M Agricultural Biotechnology Journal :

Shahid Bahonar Iranian
University of Kerman Biotechnology Society
Print ISSN: 2228-6705 Online ISSN: 2228-6500

Integrated network-based analysis of miRNA-gene regulation and
transcription factors in hub genes associated with subfertility in cattle

Zahra Roudbari
*Corresponding author: Associate Professor, Department of Animal Science, Faculty of
Agriculture, University of Jiroft, Jiroft, [ran. E-mail: roudbari.zahra@ujiroft.ac.ir

Morteza Mokhtari
Associate Professor, Department of Animal Science, Faculty of Agriculture, University of Jiroft,
Jiroft, Iran. E-mail: msmokhtari@ujiroft.ac.ir

Rouhollah Mirmahmoudi
Associate Professor, Department of Animal Science, Faculty of Agriculture, University of Jiroft,
Jiroft, Iran. E-mail: mirmahmoodi@ujiroft.ac.ir

Arsalan Barazandeh
Associate Professor, Department of Animal Science, Faculty of Agriculture, University of Jiroft,
Jiroft, Iran. E-mail: mabrazandeh@gmail.com

Saideh Eskandri Nasab
PhD of animal breeding, Department of Animal Science, Faculty of Agriculture, University of
Zabol, Zabol, Iran. E-mail address: saideh.skandary68@gmail.com

Abstract

Objective

Subfertility in cattle, arising from complex interactions among genetic, metabolic, immune, and
developmental factors, represents a major bio-economic challenge forthe livestock industry and
threatens the sustainability of production systems. This study aimed to identify hub genes
associated with subfertility in cattle and to clarify their underlying molecular mechanisms within
multilayer miRNA-gene-transcription factor regulatory networks using a network-based systems
biology framework.

Materials and methods

In the present study, gene expression data from six fertile and five subfertility samples were
obtained from the GEO database (accession number GSE107741). After normalization,
differential gene expression analysis was performed. Fertility -related genes were selected using
functional enrichment analysis, and a protein-protein interaction network was constructed. Hub
genes were identified based on centrality indices, and regulatory networks includingmiRNAs and
their promoter motifs were extracted and integratively combined.

Results

Network analysis led to the identification of hub genes IGF1, CD4, SPP1, ACAN, and TGFB3,
which play key roles in regulating immune pathways, follicular growth, corpus luteum function,
extracellular matrix remodeling, metabolism, and embryonic development. Post-transcriptional
regulatory analysis showed that the expression of these genes is simultaneously controlled by
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several fertility-related miRNAs, and the strength of regulation depends on the cumulative effect
of these miRNAs, enabling gradual and precise modulation of gene expression. Furthermore, the
identification of key transcription factors including PATZ1, PBX3, ZNF454, CTCF, and FEZF2
indicates the presence of an upstream regulatory layer that ensures coordinated expression of hub
genes through transcriptional control and chromatin architecture organization.

Conclusions

Overall, the findings of the present study indicate that subfertility in cattle results fromdisruptions
in multilayer and interconnected miRNA -gene-transcription factor regulatory networks. The
proposed network framework may provide a valuable basis foridentifying molecular biomarkers
and for developingtargeted breeding and management strategies aimed atimproving reproductive
efficiency in cattle.
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Introduction

Subfertility is one of the most significant biological, managerial, and economic challenges
in the dairy cattle industry. Despite continuous improvements in genetics, nutrition, health
management, and reproductive technologies, fertility has not improved at the expected pace and

in some regions has even declined. Subfertility results in lower conception rates, prolonged
calving intervals, increased insemination numbers, higher culling rates, and a substantial

economic burden on dairy operations. A major proportion of subfertility originates during the
early phases of pregnancy, particularly due to early embryonic mortality. Successful
establishment of pregnancy is dependent on complex molecular communication between the
embryo and the endometrium, efficient secretion of interferon-tau (IFNT), optimal endometrial
receptivity, appropriate modulation of immune and inflammatory responses, and precise
synchronization of molecular pathways involved in implantation and embryo development. From
a biological perspective, fertility is regulated by a network of interacting metabolic, endocrine,
environmental, and genetic factors. Metabolic stress, oxidative imbalance, and chronic
inflammatory conditions can impair oocyte quality, follicular maturation, embryo viability, and
the maternal uterine environment. At the molecular level, key signaling cascades such as Wnt,
Notch, MAPK, and mTOR play essential roles in cell fate determination, proliferation,
differentiation, and maternal recognition of pregnancy. Misregulation of these pathways can
result in defective embryo-maternal crosstalk and predispose cattle to pregnancy failure. The
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regulation of gene expression in reproductive tissues occurs primarily through transcriptional and
post-transcriptional layers. miRNAs are now established as fundamental regulators of
reproductive function, controlling oogenesis, spermatogenesis, corpus luteum function, uterine
receptivity, and early embryonic development. Dysregulation of miRNA expression has been
strongly associated with infertility in diverse mammalian species. Furthermore, transcription
factors (TFs) interact with specific DNA motifs within promoter regions to regulate chromatin
accessibility, epigenetic states, and expression levels of fertility-related genes. Alterations in
promoter motifs or TF-binding affinity can interfere with gene expression programs, potentially
leading to subfertility. Given this complexity, subfertility is not the result of a single defective
gene butrather a consequence of disrupted interaction within a multilayer regulatory network,
involving genes, miRNAs, and TFs. Integrated multi-omics and network-based analyses offer a
powerful strategy to uncover key regulators, hub genes, and regulatory modules that undempin
reproductive success or failure. Therefore, the aim of this study was to identify central hub genes
associated with subfertility in cattle and to construct a comprehensive multilayer regulatory
network integrating miRNA-gene and TF-gene interactions. This approach provides new
mechanistic insights and establishes potential molecular biomarkers for improving reproductive
performance.
Materials and methods

Expression data for bovine reproductive tissues were retrieved from the GSE10774 1 dataset,
consisting of 11 samples (six fertile and five subfertile cows). Quality control, background
correction, and normalization were performed to ensure the reliability of the expression matrix.
Sample distribution and overall data quality were assessed using boxplots. Additionally, UMAP
(Uniform Manifold Approximation and Projection) analysis was applied to visualize the global
transcriptomic patterns and to evaluate the biological similarity and clustering of samplesbetween
the fertile and subfertile groups. Differential gene expression analysis was performed using the
limma package. Genes were considered differentially expressed when they met two thresholds:
P-value <0.05 and |log2 fold change|>0.48. Functional enrichment analysis was conducted using
DAVID, and genes associated with reproductive processes and fertility -related pathways were
extracted for subsequent protein-protein interaction (PPI) analysis. Reproductive biological
process genes were used to construct a PPI network with STRING (confidence score>0.4). The
network was analyzed in Cytoscape, and hub genes were identified using the CytoHubba plugin.
Four centrality algorithms were applied Degree, MNC, DMNC, and MCC and genes repeatedly
appearing among top-ranked candidates across algorithms were defined as hub genes. To explore
post-transcriptional regulation, miRNAs targeting each ofthe hub geneswere predicted using two
major databases: miRWalk and TargetScan. Only miRNAs shared by both databases were
considered reliable and were used to construct the miRNA-gene regulatory network. For
transcriptional regulatory analysis, 1000 bp promoterregions upstream of each hub gene were
extracted using BioMart. De novo motif discovery was performed using MEME Suite under
optimized motif width settings and occurrence parameters. Identified motifs were compared
against the JASPAR core database using Tomtom to determine corresponding transcription
factors. Motif functional annotation wascarried outusing the GoMo tool, and biological relevance
was determined based on enrichment in reproductive and developmental processes. Finally, all
regulatory layers including the PPI network, miRNA-gene interactions, and TF-gene interactions
derived from promoter motif's were merged to construct an integrated multilayer network. This
unified network allowed visualization of how hub genes are simultaneously regulated at
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transcriptional and post-transcriptional levels and how they interact within broader reproductive
pathways.
Results

A total of 715 differentially expressed genes (DEGs) were identified between fertile and
subfertile cows, indicating substantial transcriptomic differences associated with reproductive
performance. Of these DEGs, 154 genes were enriched in reproductive biological processes and
were used to establish the PPI network. Analysis of network topology across four centrality
indices converged on five hub genes IGF1, CD4, SPP1, ACAN, and TGFB3 each of which
occupieda structurally important positionin the reproductive genenetwork. IGF1 wasmoderately
upregulated (fold change = 1.4) and exhibited the highest centrality rankings. IGF1 is a key factor
in follicular development, oocyte maturation, embryonic growth, uterine receptivity, and
developmental traits, and its dysregulation is frequently associated with subfertility. CD4 showed
a pronounced increase in expression (fold change = 3.6) and served as a major immunological
node linking inflammatory, metabolic, and reproductive pathways. SPP1 gene, also upregulated,
is known to participate in endometrial remodeling, embryo-maternal communication,
implantation, and modulation ofthe uterineimmune environment. In contrast, ACANand TGFB3
were significantly downregulated in subfertile cows (fold changes ~—1.7 and —1.6, respectively).
ACAN plays a central role in extracellular matrix composition, endometrial structural integrity,
and embryoimplantation, while TGFB3 is involvedin tissue remodeling, immune regulation, and
developmental signaling. Downregulation of these genes indicates impaired extracellular matrix
dynamics and altered TGF-f signaling, which may negatively impact uterine receptivity and
embryo survival. The miRNA-gene interaction network showed that each hub gene was targeted
by multiple miRNAs. IGF1 was the most heavily targeted gene, followed by CD4. Notably,
bta-miR-181b and bta-miR-1260b were linked to SPP1; bta-miR-184 and bta-miR-764 were
associated with ACAN; and bta-miR-2412 was associated with TGFB3. These miRNAs are
implicated in key reproductive processes including oocyte quality, follicular health, embryo
development, sperm viability, and reproductive tract physiology. Their collective targeting
patterns suggest fine post-transcriptional tuning of hub genes and demonstrate the complexity of
regulatory interactions underlying fertility. Promoter motif analysis identified high-confidence
TFs associated with each hub gene. IGF1 motifs corresponded to PATZ1, which is involved in
chromatin remodeling and germ-cell development. CD4 motifs were linked to PBX3, a TF
associated with immune cell differentiation and developmental regulation. SPP1 was associated
with ZNF454, ACAN with the insulator protein CTCF, and TGFB3 with FEZF2, known for roles
in transcriptional repression and developmental signaling. This reveals a strong transcriptional
regulatory layer governing hub gene expression and indicates biological relevance across
immune, reproductive, and developmental pathways. The integrated multilayer network
comprised 47 nodes and 51 edges, connecting PPI clusters with miRNA-mediated and
TF-mediated regulation. IGF1 emerged as the principal central node, while CD4, SPP1, ACAN,
and TGFB3 also functioned as essential connectors between immune, developmental,
extracellular matrix, and metabolic pathways. This integration highlights how dysregulation
across multiple regulatory layers may collectively contribute to subfertility.
Conclusions

This study reveals that subfertility in cattle arises from disruption of a complex multilayer
regulatory network rather than isolated malfunction of individual genes. The five identified hub
genes IGF1, CD4, SPP1, ACAN, and TGFB3 represent key regulators of fundamental
reproductive processes including follicular development, immune modulation, endometrial
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remodeling, embryo-maternal communication, and early embryogenesis. miRNAs and
transcription factors associated with these hub genes create additional layers of regulation that
fine-tune reproductive function and may become dysregulated in subfertile animals. The
integrated multi-omic approach applied here provides a powerful framework for identifying
molecular markers and regulatory modules associated with fertility status. These findings offer
potential targets for genomic selection, precision breeding, biomarker discovery, and
development of diagnostic tools aimed at improving reproductive efficiency in cattle.
Furthermore, the results emphasize the need to consider transcriptional and post-transcriptional
regulation, extracellular matrix remodeling, immune signaling, and metabolic pathways when
investigating the biological basis of subfertility.
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Figure 1. Flowchart of the gene expression analysis pipeline associated with subfertility in
cows, including GEO data retrieval, quality control and normalization, identification of
differentially expressed genes using limma, functional enrichment analysis in DAVID,

construction of the protein-protein interaction network in STRING, and hub gene
identification
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Figure 2. Quality control of data and separation of samples; (A) Boxplotoflog transformed
normalized gene expression values. The consistent distribution of medians across all
samples (Six fertile and five subfertile cows) confirms effective normalization and the
removal of technical biases. (B) UMAP (Uniform Manifold Approximation and Projection)
plot based on global transcriptomic profiles. The distinct clustering and clear separation
between fertile and subfertile groups validate the significant biological variation associated

with fertility status. (The axes are dimensionless, representing relative topological distances
between samples)
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Figure 3. Protein-protein interaction (PPI) network of genes associated with fertility in
subfertile cows. Up-regulated and down-regulated genes are illustrated in red and blue
spectrum, respectively. Nodes with larger sizes represent genes with higher connectivity

degrees. Genes that showed the highest occurrence across the centrality measures (Degree,
MNC, DMNC, and MCC) are indicated by an asterisk (*) and considered the final hub genes
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Table 1. Hub genes identified based on the centrality indices Degree, MNC, DMNC, and

MCC in the PPI network of fertility-related genes
MCC RANK FC DMNC RANK FC DEGREE RANK FC MNC RANK FC

CD4* 1 3.6 HKDCI1 1 -1.5  CD4” 1 3.6 CD4" 1 3.6
HGF 2 1.6 HMGBI 2 -1.5  Spp1” 2 1.4 SPP1* 2 14
NTSE 3 1.6 TIMP4 3 -1.5  ACAN" 3 -1.7  ACAN* 3 -1.7
SPP1* 4 14 CEP55 4 1.8  EDNI 4 1.4 HGF 4 1.6
ACAN* 5 -1.7  NTSE 5 1.6 IGF2 5 33 EDNI1 5 14
TGFB3* 6 -1.6 WIF1 6 -1.5 HGF 5 1.6 IGF2 5 3.3
IGF1* 7 14 WNTS5A 7 -1.9 TGFB3”" 7 -1.6 TGFB3* 7 -1.6
COL2Al 8 1.5 C3 8 -1.6 CYPI9A1 7 -14 CYP19A1 7 -14
WNTSA 9 -1.9 MSX2 9 -1.6  IGF1” 9 14 IGF1* 9 14

ANPEP 10 1.5 EDNI 10 14 ITGA3 10 -1.9 CEBPB 10 -14
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Figure 4. miRNA-gene regulatory network associated with the hub genes. Red nodes

represent hub genes, and blue nodes represent the identified miRNAs. Edges indicate
miRNA-gene interactions and were constructed based on miRNAs commonly predicted by
the miRWalk and TargetScan databases
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Table 2. Identified regulatory motifs in target genes and their associated functional
predictions. The Motif column includes the JASPAR database ID and the name of the
transcription factor associated with each motif. The Logo column displays the consensus
sequence pattern for each motif. The Predictions column indicates the number of functional
predictions associated with each motif. The Top 5 specific predictions column presents the
five most significant Gene Ontology predictions, including Cellular Component (CC),
Biological Process (BP), and Molecular Function (MF). The Gene symbol column lists the
symbols of the target genes associated with each motif

Motif

Logo
MA1114.2(PBX3) ’ 3 CC Intermediate filament 4
MF structural constituent of cytoskeleton
’ CC nucleus
MAIT12.2(ZNF454) |, BP translation
' 42 MF structural constituent of ribosome SPP1
| CC ribosome

MF &-phosphofructokinase activity

: BP generation of precursor metabolites and energy N
12 BP protein transport ACAN
MA1929.2(CTCF)! BP alcohol metabolic process
BP small GTPase mediated signal transduction
STLITLE LA A R R 8 400 8 LR RS MF GTP binding

CC nucleus
MA1961.2(PATZ1) o 38 BP regulation of transcription, DNA-dependent

Predictions Top 5 specific predictions Gene symbol

MF sequence-specific DNA binding IGF1
MF transcription factor activity
CC cytoplasmic part

e ' CC Intermediate filament
MA2341.(FEZF2) " A c 1 MF structural constituent of cytoskeleton TGFB3
BP glycolysis
il 1y BF behavior
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Figure 5. Integrated miRNA-gene-transcription factor regulatory network. This network
illustrates the regulatory relationships among genes, miRNAs, and transcription factors in
an integrated framework. In this network, red nodes represent genes, blue nodes represent
miRNAs, and green nodes indicate transcriptional regulatory mo tifs. Edges specify the type
of interaction between nodes, including post-transcriptional miRNA-gene regulation
(regulates), motif-gene transcriptional regulation (transcriptional regulation), and gene-
gene interactions (interacts), reflecting a multilayered regulatory mechanism at both the
transcriptional and post-transcriptional levels
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