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ABSTRACT

Ovarian folliculogenesis relies on tightly coordinated communication between the oocyte and surrounding granulosa cells,
yet how this molecular dialogue is remodeled during follicle development remains poorly understood. Here, we reconstructed
stage-specific ligand-receptor communication networks through a transcriptomic meta-analysis integrating bovine second-
ary, early antral, and middle antral follicles. Our analyses revealed that oocyte-granulosa cell communication undergoes pro-
gressive remodeling during folliculogenesis, with distinct signaling programs characterizing successive developmental stages.
Secondary follicles were predominantly associated with extracellular matrix organization, cell adhesion, and early metabolic
regulation. During the early antral stage, signaling shifted toward lipid, steroid, and vitamin metabolism, identifying this phase
as a major metabolic transition. Middle antral follicles exhibited a marked increase in communication complexity, with enrich-
ment of PI3K-AKT, mTOR, RAS, Hippo, and cell adhesion pathways accompanying the acquisition of developmental com-
petence. Additional analyses of Brilliant Cresyl Blue-classified cumulus-oocyte complexes identified competence-associated
ligand-receptor interactions, while independent validation using the EmbryoGENE dataset confirmed stage-specific expression
patterns and highlighted CD47, FGF21, and GPC6 as candidate regulators of oocyte developmental competence. This study pro-
vides a comprehensive transcriptomic framework describing the dynamic remodeling of oocyte-granulosa cell communication
during bovine folliculogenesis. Beyond confirming established signaling pathways, it identifies novel candidate interactions and
offers a biologically grounded resource to guide future functional studies and the optimization of in vitro follicle and cumulus-
oocyte complex culture systems.

1 | Introduction progressively develop by forming the antral cavity, differenti-

The ovary is a highly dynamic organ whose plasticity is largely
driven by the coexistence of oocytes at different developmental
stages [1]. Each oocyte is embedded within and differentially
supported by surrounding granulosa cells, together forming the
ovarian follicle. Most follicles reside in the preantral stage and

ating granulosa cells into cumulus granulosa cells (cGC) and
mural granulosa cells (mGC), acquiring increasing metabolic
competence, and becoming dependent on gonadotropins [2, 3].

For many years, research has focused primarily on antral folli-
cles, largely because of their relevance to assisted reproductive
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technologies. However, attention is increasingly shifting toward
preantral follicles, the most abundant follicular population,
which thus constitute a potentially valuable source of oocytes
[4-6]. Despite this interest, only a limited number of approaches
are currently available to advance preantral follicles to the antral
stage, owing to an incomplete understanding of the molecular
mechanisms governing the early phases of folliculogenesis [7, 8].

In previous studies, we identified several mechanisms involved
in bovine preantral follicle growth, spanning from the primor-
dial stage through secondary follicles (SF) to the antral stage
[9, 10]. Nevertheless, the molecular interactions that specifically
regulate the transition from the preantral to the antral stage in
bovine follicles remain largely unexplored.

Preantral follicle development requires tightly regulated gene
expression at each follicular stage, establishing finely orches-
trated communication between the germinal and somatic com-
partments [11]. Bidirectional interactions between the oocyte
and granulosa cells are essential for follicular growth and are
mediated by autocrine and paracrine signaling via secreted fac-
tors, as well as by direct juxtacrine communication mechanisms
such as gap junctions [1, 11-15].

Several key signaling axes, including TGFg, KIT, and cyclic
nucleotides, have been identified as important mediators of
oocyte-granulosa cell crosstalk [1, 16-19]. However, many ad-
ditional mechanisms remain unknown, particularly during the
earliest stages of folliculogenesis. Communication between the
two compartments is initiated as early as the preantral stage and
progressively evolves and diversifies throughout follicular devel-
opment [20, 21]. Several studies have investigated the molecular
signatures of the germinal compartment, the oocytes [22], and
the somatic compartment, comprising granulosa cells and cGC
[23-25], outlining the key transcriptomic changes occurring in
these cellular compartments during follicular development. To
date, however, a comprehensive understanding of the germinal-
somatic dialogue during folliculogenesis is still lacking.

In this study, we aimed to characterize oocyte—granulosa cell
interactions from a transcriptomic perspective by identifying
ligands and receptors expressed in secondary (SF), early antral
(EA), and middle antral (MA) follicles using a unified bioinfor-
matic framework. To strengthen the robustness of the inferred
communication networks, we integrated our own transcrip-
tomic data with publicly available datasets representing key
developmental transitions throughout folliculogenesis. This ap-
proach enhances the detection of reproducible biological signals
while minimizing study-specific technical variation, thereby
providing a comprehensive view of the molecular dialogue be-
tween the oocyte and its surrounding granulosa cells.

Building upon previous transcriptomic studies of individual fol-
licular stages and cellular compartments, we hypothesized that
ligand-receptor communication is progressively remodeled as
follicles acquire structural organization, metabolic competence,
and developmental potential. Accordingly, the present study
was designed as a transcriptomic discovery framework to recon-
struct stage-specific communication networks and prioritize bi-
ologically plausible ligand-receptor interactions for subsequent
functional investigation. Elucidating this molecular dialogue is

essential for understanding the mechanisms coordinating follic-
ulogenesis and provides a rational basis for improving in vitro
follicle and cumulus-oocyte complex culture systems.

2 | Materials and Methods

The data of follicles and follicle compartments used in this study
were downloaded from the public functional genomic data re-
pository Gene Expression Omnibus (GEO) [26]: GSE255879 [25],
GSE249434 [22], GSE199210 [23], in addition to our own data
(GSE309360 and GSE309598) [10]. More detailed character-
istics about each study are presented in Table 1, together with
the description for each abbreviation used throughout the text.
Integration of follicle datasets at different developmental stages
was implemented using the R programming language (v4.5.1)
[27] and R packages. A pipeline of the analyses performed is rep-
resented in Figure 1.

2.1 | Bulk Inference of Ligand-Receptor
Interactions in SF and EA Using BulkSignalR

For the SF category, since the datasets were from two dif-
ferent studies, the batch effect was first corrected using
ComBat-seq from the sva package (v3.52.0) [28]. All count
data (SF, SFO, SFGC, EA, EAO, EAcGC, and EAmGC) were
transformed using the variance-stabilizing transformation
(VST) of DESeq2 package (v1.44.0) [29]. The category from
each experimental group were analyzed separately for the
following steps.

The BulkSignalR package (v1.0.4) [30] was employed to iden-
tify and characterize ligand-receptor pair (LRP) interactions
within each category. This approach relies on bulk RNA-seq
data and quantifies correlations among ligand and receptor
expression and the expression of receptors' target genes in
downstream pathways. BulkSignalR was selected because it
jointly considers ligand expression, receptor expression, and
downstream target gene activity, enabling inference of bio-
logically coherent intercellular signaling networks from bulk
transcriptomic datasets. LRPs identified at each stage between
the oocyte and granulosa cells were subsequently compared
using Venn diagrams in Venny (v2.1.0) [31] to determine over-
lapped pairs across stages. To exclude LRPs expressed exclu-
sively by one follicular compartment, we retained only those
LRPs identified in SF that were absent from both the SFO and
SFGC datasets. In other words, among the LRPs detected in
SF, SFO, and SFGC, we selected only those uniquely identi-
fied in SF, as these are more likely to represent signaling in-
teractions occurring between the oocyte and granulosa cells
rather than expression originating from either cell type alone.
Similarly, among the LRPs detected in EA, EAO, EAcGC, and
EAmGC, we retained only those uniquely identified in EA,
as candidate LRPs potentially reflecting communication be-
tween the oocyte and cumulus/mural granulosa cells. Next,
to further corroborate the LRPs involved in the interaction
between somatic and germinal cells, we analyzed the expres-
sion patterns of the filtered SF and EA ligands and receptors.
Differential expression analyses were performed between ex-
pression SFGC vs. SFO and EAcGC vs. EAO using an ANOVA
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TABLE1 | Overview of the datasets employed for data analysis.

GEO accession

References number Sample group Description N
Monferini N, Dey P et al., GSE309360 SF Mechanically isolated secondary follicles 3
2026 [10]

Donadini L et al., GSE309598 SF Mechanically isolated secondary follicles 4
~ requested EA Cumulus granulosa cells-oocyte 4

complex and mural granulosa cells
isolated from early antral follicles

Fushii M et al., 2024 [25] GSE255879 SFGC Granulosa cells from secondary follicles 4

EAcGC Cumulus granulosa cells from 5
early antral follicles

EAmGC Mural granulosa cells from early antral follicles 5
Barbosa Latorraca L et al. GSE249434 SFO Oocyte (< 60um) from secondary follicle 21
2024 [22] EAO Oocyte (100-109 um) from early antral follicle 27
Walker BN et al., 2022 [23] GSE199210 MAO-neg BCB- oocyte from middle antral follicles COCs 10
MAcGC-neg Cumulus granulosa cells surrounding BCB- 10
oocyte from middle antral follicles COCs
MAO-pos BCB+ oocyte from middle antral follicles COCs 9
MAcGC-pos Cumulus granulosa cells surrounding BCB+ 9
oocyte from middle antral follicles COCs
SF SFGC SFO EA EAcGC EAmGC EAO MAcGC MAO
LRP inferred using BulkSignalR LRP inferred using BulkSignalR LRP inferred using correlation model and
BulkSignalR ligand and receptor database
SF SFO EAO EAmMGC l
B (e
“.,,\‘ g \\‘ - \ LRP with specific expression in MAO or MAcGC
/ 83 /
R 4 ' |
\\ %, / x dZ\iii?rtg:n Ligands_ ‘_emd recept_ors.with
- EAcGC analysis specific expression in
SFGC MAcGC-pos vs. MAcGC-neg
MAO-pos vs. MAO-neg
LRP with specific expression in SFO and SFGC | LRP with specific expression in EAO and EAcGC l
l l EAcGC ligands IMAcGC ligands < o )
Receptors Receptors and receptors  and receptors Validation with cocyte
downstream analysis downstre_am \ / developmental features
analysis Validation of stage specific

ligands and receptors

FIGURE 1 | Data analysis pipeline. The scheme illustrates the workflow used to analyze ligand-receptor pair (LRP) interactions in bovine fol-
licles from secondary follicles (SF) to early (EA) and middle antral follicles (MA) stage. Ligand and receptor information was retrieved from the
BulkSignalR package, and a correlation test was applied to identify putative LRP. Venn diagrams depict the subtraction of LRP determined within
samples of oocyte (secondary follicle oocyte, SFO; early antral follicle oocyte, EAO) and granulosa cells (secondary follicle granulosa cells, SFGC; ear-
ly antral follicle cumulus granulosa cells, EAcGC; early antral follicle mural granulosa cells, EAmGC) from the LRP obtained within follicle samples
(SF and EA). In MA stage, a correlation analysis of the ligand and receptor identified using the BulkSignalR database between middle antral follicle
oocyte (MAO) and middle antral follicle cumulus granulosa cells (MAcGC) was conducted. Downstream and validation analyses were subsequently
performed on the identified LRP. Created in BioRender. Monferini, N. (2026) https://BioRender.com/8vyaj8y.
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test, after normalizing raw counts with the log,-transformed
counts per million (log,CPM) method implemented in the
edgeR package (v4.6.3) [32] (Figure 1). Genes showing sig-
nificant differential expression (Benjamini-Hochberg ad-
justed p<0.05) were then matched to the LRP identified in
BulkSignalR. This significance threshold was adopted to con-
trol the false discovery rate while retaining biologically mean-
ingful candidate interactions. Only LRPs in which both genes
were significantly differentially expressed—with one gene
predominantly expressed in oocyte and the other in granu-
losa cells—were retained as candidate germinal-somatic cell
interactions. The resulting ligand-receptor interactions were
visualized in circle plots using circlize (v0.4.16) [33].

2.2 | Inference of Ligand-Receptor Interactions in
COCs Derived From MA Follicles (MA COCs)

Unlike the SF and EA stages, no bulk RNA-seq datasets from
intact bovine middle antral (MA) follicles are currently avail-
able in public repositories. Consequently, ligand-receptor inter-
actions at this stage could not be inferred using the BulkSignalR
workflow applied to whole follicles. Instead, we analyzed paired
RNA-seq datasets from middle antral oocytes (MAO) and their
corresponding cumulus granulosa cells (MAcGC) isolated
from the same cumulus-oocyte complexes (COCs). Candidate
ligand-receptor interactions were inferred by combining the
BulkSignalR ligand-receptor database (LRdb) with gene expres-
sion correlation analysis. The COCs had previously been classi-
fied by Brilliant Cresyl Blue (BCB) staining, which distinguishes
fully grown, developmentally competent oocytes from growing
oocytes based on glucose-6-phosphate dehydrogenase (G6PDH)
activity [34]. Fully grown oocytes have a low G6PDH activity,
so they do not degrade the BCB and therefore retain the blue/
purple coloration (BCB-positive, BCB-pos), whereas growing
oocytes display high G6PDH activity, which reduces the dye
and results in the loss of staining (BCB-negative, BCB-neg).
Moreover, BCB-positive oocytes have a different pattern of co-
expressed genes compared with BCB-negative [23], resulting
in a higher maturation and blastocyst rate [34-36] and cloning
efficiency [37].

To this end, gene expression from each dataset was normal-
ized using ComBat-seq, treating cumulus cells and oocytes
originating from the same COC as a shared batch, while
specifying cell type as the biological variable of interest in
the model. The normalized counts were then log, trans-
formed. The ligand-receptor database (LRdb) implemented by
BulkSignalR was employed to obtain the reference set of LRPs.
Next, the MAO and MAcGC matrices were filtered to retain
the genes involved in the LRPs. Finally, Pearson correlation
between MAcGC and MAO expression was computed using
the WGCNA package (v1.73) [38]. Only positive correlations
with a p<0.05 were retained as our objective was to identify
candidate ligand-receptor interactions showing coordinated
expression between the germinal and somatic compartments.
Additionally, a one-way ANOVA was performed to compare
expression levels between MAcGC and MAO. Correlations
were further filtered to retain only those LRPs involving
genes showing significant differences between MAcGC and
MAO (adjusted p-value <0.05). Ligand-receptor interactions

were visualized as circle plots generated with circlize package
[33], whereas correlation analysis results were plotted using
ggplot2 (v4.0.0).

Furthermore, the expression levels of genes involved in signif-
icant LRPs were compared using one-way ANOVA across BCB
staining groups (MAcGC-neg vs. MAcGC-pos and MAO-neg
vs. MAO-pos) to assess whether ligands or receptors exhibited
BCB-specific expression patterns. Differences were considered
significant at an adjusted p-value <0.05.

2.3 | Downstream Analysis of Receptor-Mediated
Signaling

To investigate the biological processes potentially associated
with the identified LRP, receptor genes were analyzed using the
GeneMANIA plugin [39] implemented in Cytoscape v3.9.1 [40].
GeneMANIA integrates evidence from physical interactions, ge-
netic interactions, pathway co-membership, and computational
predictions to identify genes functionally associated with the
receptors of interest.

For each receptor, interaction networks were generated using
the 30 highest-ranked associated genes, a number selected to
provide an interpretable network while retaining the princi-
pal receptor-associated interactions. Functional enrichment
analysis was then performed, and the 20 highest-ranked func-
tional attributes were retained to summarize the predomi-
nant biological processes represented within each network.
Automatic weighting was applied, and Homo sapiens was se-
lected as the reference organism because human annotations
currently provide substantially more comprehensive interac-
tion and pathway information than the corresponding bovine
databases.

2.4 | Cumulus Granulosa Cell Ligand and
Receptor Validation With EmbryoGENE Dataset

Because of the intimate bidirectional interaction between so-
matic and germinal compartments, molecular features of cu-
mulus granulosa cells have been proposed as indirect indicators
of oocyte quality and functional status. Here, we investigated
whether the patterns of ligand and receptor expression in cumu-
lus granulosa cells reflect the chromatin state of the oocyte they
surround. To do this, we compared these expression patterns
with data from the EmbryoGENE dataset (https://emb-bioin
fo.fsaa.ulaval.ca/IMAGE/index.html); only probes annotated
as constitutive were included [41], in which both oocytes and
cumulus granulosa cells are classified according to the oocyte's
chromatin configuration [34, 41].

First, to assess whether the identified ligands and receptors
were specific to the EA and MA stages, we compared our
results with microarray expression data for cumulus gran-
ulosa cells from the EmbryoGENE dataset. In this dataset,
the EA stage is represented by the GVO chromatin configu-
ration, whereas the MA stage comprises the GV1, GV2, and
GV3 chromatin configurations [34, 42, 43]. The expression of
ligands and receptors identified in EA and MA was evaluated

40f 19

The FASEB Journal, 2026


https://emb-bioinfo.fsaa.ulaval.ca/IMAGE/index.html
https://emb-bioinfo.fsaa.ulaval.ca/IMAGE/index.html

Q Adherens junction

foY @
i@ m‘ &% © Antigen processing-cross presentation
LY P@z({hy\ m N IAY \ O Cell adhesion molecules
3- b GFR, N\ m = ITGA)) (O Clathrin-mediated endocytosis
e/ \ HLA( LA \\ y
A = /\ N g S 4 () pevelopment
@ A H2 ) 7 an ) © EGFRi signaiing
@ \\' 2 (@ \A © Hippo signaling
= ~ S N\

© 1caminteractions

O Leptin

(© urokinase type plasminogen activator

@/i"@‘\ I/@ @ s@s A@O @

/ .
GF1 TGFBR3 P YOX\IL -
e A= C
PR G fos)

@ E@ @EA | (O Metabolism of lpids
o — U®2 () Metaboism
IGSD?I\ @
\_/ PXYLP1

B Oocyte Ligand (MD A S (©) signaling pathways
Granulosa ® Receptor U ~ s fw @ gz: ::":“’f':l“::s
‘@Fﬁ TNERSF21 @ ganizali
FIGURE2 | Ligand receptor interactions in SF between SFGC and SFO. (A) Chord plot illustrating interactions between ligands (yellow sectors)

and receptors (orange sectors) expressed in SFGC (blue sectors) and SFO (green sectors). (B) Network of receptors expressed in SFGC connected to
associated genes and downstream processes. (C) Network of receptors expressed in SFO connected to associated genes and downstream processes. In

networks B and C, edges are colored according to the type of interaction: Physical interactions (orange), genetic interactions (green), pathway (blue),

and predicted (yellow). The size of the nodes depends on whether the gene is a receptor (bigger circles), or a receptor-related gene (smaller circles).

by comparing normalized microarray expression intensities,
reflecting relative transcript abundance, between cumulus
granulosa cells from the GVO group and those from the com-
bined GV1-GV3 groups using a two-sample Student's t-test for
independent samples.

In a subsequent analysis, ligands and receptors that were signifi-
cantly differentially expressed between BCB-positive and BCB-
negative cumulus granulosa cells were further investigated.
According to a previous study, BCB-negative oocytes are mainly
associated with Class 1 COCs, characterized predominantly
by the GV1 chromatin configuration, whereas BCB-positive
oocytes are generally associated with Class 2/3 COCs, mainly
characterized by the GV2 configuration [34]. Based on this evi-
dence, gene expression levels were compared between the GV1
and GV2 groups of the EmbryoGENE dataset, with GV1 consid-
ered representative of the BCB-negative stage and GV2 of the
BCB-positive stage. Statistical differences in normalized mi-
croarray expression intensities between GV1 and GV2 cumulus
granulosa cells were assessed using a two-sample Student's ¢-test
for independent samples.

3 | Results

3.1 | Ligand-Receptor Interactions in SF Identify
Signaling and Metabolic Pathways

After inferring LRPs using BulkSignalR and excluding those
specific to SFO-SFO and SFGC-SFGC communication, a total
of 158 LRPs were identified. Among these, 17 LRPs showed

significant differential expression between SFO and SFGC
(Figure 2A).

According to BulkSignalR's correlation analysis, INHA-TGFBR3
showed the highest correlation (R=0.86), and AGRN-MUSK,
DHH-PTCH1, GIPCI-TGFBR3, and TGFA-EGFR exhibited
strong correlations (R=0.60-0.79). The remaining LRPs showed
moderate correlations (R=0.4-0.59) (File S1).

Receptors expressed in SFGC were primarily associated with
antigen processing-cross presentation and cell adhesion, in-
cluding TLR6, ITGAV, and LDLR. In addition, ITGAV and
LDLR, together with EGFR and CDH2, were involved in sig-
naling pathways related to cell proliferation and migration,
with enrichment of pathways including EGFR1, Hippo, and
Urokinase-type plasminogen activator signaling. ITGAV and
EGFR were also associated with leptin-related pathways, sug-
gesting a role for SFO-to-SFGC communication in metabolic
regulation (Figure 2B).

The downstream pathways associated with SFO receptors
encompassed several signaling and metabolic processes
(Figure 2C). In particular, PTCHI was involved in signaling
pathways, including Hedgehog signaling. Other SFO receptors,
including ITGA9, MUSK, and DDR2, were mainly associated
with ECM organization and ECM proteoglycans-related path-
ways, whereas TNFRSF21 and AMN were implicated in lipid
metabolism. No significant functional enrichment was observed
for TGFBR3 in this analysis; however, this receptor is a well-
established component of the TGF-beta signaling pathway, con-
sistent with its interaction with the ligand INHA.
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3.2 | EAO-EAcGC Communication Is Associated
With Developmental and Metabolic Signaling

After inferring LRP with BulkSignalR and excluding those spe-
cific to the EAO-EAO and EAcGC-EAcGC communication, a
total of 122 LRPs were identified. Among these, 10 LRPs showed
significant differential expression between EAO and EAcGC,
including AMN-CUBN interaction that works in concert for vi-
tamin uptake [44] (Figure 3A).

BulkSignalR correlation analysis revealed that DHH-HHIP,
FST-BMPRIB, THBS2-CD36, APOAI-ABCA1, and LIPC-LRPI
showed the strongest correlations (R >0.80), FABP5-RXRA ex-
hibited a very strong correlation (R=0.60-0.79), whereas the
remaining LRPs exhibited moderate correlations (R=0.4-0.59)
(File S1).

The EAcGC receptors identified among the significant LRPs,
including LRP1, RXRA, and CUBN, were predominantly asso-
ciated with vitamin metabolism, while CUBN and RXRA were
also involved in steroid metabolism. Furthermore, RXRA was
implicated in EGFR-SMRTE signaling, which regulates cell
proliferation, differentiation, and apoptosis, as well as in LXRs-
mediated gene expression regulation (Figure 3B).

The EAO receptors HHIP, BMPRIB, F2RLI1, and ABCAI were
primarily associated with signaling pathways. Consistent with
their interactions with the corresponding ligands, HHIP was
linked to Hedgehog signaling, BMPR1B to the TGF-beta super-
family, F2RL1I functioned as a G protein-coupled receptor acti-
vated by trypsin and trypsin-like proteases, and ABCAI acted
as an ATP-dependent transporter involved in lipoprotein trans-
port. Additionally, CD36 was mainly implicated in cell adhesion
(Figure 3C).

3.3 | Stage-Specific Ligand-Receptor Signaling
in MA Supports Oocyte Growth and Cumulus
Granulosa Cells Energy Metabolism

Because no bulk RNA-seq datasets from intact bovine mid-
dle antral follicles are currently available, ligand-receptor in-
teractions at this stage could not be inferred using the same
BulkSignalR workflow applied to SF and EA. Instead, paired
transcriptomes from MAO and their corresponding MAcGC
were analyzed. The BulkSignalR ligand-receptor database
was retained as the reference set of curated ligand-receptor
pairs, whereas candidate interactions were inferred using a
correlation-based approach. A correlation model was em-
ployed, and 320 LRPs between the MAcGC ligand and the
MAO receptor and 341 LRPs between the MAcGC receptor
and the MAO ligand were identified. Among these LRPs, 42
and 72, respectively, involved ligands and/or receptors that
were significantly differentially expressed between MAcGC
and MAO (Figure 4A,C). Among the inferred interactions,
several well-characterized LRPs were identified, including
GDF9-BMPR2, BMP15-BMPR2, INHA-ACVR2A, INHA-
ACVR1, INHBB-ACVR2B, and INHBB-ACVR2A, supporting
the biological validity of the approach [24, 45-47]. Moreover,
similar LRPs were found to those in a previous study [24],

such as TEK-ANGPT4 and members of the Plexin family with
SEMA and RNDI ligands.

Functional enrichment analysis of genes associated with
MACcGC receptors revealed involvement in several biological
processes, including axon guidance and major signaling path-
ways, such as PI3K-AKT. Notably, enrichment of mechanisms
related to other signaling pathways, such as endocytosis (LDLR,
LRPS8), G protein-coupled receptor activity (NPYIR, ADRB3,
ADCYAPIRI), and lipid and vitamin metabolism (FGFR4,
STRAG6), was observed. In addition, multiple interactions involv-
ing focal adhesion and integrins emerged as a prominent feature
of the network, as evidenced by the high representation of inte-
grin genes (Figure 4B).

The downstream network and pathway related to the MAO re-
ceptors highlighted enrichment of the well-established PI3K-
AKT, mTOR, and RAS signaling pathways. Moreover, cell
adhesion molecules and ECM organization were present. Also,
other signaling pathways, such as Hippo (FGFR2, FLT3, TEK,
ITGB4, KDR, ITGA9, MET, CD44), NOTCH (NOTCHI), TGF-
beta (TGFBR2), and receptors part of the G protein-coupled
receptors family (AVPR1B, AVPR2, GRM7, ADRA2A), were in-
volved in MAO receptor downstream signaling (Figure 4D).

Table 2 list the LRPs with the strongest correlation (R>0.6) be-
tween (A) MAcGC receptors and MAO ligands, and (B) MAcGC
ligands and MAO receptors. All LRPs with significant positive
correlations are reported in File S2.

During the MA stage, distinct populations of COCs can be
identified [42, 48, 49]. One approach to account for this het-
erogeneity is the use of BCB dye. Focusing exclusively on the
LRPs identified above, we found that 47 MAcGC ligand and
receptor genes were differentially expressed between BCB-
positive and BCB-negative samples (File S3). Among these, 12
receptors and 9 ligands (Table 2) also displayed strong correla-
tion with the corresponding oocyte ligand or receptor. In con-
trast, NGF was the only gene identified within the LRPs that
was differentially expressed between MAO-pos and MAO-neg
samples (File S3).

3.4 | cGC Ligands and Receptors Show
Stage-Specific Expression Patterns According to
Oocyte Chromatin Configuration

To validate the stage specificity of ligand and receptor ex-
pression in EAcGC and MAcGC, we used the EmbryoGENE
dataset. Among the genes identified in our analysis, the EAcGC-
expressed ligand ANGPT4 was significantly differentially ex-
pressed between the cumulus cells of the EA and MA groups.
Furthermore, 16 ligands and receptors identified in MAcGC
were significantly differentially expressed between the EA and
MA groups (p <0.05), while PLXNB3 showed a trend toward sig-
nificance (p=0.05-0.1) (Figure 5).

To determine whether the BCB-dependent differences observed
in MAcGC were associated with oocyte chromatin configura-
tion, ligands and receptors that were differentially expressed
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FIGURE 3 | Ligand receptor interactions in EA between EAcGC and EAO. (A) Chord plot illustrating interactions between ligands (yellow sectors)
and receptors (orange sectors) expressed in EAcGC (blue sectors) and EAO (green sectors). (B) Network of receptors expressed in EAcGC connected to
associated genes and downstream processes. (C) Network of receptors expressed in EAO connected to associated genes and downstream processes. In
networks B and C, edges are colored according to the type of interaction: Physical interactions (orange), genetic interactions (green), pathway (blue), and
predicted (yellow). The size of the nodes depends on whether the gene is a receptor (bigger circles), or a receptor-related gene (smaller circles).
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FIGURE 4 | Ligand receptor interactions between MAcGC and MAO. (A) Chord plot illustrating interactions between ligands (yellow sectors)
expressed in MAO (green sectors) and receptors (orange sectors) expressed in MAcGC (blue sectors). (B) Network of receptors expressed in MAcGC
connected to associated genes and downstream processes. (C) Chord plot illustrating interactions between ligands (yellow sectors) expressed in
MACcGC (blue sectors) and receptors (orange sectors) expressed in the MAO (green sectors). (D) Network of receptors expressed in MAcGC connect-
ed to associated genes and downstream processes. In networks B and D, edges are colored according to the type of interaction: Physical interactions
(orange), genetic interactions (green), pathway (blue), and predicted (yellow). The size of the nodes depends on whether the gene is a receptor (bigger
circles), or a receptor-related gene (smaller circles).

between MAcGC-pos and MAcGC-neg samples were further ex-
amined in the EmbryoGENE dataset by comparing the expres-
sion profile of cumulus cells derived from GV1 and GV2 stages.
CD47 and FGF2I were significantly differentially expressed
across chromatin configuration stages (p<0.05), consistent
with the pattern observed following BCB classification. GPC6
showed a similar trend, although it did not reach statistical sig-
nificance (p=0.05-0.1) (Figure 6).

4 | Discussion

Bidirectional communication between the oocyte and sur-
rounding granulosa cells is now recognized as the fundamen-
tal mechanism coordinating folliculogenesis, integrating the
developmental programs of both the germinal and somatic
compartments. Rather than functioning as a unidirectional
support system, follicle development relies on continuous
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TABLE 2 | Inferred ligand-receptor pairs in the MA that show a significant positive Pearson correlation between ligands and receptors.

Differential expression
between MAcGC-
pos vs MAcGC-neg

Correlation between

Ligand in MAO Receptor in MAcGC (log2FC; p-value) ligand and receptor (R)
A
RNDI (Rho Family PLXNA2 (Plexin A2) 1.7261; ** 0.795
GTPase 1)
COL2A1I (Collagen Type II ITGA2 (Integrin 1.5706; ** 0.791
Alpha 1 Chain) Subunit Alpha 2)
LAMA4 (Laminin Subunit ITGAG6 (Integrin 1.599; ** 0.785
Alpha 4) Subunit Alpha 6)
COLIA2 (Collagen Type I ITGB3 (Integrin Subunit Beta 3) 1.4356; ** 0.764
Alpha 2 Chain)
COL4A6 (Collagen Type IV CD47 (CD47 Molecule) 1.5134; ** 0.763
Alpha 6 Chain)
FNI1 (Fibronectin 1) ITGB3 (Integrin Subunit Beta 3) 1.4356; ** 0.751
VIP (Vasoactive Intestinal ADCYAPIRI (ADCYAP 0.3085; ns 0.736
Peptide) Receptor Type I)
LAMA4 (Laminin Subunit ITGAV (Integrin 1.2262; * 0.719
Alpha 4) Subunit Alpha V)
FNI (Fibronectin 1) ITGA6 (Integrin 1.599; ** 0.713

Subunit Alpha 6)
FN1 (Fibronectin 1) ITGA2 (Integrin 1.5706; ** 0.704

Subunit Alpha 2)
FNI (Fibronectin 1) IL17RC (Interleukin 1.0402; * 0.701

17 Receptor C)
COL1A2 (Collagen Type I ITGA2 (Integrin 1.5706; ** 0.694
Alpha 2 Chain) Subunit Alpha 2)
ZP3 (Zona Pellucida EGFR (Epidermal Growth 1.7542; *** 0.688
Glycoprotein 3) Factor Receptor)
LAMA3 (Laminin Subunit ITGA2 (Integrin 1.5706; ** 0.686
Alpha 3) Subunit Alpha 2)
CGA (Glycoprotein ADRB3 (Adrenoceptor Beta 3) 0.302; ns 0.679
Hormones, Alpha
Polypeptide)
HBEGF (Heparin Binding CD82 (CD82 Molecule) 1.4392; ** 0.675
EGF Like Growth Factor)
LAMA23 (Laminin Subunit ITGA6 (Integrin 1.599; ** 0.662
Alpha 3) Subunit Alpha 6)
SFTPD (Surfactant Protein D) CSF2RA (Colony 1.1345; * 0.661
Stimulating Factor 2
Receptor Subunit Alpha)
NGF (Nerve Growth Factor) NTRK1 (Neurotrophic 1.9548; ** 0.658
Receptor Tyrosine Kinase 1)
COL4AG6 (Collagen Type IV ITGA2 (Integrin 1.5706; ** 0.656
Alpha 6 Chain) Subunit Alpha 2)
(Continues)
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TABLE 2 | (Continued)

Differential expression
between MAcGC-
pos vs MAcGC-neg

Correlation between

Ligand in MAO Receptor in MAcGC (log2FC; p-value) ligand and receptor (R)
A
APOB (Apolipoprotein B) LDLR (Low Density 1.6751; ** 0.652
Lipoprotein Receptor)
HBEGF (Heparin Binding EGFR (Epidermal Growth 1.7542; *** 0.650
EGF Like Growth Factor) Factor Receptor)
SEMA3A (Semaphorin 3A) PLXNA2 (Plexin A2) 1.7261; ** 0.642
ICAMI (Intercellular EGFR (Epidermal Growth 1.7542; *** 0.633
Adhesion Molecule 1) Factor Receptor)
LAMA2 (Laminin Subunit ITGA6 (Integrin 1.599; ** 0.631
Alpha 2) Subunit Alpha 6)
COL1A2 (Collagen Type I ITGAI (Integrin 1.6789; ** 0.628
Alpha 2 Chain) Subunit Alpha 1)
GIP (Gastric Inhibitory ADRB3 (Adrenoceptor Beta 3) 0.3020; ns 0.625
Polypeptide)
COL2A1I (Collagen Type II ITGAI (Integrin 1.6789; ** 0.606
Alpha 1 Chain) Subunit Alpha 1)
DKK1 (Dickkopf Wnt LRP5 (LDL Receptor 1.354; ** 0.601
Signaling Pathway Related Protein 5)
Inhibitor 1)
Differential expression
between MAcGC-pos Correlation between

Ligand in MAcGC Receptor in MAO vs MAcGC-neg ligand and receptor (R)
B
UBAS52 (Ubiquitin A-52 FGFR2 (Fibroblast Growth 1.4382; ** 0.689
Residue Ribosomal Protein Factor Receptor 2)
Fusion Product 1)
TIMP3 (TIMP KDR (Kinase Insert 1.283; * 0.678
Metallopeptidase Inhibitor 3) Domain Receptor)
UBAS52 (Ubiquitin A-52 LRP2 (LDL Receptor 1.4382; ** 0.671
Residue Ribosomal Protein Related Protein 2)
Fusion Product 1)
UBAS52 (Ubiquitin A-52 MET (MET Proto-Oncogene, 1.4382; ** 0.668
Residue Ribosomal Protein Receptor Tyrosine Kinase)
Fusion Product 1)
GPC6 (Glypican-6) LRP2 (LDL Receptor 1.4874; ** 0.655

Related Protein 2)
VCAN (Versican) SELP (Selectin P) 1.2683; ** 0.630
MDK (Midkine) LRP2 (LDL Receptor 1.3564; ** 0.625

Related Protein 2)
CD47 (CD47 Molecule) SIRPA (Signal Regulatory 1.5134; ** 0.625

Protein Alpha)
HSPG2 (Heparan Sulfate KDR (Kinase Insert 1.2961; ** 0.621
Proteoglycan 2) Domain Receptor)
(Continues)
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TABLE 2 | (Continued)
Differential expression
between MAcGC-pos Correlation between
Ligand in MAcGC Receptor in MAO vs MAcGC-neg ligand and receptor (R)
B
LRPAPI (LDL Receptor LRP2 (LDL Receptor 1.9081; ** 0.615
Related Protein Associated Related Protein 2)
Protein 1)
LAMC?2 (Laminin Subunit COL17A1 (Collagen Type 1.6227; ** 0.614
Gamma 2) XVII Alpha 1 Chain)
EREG (ETS Transcription ERBB4 (Erb-B2 Receptor 0.6683; ns 0.611

Factor ERG) Tyrosine Kinase 4)

Note: (A) Ligands in MAO and corresponding MAcGC receptors. (B) Ligands in MAcGC and corresponding MAO receptors. R indicates the strength and direction of
the linear relationship between ligand and receptor expression. Differential expression of ligands or receptors in cumulus granulosa cells according to BCB staining
status was estimated as the log2 fold change (1og2FC), calculated as the difference between the mean expression levels of MAcGC-pos and MAcGC-neg samples.

Statistical significance was assessed using one-way ANOVA.

log2FC: log2 fold change; p-values: *p <0.05, **p <0.01, ***p <0.001; R: Pearson correlation coefficient.

reciprocal signaling, with granulosa cells providing metabolic
and structural support to the oocyte while the oocyte actively
regulates granulosa cell proliferation, differentiation, and
function [50, 51]. Within this conceptual framework, the sem-
inal studies of Eppig and colleagues [52] established that the
oocyte is an active regulator of granulosa cell behavior, fun-
damentally reshaping our understanding of follicular biology.
Consistent with this model of reciprocal communication, our
findings indicate that germinal-somatic signaling is progres-
sively remodeled during folliculogenesis (Figure 7), evolving
from pathways associated with structural organization and
metabolic support in secondary follicles toward increasingly
complex signaling networks accompanying the acquisition of
developmental competence.

One of the principal findings emerging from this study is the
progressive metabolic specialization of oocyte-granulosa cell
communication throughout folliculogenesis. Although met-
abolic cooperation was evident at every developmental stage,
the nature of the associated signaling pathways evolved con-
siderably as follicles matured. Receptors associated with lipid
metabolism were identified throughout folliculogenesis, high-
lighting the continuous metabolic interdependence between the
germinal and somatic compartments. In secondary follicle oo-
cytes, AMN and TNFRSF21, and in early antral follicle oocytes,
ABCAI and CD36, were associated with lipid-related pathways.
AMN and ABCAI interact with APOAI, which is highly ex-
pressed in granulosa cells and contributes to lipid transport and
substrate availability for energy production and steroidogenesis
[53-58]. Together, these observations indicate that metabolic co-
operation is established early during folliculogenesis and pro-
gressively adapts to the increasing energetic and biosynthetic
demands of the growing follicle [59].

In secondary follicles, the identified ligand-receptor interactions
were mainly associated with cell adhesion, extracellular ma-
trix organization, and early metabolic regulation. Specifically,
CDH2 emerged as a central component of germinal-somatic
compartments communication in secondary follicles. Cadherins
are known to maintain physical interactions between the oocyte

and granulosa cells, preserve granulosa cell architecture, and
support the formation of multiple granulosa cell layers, all of
which are fundamental for proper follicle organization [60-62].
In addition, receptors associated with EGFR and Hippo signal-
ing pathways suggest mechanisms underlying granulosa cell
proliferation, polarity, and tissue remodeling [63-65]. Metabolic
signaling was also evident at this stage, including pathways
associated with leptin signaling. Previous studies have demon-
strated beneficial effects of leptin on preantral follicle develop-
ment by regulating energy homeostasis, mitochondrial function,
and oxidative stress [55-58], supporting a potential role for this
pathway in early folliculogenesis.

The early antral stage represents a major transition in fol-
licular development, characterized by antrum formation,
granulosa cell differentiation, and increasing responsive-
ness to endocrine signals [2]. Consistent with these biologi-
cal changes, our analyses revealed substantial enrichment of
pathways related to lipid, steroid, and vitamin metabolism.
Tight regulation of lipid metabolism is particularly import-
ant during this stage because excessive accumulation of fatty
acids can compromise oocyte quality and induce lipotoxic-
ity within the cumulus-oocyte complex [66-68]. Among the
identified receptors, RXRA emerged as a potentially relevant
component of oocyte-granulosa cell communication in early
antral follicles. RXRA participates in vitamin D signaling and
steroid-related pathways, both of which have been implicated
in follicular development, steroidogenesis, and the regulation
of oxidative stress [69, 70]. Together with pathways involving
PPAR signaling and carnitine metabolism [71-76], these find-
ings suggest that the EA stage represents a metabolic transi-
tion phase in which multiple regulatory systems converge to
support continued follicular growth while maintaining meta-
bolic homeostasis.

The marked expansion of ligand-receptor interactions observed
in middle antral follicles suggests that acquisition of develop-
mental competence is accompanied by extensive remodeling
of intercellular signaling networks. This observation is consis-
tent with the extensive coordination required to synchronize

The FASEB Journal, 2026

11 of 19



12 #

11

10 %
®

9
GVO0 GV1/2/3

8.25
8.00

o
7.75 o %
7.50 @ g
7.25
GVO  GV1/2/3
ITGBS (p=2.15e-02)

7.8

7.2

6.9
GVO GV1/2/3

NRP1 (p=8.92e-03)

8.4
8.1
7.8 o|®
75
8

7.2
GV0 GV1/2/3

7.5

9.0
[ ]
8.5
8.0 #
el ¢
GVO0

GV1/2/3

%ﬁ?

GV1/2/3

N NN

Normalized Intensity Normalized Intensity Normalized Intensity Normalized Intensity Normalized Intensity Normalized Intensity
NOITNON Ol
GO Oo10 010

FIGURES5 | Legend on next page.

ANGPT2 (p=5.44e-10)

CXCL16 (p=8.05¢-04)

NTRK1 (p=2.65e-03)

SEMAGA (p=9.71e-04)

ANGPT4 (p=2.93e-02)

|

GV1/2/3

ITGA2 (p=2.05¢-02)

11 °
9

P

8 e ®
GVO  GV1/2/3

LAMB2 (p=1.77e-02)

11.5
11.0 %
10.5
10.0

GV1/2/3
NPR3 (p=5.98¢-03)

8.1
7.8 Q
7.5
7.2
GVO GV1/2/3
PLXNB3 (p=5.63¢-02)

7.75 %
7.50
7.25

GV1/2/3

SEMAGD (p=1.53e-02)

13 5
12 = %
11
10 ®

GVO  GV1/2/3

CCN3 (p=7.22¢-03)
8.50

[
8.25
8.00
7.75 %

®

7.50
GVO0 GV1/2/3

ITGAV (p=2.38e-03)
o0

95 e
9.0 -
8.5 #

GV0O  GV1/2/3
LRPAP1 (p=3.83e-04)
13.5 ol®
13.0 R é
12.5 #
12.0

(Oe]
GVO0 GV1/2/3
NPY1R (p=4.54e-04)

[ ] ig
%o
o
GVO0 GV1/2/3
SCARB1 (p=2.94e-04)

100%%

GVO GV1/2/3

STRAG (p=1.66e-03)

15.5 % "=

15.0

o
GV0 GV1/2/3

12 0f 19

The FASEB Journal, 2026



FIGURE 5 | Validation of EAcGC- and MAcGC-associated ligand and receptor expression. Ligands and receptors identified for the EAcGC and
MAcGC were further validated for differential expression using the EmbryoGENE dataset, in which follicular stages are also classified based on
chromatin conformation. In this analysis, the EA stage was defined as GVO0, whereas the MA stage comprised GV1, GV2, and GV3. Box plots rep-
resent the normalized gene expression intensity measured by microarray. The p-value for the comparison between the EA and MA stages is report-
ed above each plot. The figure shows genes that are either significantly differentially expressed (p <0.05) or display a trend toward significance
(p=0.05-0.1).
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FIGURE 6 | Validation of BCB-associated ligand and receptor expression within the MA stage. Within the MA stage, ligand and receptor genes
previously identified as significantly differentially expressed by BCB staining were further analyzed using the EmbryoGENE dataset by comparing
GV1 versus GV2 stages. The figure shows genes that are either significantly differentially expressed (p <0.05) or display a trend toward significance
(p=0.05-0.1). Box plots represent normalized microarray expression intensity, and the p for each comparison is reported above the corresponding plot.
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FIGURE 7 | Schematic representation of the ligand-receptor interactions identified across the secondary, early antral, and middle antral follicle
stages, showing regulatory processes associated with oocyte development. Ligands expressed by granulosa cells are depicted as blue circles, whereas
ligands expressed by the oocyte are shown as green circles. Receptors are represented by blue and green semicircles, corresponding to granulosa cells
and the oocyte, respectively. The main signaling pathways involved at each developmental stage are indicated below the scheme. The arrow with an
increasing color gradient illustrates the progressive molecular and cellular changes occurring during follicular growth within each follicular stage.
Created in BioRender. Monferini, N. (2026) https://BioRender.com/8vyaj8y.

nuclear, cytoplasmic, and metabolic maturation before ovula-
tion. Functional enrichment analyses revealed that the inferred

In addition to these canonical signaling pathways, receptors
expressed in cumulus granulosa cells of middle antral follicles

ligand-receptor network converged on signaling pathways reg-
ulating cell survival, proliferation, metabolism, extracellular
matrix remodeling, and cell-cell communication, including
the PI3K-AKT, mTOR, RAS, Hippo, and TGF-beta pathways
[77-87]. Together, these findings support the concept that bi-
directional communication between the germinal and somatic
compartments becomes progressively more integrated as follic-
ulogenesis advances.

were enriched for functions related to axon guidance, integrin
signaling, and G protein-coupled receptor activity. Although
axon guidance mechanisms are classically associated with neu-
ronal development [88, 89], similar molecular mechanisms have
been proposed to regulate transzonal projection formation be-
tween cumulus cells and the oocyte [24]. These projections are
essential for the transfer of metabolites and signaling molecules
that maintain oocyte meiotic arrest and coordinate maturation
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[19, 42, 90]. Likewise, the enrichment of integrin-mediated in-
teractions, particularly the subunits al, a2, a6, aV, 83, and
8, further highlights the importance of extracellular matrix
remodeling and cell adhesion during the acquisition of oocyte
competence [91-94].

Finally, the enrichment of receptors involved in lipid transport,
nutrient utilization, and energy metabolism further emphasizes
the strong metabolic interdependence between the oocyte and
cumulus granulosa cells [16, 95-100]. Because many of the cor-
responding ligands originated from the oocyte, these findings
are consistent with previous evidence indicating that the oocyte
actively regulates the metabolic activity of the surrounding cu-
mulus cells, thereby contributing to the establishment of a mi-
croenvironment that supports developmental competence.

To further explore whether ligand-receptor expression patterns
were associated with oocyte developmental status, we validated
cumulus-cell-derived ligands and receptors using the indepen-
dent EmbryoGENE dataset. Among the identified candidates,
ANGPT4 emerged as the only ligand specifically associated
with the early antral stage. ANGPT4 belongs to the angiopoietin
family and has been implicated in vascular remodeling, angio-
genesis, and follicular function [101-104]. Although its role in
bovine folliculogenesis remains poorly characterized, its spe-
cific expression pattern suggests a potential contribution to an-
tral follicle development and the establishment of the follicular
microenvironment [105, 106].

Additional analyses focusing on developmental competence
identified several ligand and receptor genes that were more
highly expressed in BCB-positive cumulus granulosa cells of
middle antral follicles. Many of these molecules were linked to
pathways associated with PI3K-AKT, mTOR, RAS, cell adhe-
sion, and signal transduction, suggesting that developmentally
competent cumulus-oocyte complexes may exhibit enhanced
communication capacity between the somatic and germinal
compartments.

Among the competence-associated candidates, CD47, FGF21,
and GPC6 were consistently supported by both the BCB-based
and chromatin-configuration-based analyses. These genes en-
code molecules directly involved in oocyte-cumulus-granu-
losa cell communication in middle antral follicles, with FGF21
and GPC6 acting as ligands and CD47 functioning as a recep-
tor. In particular, upregulated CD47 is a marker of ovarian
cancer [107]. However, at normal levels, as a surface receptor,
it can influence downstream pathways such as PI3K/AKT and
MAPK/ERK, modulating cellular functions, including metab-
olism, stress responses, cell death, and cell proliferation [108].
Although the present study does not establish causal relation-
ships, their expression patterns suggest potential involvement
in the acquisition of developmental competence. FGF21 may
support FGFR2-mediated signaling in the oocyte, potentially
influencing pathways such as Ras-MAPK and PI3K-AKT that
are known regulators of oocyte competence [109, 110]. Similarly,
GPC6, a member of the glypican family, a group of molecules
expressed in cancers and embryonic tissue during development
[111], was predicted to interact with LRP2, a receptor impli-
cated in lipid uptake and metabolic regulation [112, 113]. Given
the importance of lipid metabolism during oocyte growth and

early embryogenesis [114, 115], the GPC6-LRP2 interaction is
a promising candidate pathway for future functional investiga-
tion. Finally, these genes showed higher expression in cumulus
granulosa cells of BCB-positive oocytes isolated from middle
antral follicles and in cumulus cells associated with GV2 oo-
cytes, suggesting that they may represent molecular markers
of a more advanced, developmentally competent middle antral
COC subpopulation.

An important strength of this study lies in the use of multiple
independent transcriptomic datasets encompassing distinct
stages and cellular compartments of bovine folliculogenesis.
Rather than relying on a single experimental model, the analyt-
ical framework combines datasets generated by different labora-
tories and further evaluates stage- and competence-associated
expression patterns using the independent EmbryoGENE re-
source. Confidence in the inferred communication networks is
additionally supported by the recovery of several canonical li-
gand-receptor interactions previously demonstrated experimen-
tally, including GDF9-BMPR2, BMP15-BMPR2, and members
of the inhibin/activin signaling pathways. Together, these com-
plementary levels of evidence support the biological plausibility
of the identified networks and provide a robust basis for priori-
tizing novel candidate interactions (Figure 7).

Several limitations should nevertheless be acknowledged.
First, the absence of suitable transcriptomic datasets from iso-
lated bovine oocytes and granulosa cells at the primordial and
primary follicle stages prevented extension of the analysis to
the earliest phases of folliculogenesis. However, the focus on
secondary and antral follicles enabled a detailed investigation
of the developmental interval during which follicular organi-
zation, metabolic specialization, and oocyte competence pro-
gressively emerge. Second, transcript abundance alone cannot
establish ligand secretion, receptor activation, or downstream
functional activity. This limitation is particularly relevant in
the oocyte, where transcription and translation may be tem-
porally uncoupled for a subset of maternal transcripts [51].
Accordingly, the inferred ligand-receptor pairs should be
regarded as biologically supported candidate interactions re-
quiring future validation at the protein and functional lev-
els. Finally, although the integration of independent datasets
increases robustness and reduces study-specific bias, differ-
ences in experimental design, sequencing platforms, and sam-
ple composition may limit the detection of interactions that
are not consistently represented across datasets.

Within these boundaries, the present study provides a sys-
tematic transcriptomic framework describing how oocyte-
granulosa cell communication progresses from structural
organization and early metabolic cooperation in secondary
follicles toward increasingly complex signaling networks as-
sociated with developmental competence in middle antral
follicles.

5 | Conclusions
This study provides a transcriptomic framework describing the

dynamic remodeling of candidate ligand-receptor-mediated
communication between oocytes and granulosa cells during
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bovine folliculogenesis. The analyses reveal a developmental
progression from interactions supporting structural organiza-
tion and early metabolic cooperation in secondary follicles to
increasingly complex signaling networks accompanying meta-
bolic specialization and the acquisition of developmental com-
petence in antral follicles. In addition to recovering established
communication pathways, the study prioritizes candidate regu-
lators, including CD47, FGF21, and GPC6, for future functional
investigation. Collectively, these findings provide a biologically
grounded resource for advancing the study of follicular devel-
opment and informing the rational improvement of in vitro fol-
licle and cumulus-oocyte complex culture systems.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. File S1: SF and EA ligand-receptor
interactions between the somatic and germinal compartments. ST1A
BulkSignalR-identified LRPs in SF, including differentially expressed
genes in SFGC and SFO, with adjusted p-values and log2 fold changes
(log2FC). Correlation values are reported for ligand expression in SFGC
with receptor expression in SFO, and for ligand expression in SFO with
receptor expression in SFGC, as computed using the BulkSignalR pack-
age. ST1B BulkSignalR-identified LRPs in EA, including differentially
expressed genes in EAcGC and EAO, with adjusted p-values and log2
fold changes (log2FC). Correlation values are reported for ligand ex-
pression in EAcGC with receptor expression in EAO, and for ligand ex-
pression in EAO with receptor expression in EAcGC, as computed using
the BulkSignalR package. File S2: Ligand receptor positive correla-
tions. Figure S1A MAcGC receptors positively correlated with MAO
ligands. Figure S1B MAcGC ligands positively correlated with MAO
receptors. The correlation graphs display all positive Pearson correla-
tions; the correlation coefficient (R) and corresponding p are indicated
at the top of each graph. File S3: Differential gene expression of ligand
and receptors based on BCB staining. Box plots show the differential
expression of LRPs according to BCB staining. Expression differences
are reported for A MAcGC ligands and B MAO receptors, C MAcGC

receptors and D MAO ligands. Turquoise indicates expression levels in
MAO-neg and MAcGC-neg, while purple indicates those derived from
MAO-pos and MAcGC-pos. Statistical significance was assessed using
ANOVA. Asterisks denote levels of statistical significance (*p <0.05;
**p<0.01; ***p <0.001).
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