 
as described previously [21, 22]. OCGCs collected from early and 
late antral follicles were matured and served as in vivo controls. 
Briefly, complexes were cultured in 50 µl microdrops of maturation 
medium covered with paraffin oil at 38.5°C under a controlled 
atmosphere (5% CO2 in air) for 22 h. Each microdrop contained three 
to five complexes collected from at least four biological replicates. 
The maturation medium was TCM-199 (Nissui Pharmaceutical) 
supplemented with 10% (v/v) FBS, 0.1 mg/ml sodium pyruvate 
(Nacalai Tesque, Kyoto, Japan), 2.2 mg/ml sodium bicarbonate, 
0.08 mg/ml kanamycin sulfate, and 0.1 IU/ml human menopausal 
gonadotropin (Aska Pharmaceutical, Tokyo, Japan).

After 22 h, the oocytes were mechanically denuded using 0.1% 
(w/v) hyaluronidase and a narrow pipette. The oocytes were fixed 
with acetic acid-ethanol (1:3) and stained with 1% (w/v) aceto-orcein 
to assess the stage of oocyte maturation.

RNA sequencing analysis
RNA sequencing libraries were constructed to perform RNA 

sequencing (RNA-seq) analysis of GCs collected from secondary 
follicles and CCs and MGCs collected from early and late antral 
follicles. To prepare CCs, oocyte-cumulus cell complexes (OCCs) were 
collected from early and late antral follicles as described previously 
[22]. Briefly, as many MGCs as possible were removed from the 
OCGCs using a narrow pipette. The resulting complexes composed 
of growing oocytes surrounded by two or three layers of CCs were 
referred to as OCCs. Oocytes were removed from the OCCs using 
a narrow pipette, and the CCs were collected.

Total RNA extraction, first-strand cDNA synthesis, cDNA 
amplification, and sequencing library generation were performed 
with 1/2 volumes of the SMART-Seq v4 Ultra Low Input RNA 
Kit (Takara Bio, Shiga, Japan) and a Nextera XT DNA Library 
Preparation Kit (Illumina, San Diego, CA, USA) according to the 
manufacturer’s protocols. Twelve PCR cycles were applied to the DNA 
library. After PCR, the DNA library was purified using SPRIselect 
(Beckman Coulter, Brea, CA, USA) rather than using AMPure XP 
beads (Beckman Coulter). Library sequencing was performed on a 
HiSeq X (Illumina). Four GCs collected from secondary follicles 
and five CCs and five MGCs collected from early and late antral 
follicles were sequenced.

Sequence data analysis
RNA-seq reads were processed before analysis as described 

previously [28] with some modifications. Hisat2 (v2.1.0) [29] with 
‘-p 16 -x’ options was used to map the reads to the ARS-UCD1.2.105 
genome assembly of the bovine genome after trimming adaptor 
sequences and low-quality bases using fastp (v0.20.0) [30] with ‘-w 
16 --trim-poly-x --detect_adapter_for_pe_h’ options. The resulting 
binary alignment/map (BAM) files were sorted using Samtools 
(v1.10) [31]. The featureCounts (v2.0.0) [32] tool of Subread package 
with ‘-T 16 -F GTF -t exon -g gene_id -p -o’ options was used to 

generate counts of reads multi-mapped to annotated genes using 
the gene annotation for Bos taurus (Ensembl, ARS-UCD1.2.105).

Based on the log10 transformed transcripts per kilobase million 
(TPM) values of expression, principal component analysis (PCA) 
was conducted using R (https://www.r-project.org/), t-distributed 
stochastic neighbor embedding (t-SNE) plots were visualized using 
Rtsne package (v0.16) [33], and marker genes for clusters were 
searched using MGFR package (v1.22.0) [34] in R.

Differentially expressed genes (DEGs) (false discovery rate, FDR 
< 0.05) were identified using edgeR package (v3.38.1) [35] in R, 
which normalizes library sizes with the trimmed mean of M values 
(TMM) method, using the dataset of genes expressed in at least one 
sample. Gene Ontology (GO) analysis was performed using g:Profiler 
(e109_eg56_p17_773ec798) (https://biit.cs.ut.ee/gprofiler/gost) [36].

Data availability
RNA-seq data for bovine GCs, CCs, and MGCs were deposited in 

the Gene Expression Omnibus (GEO) repository and are accessible 
under accession number GSE255879.

Statistical analysis
The differences between the mean (± SEM) diameters of in vitro- 

and in vivo-grown oocytes and mean number of TZPs were analyzed 
using one-way ANOVA followed by Tukey-Kramer multiple range 
test (Excel software with the add-in Ekuseru-Toukei 2010). The 
number of TZPs was also analyzed using Smirnov-Grubbs’ outlier 
test (P < 0.05). All other experimental data, except the RNA-seq 
data, were analyzed using chi-square test. Statistical significance 
was set at P < 0.05.

Results

Reconstruction of DO+GC/MGC complexes and regeneration 
of TZPs

TZP-free DOs were cultured with GCs and MGCs from two 
different follicle stages for six days to examine the reconstruction of 
complexes. The typical morphologies of DO+GCs and DO+MGCs 
during growth culture are shown in Fig. 1A. Oocytes collected from 
early antral follicles were denuded (Fig. 1A, a0, b0, c0). At 24 h after 
denudation, the DOs were cocultured with two to three masses of 
GCs from secondary follicles (referred to as “GCs”) (Fig. 1A, a1), 
and masses of MGCs from early and late antral follicles (referred to 
as “early MGCs” and “late MGCs,” respectively) (Fig. 1A, b1, c1). 
After coculture for 24 h, GCs and early MGCs adhered to the DOs 
and culture substrate (Fig. 1A, a2, b2). All DOs maintained on the 
masses of GCs and early MGCs for 24 h after the start of coculture 
were surrounded by GCs and MGCs, and complexes (DO+GCs and 
DO+early MGCs) were reconstructed. After subsequent culture on 
the inserts, the reconstructed complexes were attached to membrane 
sheets and developed as spherical structures (Fig. 1A, a3, b3). In 
contrast, after coculture for 24 h, most of the late MGCs barely adhered 
to the DOs and culture substrate (Fig. 1A, c2). After transfer onto 
Millicell inserts, these complexes did not attach to the membrane 
sheets. Late MGCs aggregated tightly and oocytes were pushed out 
of the complexes during culture (Fig. 1A, c3). On day 6, although 
39% of late MGCs contained oocytes, it was difficult to mechanically 
denude the oocytes from these complexes, and the oocytes in these 
complexes degenerated. The remaining almost denuded oocytes 
(61%) were used to examine the regeneration of TZPs.

On day 6, regenerated TZPs were observed in oocytes cocultured 
with GCs and early MGCs (Fig. 2A, a1, b1), and the number of TZPs 
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was increased compared to that in oocytes at 24 h after denudation 
(Fig. 2B). However, regenerated TZPs were not observed in 93% of 
oocytes cocultured with late MGCs (Fig. 2A, c1; Fig. 2B). Therefore, 
this experimental group was excluded from further analyses.

Development of reconstructed complexes and oocyte growth
During growth culture for up to 14 days, the reconstructed com-

plexes with GCs (Fig. 1A, a4, 5) and early MGCs (Fig. 1A, b4, 5) 
grew similarly to control OCGCs (Fig. 1A, d2, 3). The integrity of 
the reconstructed complexes and OCGCs during culturing is shown 
in Figure 1B. On day 2, 96% of the DOs were surrounded by GCs, 

Fig. 1. Typical morphologies of bovine DO+GC/MGC complexes and OCGCs during in vitro growth culture (A), integrity of reconstructed complexes 
and OCGCs (B), and formation of antrum-like structures (C). (A) DOs collected from early antral follicles (0.5–0.7 mm) cultured in microdrops of 
culture medium (a0, b0, c0). DOs were cocultured with GCs (a1), early MGCs (b1), or late MGCs (c1) 24 h after denudation (day 1). After coculture 
for 24 h (day 2), DO+GCs (a2) and DO+MGCs (b2, c2) were transferred to Millicell inserts (a2’, b2’, c2’) and further cultured (a3–5, b3–5, c3). On 
day 6, late MGCs aggregated tightly, and some oocytes were pushed out of the complexes during culture (c3). Arrowhead indicates a pushed-out 
oocyte. Images framed in black indicate DOs, DO+GCs, and DO+MGCs cultured in the microdrops. As a control, OCGCs collected from early 
antral follicles were cultured on Millicell inserts for 14 days (d0–3). Scale bars represent 200 µm. (B and C) Complex integrity and antrum-like 
structure formation by GCs and early MGCs cocultured with DOs. DO+GCs and DO+early MGCs were examined after the start of coculture. 
Number of complexes (n) used in each group is shown in each graph. * Values are significantly different from those of OCGCs (P < 0.05).
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Fig. 2. Fluorescence staining of bovine oocytes showing TZPs in reconstructed complexes (A) and changes in the number of TZPs in bovine oocytes 
in reconstructed complexes (B) during in vitro growth culture. (A) On day 6, regenerated TZPs were observed in oocytes cocultured with GCs 
(a1) and early MGCs (b1). However, few regenerated TZPs were observed in oocytes cocultured with late MGCs (c1). On day 14, many TZPs 
in reconstructed complexes (d1, e1) penetrated the zona pellucida to reach the oocyte surface in a manner similar to TZPs in OCGCs (f1) and in 
vivo-fully grown oocytes (g1). Alexa Fluor 488 conjugated phalloidin stained F-actin green (a1–g1), and DAPI stained chromatin blue. Bright-field 
images are merged with fluorescent staining images (a2–g2). Nucleus was often not observed in the widest cross-section of the oocyte because the 
images were out of focus. Scale bars represent 50 µm. (B) Number of visible actin-based TZPs that penetrated the zona pellucida to reach the oocyte 
surface was counted in the widest cross-section of the oocytes. Number of oocytes (n) used in each group and the mean (± SEM) number of TZPs are 
shown at the top. 1) DOs collected from early antral follicles and cultured for 24 h. 2) In vivo-fully grown oocytes collected from late antral follicles. 
a–e Different letters denote significantly different values (P < 0.05).
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and all DOs were surrounded by early MGCs. As some of the DOs 
were distant from and not surrounded by GCs and early MGCs 
during coculture, the integrity of the reconstructed complexes was 
decreased. On day 7, 93% of reconstructed complexes and 99% 
of OCGCs maintained their structures. However, as the coculture 
progressed, some structures of the reconstructed complexes and 
OCGCs collapsed, and the oocytes became denuded. On day 14, 
OCGCs showed higher integrity than DO+GCs and DO+early MGCs 
(94%, 88%, and 90%, respectively).

As the complexes developed, more than 75% of complexes formed 
antrum-like structures (Fig. 1A, a3–5, b3–5, d2, 3). OCGCs started 
to form antrum-like structures on day 4, which was one to two days 
earlier than observed for the reconstructed complexes (Fig. 1C). 
On day 14, OCGCs showed higher rates of antrum-like structure 
formation than DO+GCs and DO+early MGCs (90%, 76%, and 
77%, respectively).

After 14 days of growth culture, many TZPs in the reconstructed 
complexes penetrated the zona pellucida to reach the oocyte surface 
in a manner similar to that of TZPs in OCGCs and in vivo fully grown 
oocytes (Fig. 2A, d1–g1). The mean numbers of TZPs in DO+GCs 
and DO+early MGCs (70.9 ± 3.8 and 68.8 ± 3.1, respectively) were 
similar to those in OCGCs (72.6 ± 1.9) and in vivo-growing oocytes 
(81.1 ± 2.5, Denudation 0 in Fig. 2B), although the value was smaller 
than that in in vivo fully grown oocytes (90.2 ± 2.5) (Fig. 2B).

The mean diameters of oocytes grown in reconstructed complexes 
with GCs and early MGCs, and in OCGCs increased significantly 
(116.0 ± 1.1, 117.8 ± 0.9, and 119.0 ± 0.8 µm, respectively) compared 
to that of oocytes before culture, although they were smaller than in 
vivo fully grown oocytes (126.5 ± 0.5 µm) (Fig. 3).

Growing oocytes collected from early antral follicles were at the 
FC or SC stage, whereas all in vivo fully grown oocytes collected 
from late antral follicles were at the GV stage (Table 1A). After 
growth culture, 50% of oocytes in DO+GCs, 74% of oocytes in 
DO+early MGCs, and 69% of oocytes in OCGCs reached the GV 
stage. In subsequent maturation culture, 61%, 75%, and 71% of 

oocytes in DO+GCs, DO+early MGCs, and OCGCs, respectively, 
reached MII (Table 1B). Most growing oocytes collected from 
the early antral follicles remained at the FC stage after maturation 
culture, whereas all fully-grown oocytes collected from the late 
antral follicles reached MII.

Transcriptome analysis of CCs, GCs, and MGCs
Because culture experiments with DO+GC/MGC complexes sug-

gested that late MGCs lost the ability to elongate TZPs, transcriptome 
changes were analyzed among GCs, early MGCs, and late MGCs. 
CCs from early and late antral follicles (referred to as “early CCs” 
and “late CCs”) were also analyzed.

First, datasets from GCs, early CCs, late CCs, early MGCs, and 
late MGCs were analyzed using PCA and t-SNE dimensionality 
analyses, and the expression of marker genes was visualized (Fig. 
4). PCA revealed changes from GCs to early and late MGCs along 
the PC2 axis, and changes from GCs to late CCs along the PC1 axis 
(Fig. 4A). t-SNE analysis showed that each cell type formed a cluster 
(Fig. 4B). Early CCs, early MGCs, late CCs, and late MGCs formed 
well-separated clusters, whereas GCs did not form a discrete cluster. 
Instead, GCs partially overlapped with early CCs and early MGCs 
clusters. The heatmap shows a distinct gene expression pattern in 
each cell group (Fig. 4C), and marker genes for each cell group 
were identified (Fig. 4C, right column, and Supplementary Table 1).

GO analysis of the DEGs revealed distinct characteristics in the 
transcriptomes between the group of GCs, early CCs, and early 
MGCs (referred to as the “early group”) and the late MGCs group 
or late CCs group. Comparison of the datasets from the early group 
to those of the late MGCs group revealed a substantial number of 
DEGs (up-regulated genes: n = 1,943; down-regulated genes: n 
= 1,716) (Supplementary Table 2). Figure 5A shows that genes 
involved in the “developmental process” were mainly up-regulated 
in the early group. In contrast, genes involved in “organonitrogen 
compound metabolic process,” “ribosome biogenesis,” and “protein 
folding” were mainly down-regulated in the early group (Fig. 5B). 

Fig. 3. Diameters of bovine oocytes in reconstructed complexes after in vitro growth culture. DOs were cocultured with GCs and early MGCs. Number 
of oocytes (n) used in each group is shown at the bottom of each box. Mean (± SEM) diameters of oocytes are shown at the top of each box. 1) 
Diameter of fully grown oocytes collected from late antral follicles (4–6 mm). a–d Different letters denote significantly different values (P < 0.05).
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In addition, comparison of the datasets of the early group to those 
of the late CCs group showed that a substantial number of DEGs 
was detected (up-regulated genes: n = 3,833; down-regulated genes: 
n = 4,143) (Supplementary Table 2). Genes involved in “organelle 
organization,” “organonitrogen compound metabolic process,” 
and “cellular respiration” were mainly up-regulated in the early 
group (Fig. 5C). In contrast, genes involved in “protein modification 
process” were mainly down-regulated in the early group (Fig. 5D). 
In the comparison of the early and late MGCs groups, NKD1 (NKD 
inhibitor of WNT signaling pathway 1) was significantly up-regulated 
(Supplementary Fig. 2). This gene was notably up-regulated when the 
early and late CCs groups were compared (Supplementary Fig. 3).

Discussion

After coculture, GCs and early MGCs adhered to DOs, and the 
complexes were reconstructed. On day 6, regenerated TZPs were 
observed in oocytes cultured with GCs and early MGCs. In contrast, 
late MGCs barely adhered to DOs and aggregated tightly, whereas 
regenerated TZPs were barely observed in the complexes. These 
results suggest that late MGCs have no ability to elongate TZPs. 
Because it was difficult to separate late MGCs from aggregated 
complexes by pipetting, in contrast to GCs and early MGCs, the 
characteristics of late MGCs appeared to differ from those of GCs 
and early MGCs. Considering that oocyte-derived factors induce 
the CC phenotype [3, 16], late MGCs located far from the oocyte 
may not be as affected by oocyte-derived factors as early MGCs. 
Another possibility is that the extracellular matrix (ECM) influences 
GC, CC, and MGC phenotypes [37, 38]. When late MGCs were 
collected from late antral follicles, they formed more rigid sheet-like 
structures than early MGCs. ECM components change during follicle 
development [38], which are able to change the MGC phenotype. 
Late MGCs collected from late antral follicles may have been in the 
recruitment or selection phase of the follicular wave and involved 

in the degeneration process [39].
When growth culture was continued until day 14, DO+GCs and 

DO+early MGCs developed similarly to OCGCs, although the integrity 
of DO+GCs and DO+early MGCs during growth culture was lower 
than that of OCGCs. Although antrum formation in DO+GCs and 
DO+early MGCs occurred later than in OCGCs, they also formed 
antrum-like structures. Alam et al. [40] proposed that GDF9 and 
BMP15 produced by bovine oocytes are involved in the formation 
of antrum-like structures. Therefore, DOs in the reconstructed 
complexes may communicate with GCs and early MGCs to promote 
the formation of antrum-like structures in a manner similar to that of 
OCGCs. Notably, GCs collected from pre-antral follicles also formed 
antrum-like structures. In mice, oocytes collected from secondary 
follicles accelerate the differentiation of GCs into primordial follicles 
and the rate of follicle development [41]. In the present study, GCs 
may have been promoted to differentiate into CCs and MGCs by 
oocytes collected from early antral follicles.

After culture, the mean number of TZPs in the DO+GCs and 
DO+early MGCs increased until reaching numbers similar to those in 
OCGCs. TZPs likely develop simultaneously with these complexes. 
Although the mean numbers of TZPs in DO+GCs and DO+early 
MGCs were significantly lower than those in fully grown oocytes 
in vivo, the mean diameters of oocytes in DO+GCs and DO+early 
MGCs reached more than 115 µm. Furthermore, more than half of 
oocytes in DO+GCs and DO+early MGCs adequately progressed to 
GV stage and matured to MII after maturation culture. The percent-
age of oocytes was lower in the DO+GC group. Because GCs and 
DOs were collected from follicles of different sizes, bidirectional 
communication between these cells may not function well in some 
complexes. However, considering that CCs provide nutrients for 
oocyte growth and regulate cGMP levels for meiotic arrest through 
TZPs [6, 42], TZPs regenerated by GCs and early MGCs are able 
to support oocyte growth. These results suggest that GCs became 
CC-like cells, similar to early MGCs, and that the regenerated TZPs 

Table 1. Meiotic stages (A) and competence (B) of in vitro-grown bovine oocytes in reconstructed complexes

(A)

In vitro growth 
(day)

Types of 
complexes 1)

Number of 
oocytes used

Number (%) of oocytes at each stage 5)

FC SC GV ED LD MI AI-TI MII DG
0 3) - 24 11 (46) 13 (54) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

14
GCs 18 3 (17) 2 (11) 9 (50) 0 (0) 0 (0) 1 (6) 0 (0) 0 (0) 3 (17)

early MGCs 19 0 (0) 1 (5) 14 (74) 0 (0) 1 (5) 0 (0) 0 (0) 0 (0) 3 (16)
OCGCs 16 1 (6) 0 (0) 11 (69) 2 (13) 0 (0) 0 (0) 0 (0) 0 (0) 2 (13)

In vivo 4) - 20 0 (0) 0 (0) 20 (100) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

(B)

In vitro growth 
(day)

Types of 
complexes 2)

Number of 
oocytes used

Number (%) of oocytes at each stage 5)

FC SC GV ED LD MI AI-TI MII DG
0 3) - 16 13 (81) 0 (0) 0 (0) 0 (0) 0 (0) 1 (6) 0 (0) 0 (0) 2 (13)

14
GCs 18 1 (6) 0 (0) 0 (0) 0 (0) 0 (0) 6 (33) 0 (0) 11 (61) 0 (0)

early MGCs 20 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 4 (20) 0 (0) 15 (75) 1 (5)
OCGCs 14 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 3 (21) 0 (0) 10 (71) 1 (7)

In vivo 4) - 20 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 20 (100) 0 (0)
1) Reconstructed complexes and OCGCs were subjected to in vitro growth culture. 2) Reconstructed complexes and OCGCs were subjected to in vitro 
maturation culture after in vitro growth culture. DOs were cocultured with GCs and early MGCs. 3) Oocytes were collected from the early antral 
follicles for culture. 4) Fully grown oocytes were collected from late antral follicles (4–6 mm). 5) FC, filamentous chromatin; SC, stringy chromatin; 
GV, germinal vesicle I–IV; ED, early diakinesis; LD, late diakinesis; MI, metaphase I; AI-TI, anaphase I and telophase I; MII, metaphase II; DG, 
degeneration.
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Fig. 4. PCA plot (A), t-SNE plot (B), and heatmap visualizing marker gene expression (C) using the datasets from bovine GCs, early CCs, late CCs, early 
MGCs, and late MGCs. Four GCs collected from secondary follicles, and five CCs and five MGCs each collected from early and late antral follicles 
were analyzed. (C) Top 10 marker genes for each cell type are shown on the right.
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were functional.
Transcriptome analyses indicated that GCs change in two directions 

to CCs and MGCs at the transcriptome level and that both CCs and 
MGCs change their transcriptomes during follicle development from 
the early to late antral stage. The transcriptome changes in MGCs 
may alter the ability of early and late MGCs to elongate TZPs. In 
addition, we identified new marker gene candidates for each somatic 
cell type at different follicular stages. The top 10 marker genes, as 
well as some DEGs, such as NKD1, show potential as marker genes 
for identifying somatic cells that are able to elongate TZPs and 
support oocyte growth. NKD1 inhibits WNT-β-catenin signaling, 
and activation of WNT signaling is detrimental to folliculogenesis 
after primary follicle formation [43, 44]. Therefore, NKD1 may 
play a role in supporting proper follicular development and oocyte 
growth. Our data may facilitate a more detailed classification of 
somatic cells within follicles in further studies.

We compared the datasets of the early group to those of the 
late MGCs or late CCs groups. The results of GO analysis of the 
DEGs also indicated a change in transcriptomes. In the early group, 
“developmental process” was mainly up-regulated compared to in 
the late MGCs group. Because this GO term refers to the progression 
of cells from an initial condition to a later condition, the results 

suggest that GCs, early CCs, and early MGCs differentiated into 
late MGCs. Interestingly, “actin filament-based process”, “dendritic 
spine organization”, and “cytoskeleton organization” were also 
up-regulated in the early group. Although there is no direct evidence, 
these genes may be related to the ability of cells to elongate TZPs. 
“Organelle organization”, “organonitrogen compound metabolic 
process”, and “cellular respiration” were mainly up-regulated in 
the early group compared to the late CCs group. These GO terms 
refer to the assembly or disassembly of organelles or metabolic 
processes within a cell. These results also show that GCs, early CCs, 
and early MGCs changed their intracellular conditions. In contrast, 
the main genes down-regulated in the early group compared to in 
the late MGCs and CCs groups were involved in organonitrogen 
compound or protein synthesis. Additionally, because “regulation of 
signal transduction,” “regulation of endocrine process,” “endosomal 
transport,” and “cell-cell signaling” were down-regulated in the 
early group, MGCs and CCs appeared to acquire functions related 
to endocrine processes or cell signaling during follicle development.

In conclusion, our results showed that GCs are able to reconstruct 
complexes with DOs and regenerate TZPs, similar to early MGCs. 
Furthermore, oocytes in the integrally reconstructed complexes 
grew fully and acquired meiotic competence, suggesting that the 

Fig. 5. Representative GO terms (Biological Process, BP) between the group of GCs, early CCs, and early MGCs (referred to as the “early group”) and late 
MGCs group (up-regulated (A) and down-regulated (B)), and between the early group and late CCs group (up-regulated (C) and down-regulated 
(D)). Comparison of the datasets of the early group to those of the late MGCs group revealed up-regulated genes (FDR < 0.05; log2 fold change > 
0, n = 1,943) and down-regulated genes (FDR < 0.05; log2 fold change < 0, n = 1,716). Comparison of the datasets of the early group to those of the 
late CCs group revealed up-regulated genes (FDR < 0.05; log2 fold change > 0, n = 3,833) and down-regulated genes (FDR < 0.05; log2 fold change 
< 0, n = 4,143).
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regenerated TZPs were functional and that GCs and early MGCs 
became CC-like cells. In contrast, late MGCs lost their ability to 
elongate TZPs and support oocyte growth. The lost ability to elongate 
TZPs coincided with transcriptome changes in two directions: from 
GCs to CCs or MGCs.
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