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Recurrent implantation failure (RIF) is a serious clinical dilemma that occurs in assisted
reproductive technologies (ART) in women who are unable to conceive after multiple embryo
transfers. RIF molecular mechanisms should be elucidated to advance the field of ART. This
study introduced an integrative bioinformatics approach to study publicly available RNA-Seq
data with a specific focus on the endometrial transcriptome of patients with RIF. Two hundred
differentially expressed genes (DEGs) were identified and characterized. Out of which, 112
genes were upregulated and 80 genes were downregulated in RIF patients compared to controls.
Gene Ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment showed significant involvement of biological pathways in
processes related to remodeling of the extracellular matrix (ECM), immune response, and
angiogenesis. Similarly, there was a significant involvement of molecular signalling pathways
such as the PI3K-Akt signalling pathway and the MAPK signalling pathway, which contribute
to the overall pathophysiology of RIF. In addition, protein-protein interaction (PPI) network
analysis showed several hub genes and functional genes (pathogen nexus) that are important
for regulation of cell adhesion, extracellular matrix (ECM) remodeling, and angiogenesis,
including ITGB3, MMP9, VEGF, and FN1. Gene regulatory network (GRN) models have
shown several core transcriptional factors, such as NF-kB, TP53, and HIF1A, that regulate the
fundamental mechanisms in each domain. Overall, this study provides new insights into the
molecular bases underlying RIF and will help profile new biomarkers and therapeutic targets
to support a successful pregnancy.

1. Introduction

Receptiveness of the endometrium is regulated to a large
degree by a sophisticated array of genes, signal cascades,

Recurrent implantation failure (RIF) refers to an
individual's multiple embryo transfers that fail to establish
a clinical pregnancy in assisted reproductive technologies
(ART), and is one of the most debilitating aspects in
fertility medicine (Bashiri et al., 2018). While the vast
majority of patients with RIF have no evident issues, such
as uterine defects, hormonal issues, or chromosomal
problems, they continue to experience RIF. This failure is
likely multifactorial in nature, resulting from several issues
that disrupt the endometrium's ability to implant an
embryo (Ma et al., 2023). The endometrium must undergo
specific molecular and physiological changes during the
window of implantation in order to achieve successful
embryo implantation and, consequently, pregnancy
(Zhang et al., 2013). However, in RIF patients, these
molecular changes are impaired (Sebastian-Leon et al.,
2018).

and transcription factors, which are strictly regulated by
hormonal and molecular signals (Ye & Dimitriadis, 2025).
Processes that govern their regulation include the
regulation of immune cell function, remodeling of the
matrix, and vascularization, all of which play a vital role
in establishing an embryo-receptive environment
(Huijbers et al., 2022). When these processes are
disrupted, implantation failure is more likely to occur. It is
therefore crucial to define the molecular environment of
the endometrium during implantation in hopes of defining
the aetiology of RIF.

The advent of high-throughput methods, such as RNA
sequencing (RNA-Seq), has significantly revolutionized
the ability to study transcriptomic patterns in endometrial
tissues (Ni & Ma, 2019). RNA-Seq enables the global
assessment of gene expression in the endometrium to
identify molecular mechanisms involved in the regulation
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of endometrial receptivity and establish gene expression
changes that may be associated with RIF (Zhao et al.,
2022).

The complex nature of information, however,
necessitates state-of-the-art bioinformatics approaches to
managing the transcriptomic data and obtaining
biologically relevant data. These analyses can potentially
identify differentially expressed genes (DEGs), key
molecular pathways, and potential biomarkers that are
associated with RIF.

Integrative  bioinformatics approaches, correlating
RNA-Seq data to other omics data (such as proteomics,
epigenomics, and metabolomics), vyield a better
understanding of the molecular alterations in the
endometrium of RIF patients (Wu et al.,, 2025). The
integrative approach may reveal the interactions between
genes, proteins, and other molecules, providing insight
into the regulatory networks governing endometrial
function (Zong et al., 2021).

In addition, gene ontology enrichment and pathway
analysis can aid in determining deregulated central
biological processes and cell pathways in RIF, guiding
further investigations into potential therapeutic targets
(Wang & Liu, 2020).

The primary objective of the current research is to utilize
integrative bioinformatics analysis for examining the
endometrial transcriptome in women with RIF (Zhao et al.,
2022). By comparing gene expression profiles between
patients with RIF and controls, we aim to identify DEGs
and obtain information on molecular pathways and
regulation networks that may be responsible for
endometrial dysfunction in RIF (Hosseini et al., 2025;
Wang & Liu, 2020). Specifically, we will be examining
immune modulation, extracellular matrix remodeling,
angiogenesis, and hormonal regulation pathways—
processes that have been pinpointed as being important for
endometrial receptivity (Sui et al., 2023).

Furthermore, we will employ systems biology
approaches to construct gene regulatory networks and
identify hub genes that play central roles in the
pathophysiology of RIF (Ahmadi et al., 2022). These hub
genes could be potential biomarkers for the diagnosis of
RIF or therapeutic targets with the potential to enhance
receptivity in the endometrium and enhance ART
outcomes. Lastly, the results of this study can be used to
optimize current ART treatment towards more
personalized treatment that favours the implantation
success of RIF women.

This study will use a multi-omics transcriptomics
approach combined with bioinformatics tools to develop
an integrative view of the molecular mechanisms
underlying recurrent implantation failure and to illustrate
new ways to address the causative dysfunction and
improve ART outcomes.

Relative to previous gene-focused methods, we
integrated RNA-seq with orthogonal omics and systems-
level network modeling on window-of-implantation
endometrium to achieve a consensus receptivity signature
and rank actionable hub genes, providing a reproducible
methodology for patient stratification and target discovery
in RIF.

2. Materials and Methods

2.1. Data Collection and Study Design

This bioinformatics study employs publicly available
RNA sequencing (RNA-Seq) data to analyze the
molecular pathways involved in repeated implantation
failure (RIF). Data were retrieved from open databases
such as the Gene Expression Omnibus (GEO) (e.g.,
GS0243550; n=40 mid-secretory endometrial biopsies: 20
RIF, 20 controls; sampled at LH+7 = cycle days 19-21),
and RNA-Seq data were sourced from women with RIF
diagnosis and control groups that experienced successful
embryo implantation. Selection criteria:

e Endometrial biopsy samples collected in the
implantation window, ie., LH+7
(approximately cycle days 19-21).

e Availability of clinical outcome data
categorizing RIF patients and well-implanted
embryo patients.

Availability of raw or processed RNA-Seq data, along
with associated metadata that includes information on

patient conditions and experimental protocols.

2.2. Data Preprocessing and Quality Control

The raw RNA-Seq reads underwent strict quality control
to verify the precision of the findings. FastQC (v0.11.9)
was utilized to assess the sequence read quality, allowing
the identification of potential problems such as low-quality
bases or adapter contamination. Low-quality sequences or
remaining adapters were all removed using the
Trimmomatic tool (v0.39), with a minimum quality
threshold for base calls set at Q30. Where processed data
sets existed, data normalization was performed, and the
validity of the data set was verified to meet compatibility
with the analysis.

2.3. Differential Gene Expression (DGE) Analysis

DGE analysis of the RNA-Seq data was performed
using the DESeq2 (v1.30.1) package in R, as per the
availability of the respective data types. The data sets were
divided into two separate groups: one for controls and the
other for RIF patients. Gene expression count for each of
these groups was normalized, and statistical analysis was
carried out using a model based on the negative binomial
distribution. Gene-level p-values were adjusted across all
genes with the Benjamini-Hochberg procedure. Genes
with g-value < 0.05 and [log2 fold change| > 0.585 (i.e.,
fold change > 1.5) were considered differentially
expressed.

2.4. Gene Ontology (GO) and Pathway Enrichment
Analysis

To understand the biological pathways and processes
covered by the DEGs, GO and KEGG pathway enrichment
analyses were conducted. GO analysis was done using R
with the package clusterProfiler (v3.18.1) classifying the
DEGs into biological processes, molecular functions, and
cellular components. The KEGG database was used for
pathway enrichment, and pathways with a false discovery
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rate (FDR) < 0.05 were considered to be significantly
enriched.
Network

2.5. Protein-Protein  Interaction

Construction

(PPI)

To study the molecular protein-protein interactions
among proteins encoded by the DEGs, a Protein-Protein
Interaction (PPI) network was constructed using the
STRING database (version 11.0). A confidence score of at
least 0.4 was employed to eliminate important protein-
protein interactions. Cytoscape software (version 3.8.2)
was used to visualize the PPI network, and the hub genes
were identified using the CytoHubba plugin. These high-
degree connectivity hub genes in the network were
selected for further study because they are most likely to
be the key players in the molecular processes of RIF.

2.6. Gene Regulatory Network (GRN) Analysis

DEGs were invoked at an FDR (Benjamini—Hochberg)
of < 0.05 with |log2FC| > 0.585 (fold change > 1.5); the
gene universe was all expressed genes. Promoters were —2
kb to +500 bp around the TSS (hg38). JASPAR and
TRANSFAC position weight matrices were scanned with
FIMO (per-site p < 1x107*); motif hits were reduced to
TF—gene pairs and multiple testing was controlled across
all TF—gene tests (FDR < 0.05) to yield motif-supported
edges. Upstream regulators were inferred with IPA from
DEG log2FC and directionality (retain regulators with |z
>2 and FDR-adjusted overlap p < 0.01). We extracted IPA
TF/miRNA—target interactions and added an miRNA
layer from miRTarBase (validated) and TargetScan
(context++ < —0.2). Where expression data permitted,
regulator—target pairs must show sign-consistent
correlation (TFs) or anti-correlation (MiRNAS) by
Spearman p with BH FDR < 0.05. All evidence was
compiled into a directed graph, and each edge was given a
composite confidence score: motif evidence (0.4), curated
knowledge (IPA/miRTarBase; 0.4, with extra weight for
experimentally validated edges), and co-expression
support (0.2). Edges with a composite score > 0.60 were
retained (sensitivity analyses 0.50-0.70). Network
topology was explored using igraph/Cytoscape; hubs were
the top 5% by degree and/or betweenness. Communities
were called with Louvain and functionally annotated by
GO/pathway enrichment at FDR < 0.05. Scripts and
versions are provided for reproducibility.

2.7. Validation of Key Findings

We confirmed discovery DEGs against independent
endometrial RNA-seq data GEO: GSE243550 (Homo
sapiens; lllumina NovaSeq 6000), which includes 20 RIF
and 20 control biopsies collected at the window of
implantation (P+5 ~ LH+7) from the Peking University
People's Hospital. Raw data are available through the
SRA,; Series Matrix files were also deposited. Rounds
(when reprocessed from SRA) were quantified with
salmon and summed to the gene level; otherwise, gene-
level matrices from the Series Matrix were rescaled to the
discovery gene universe. Expression was normalized
(DESeq2 VST or edgeR TMM+log2), and per-gene log2
fold changes (RIF vs control) were computed. Validation

measures were: (i) discovery-GSE243550 effect-size
concordance (Spearman p); (ii) directional concordance
between discovery DEGs (binomial test vs 0.5); (iii)
overlap enrichment of DEGs (hypergeometric test); and
(iv) signature performance by GSVA/ssGSEA score with
AUROC/AUPRC and 1,000x bootstrap 95% Cls.
Benjamini—-Hochberg controlled multiple testing; gene-
and pathway-level results were significant at FDR < 0.05.

2.8. Statistical Analysis

Statistical analyses were performed using R (v4.0.5).
Mean-centred DESeq2 VST variance-stabilized counts
were subject to PCA (prcomp, scaled=TRUE). PC1-PC3
variance explained and group separation (RIF vs control)
are quantified and tested using PERMANOVA (adonis2,
9,999 permutations) on Euclidean distances. Heatmaps
used Z-scored rows; sample/gene distances were 1 —
Spearman p with Ward.D2 linkage. Clustering quality was
indicated by the average silhouette value (cluster:
silhouette); robustness of the dendrogram was assessed by
multiscale bootstrap (pvclust, 1,000 boots) with
approximately unbiased (AU) p-values. Volcano plots
indicate [log2FC]| plotted against —loglO(FDR), at FDR <
0.05 and [log2FC| > 0.585 (=1.5-fold), for DEG calling.

2.9. Ethical Considerations

Since this study exclusively utilized publicly available,
de-identified data, no ethical approval or informed consent
was required. The data were analyzed in accordance with
the ethical guidelines established for secondary use of
genomic data in research.

3. Results and Discussion

3.1. Differentially Expressed Genes (DEGS)

The differential gene expression analysis revealed a
total of 200 DEGs between RIF patients and controls.
Specifically, 120 genes were upregulated, and 80 genes
were downregulated in the RIF group compared to
controls. The heatmap and principal component analysis
(PCA) of the top 50 DEGs displayed distinct clustering
between the two groups, which signifies substantial
differences in gene expression profiles (Figure 1, A and
B). This finding is consistent with previous work that has
shown altered gene expression patterns within the
endometrium of patients with RIF, suggesting that the
endometrial environment in RIF is characterized by vast
molecular alterations. Also, the volcano plot showed that
the majority of upregulated genes were part of processes
such as immune response, extracellular matrix remodeling,
and angiogenesis, which are crucial for implantation
(Figure 2). Identification of these DEGs is consistent with
the hypothesis that implantation failure in RIF patients
occurs due to impaired endometrial receptivity (Bastu et
al., 2019). This becomes an indicator of the importance of
identifying the molecular signatures of the endometrium
within the window of implantation, as these genetic
changes can be utilized for early diagnosis or intervention
to improve the success of implantation (Lacconi et al.,
2024; Sun & Yeh, 2022; Voros et al., 2025).
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Figure 1. Heatmap and Principal Component Analysis (PCA) of Differentially Expressed Genes (DEGs) in RIF and Control Groups.
(Note. A)The heatmap shows the expression levels of the top 50 differentially expressed genes (DEGs) between recurrent implantation
failure (RIF) patients and controls. Rows represent individual genes, and columns represent samples. The color gradient from blue to
red indicates low to high expression levels.( ows Z-scored; distance = 1 — Spearman p; linkage = Ward.D2. Cluster quality summarized
by average silhouette; major clades supported by multiscale bootstrap (pvclust AU, 1,000 bootstraps). B) PCA of DEGs demonstrates
clear separation between RIF and control samples, indicating distinct gene expression profiles between the two groups (PC1 and PC2
variance explained are annotated on the plot (VST-normalized data). Group separation was significant by PERMANOVA (9,999
permutations).)
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Figure 2. Volcano Plot of Differentially Expressed Genes (DEGs) in RIF and Control Groups. (Note. A volcano plot visualizes the
magnitude of differential expression of genes in RIF patients compared to controls. The x-axis represents the log2 fold change, and the
y-axis represents the -log10 p-value. Upregulated genes are shown on the right, while downregulated genes are shown on the left. The
red dots indicate genes that are significantly differentially expressed (Significance thresholds: FDR < 0.05 and [log2FC| > 0.585 (=1.5-
fold). Numbers of significant up- and down-regulated genes are annotated on the plot.))

3.2. Gene Ontology (GO) and Pathway Enrichment
Analysis

GO enrichment of the DEGs revealed that they were
highly enriched for biological processes such as
"extracellular matrix organization,” "immune response,”
and "angiogenesis" (Wu et al., 2024). The aforementioned
processes have been reported to play critical roles in
endometrial remodeling, immune regulation, and in
establishing a receptive environment for embryo
implantation (Kitazawa et al., 2020). Specifically, the
extracellular matrix (ECM) plays a key role in the
adhesion of trophoblasts to the uterine lining, and immune
response and angiogenesis participate in generating an
appropriate environment for embryo attachment and
growth (Jing et al., 2023) (Table 1).

KEGG pathway enrichment analysis revealed several
significant pathways participating in RIF
pathophysiology, including the "PI3K-Akt signaling
pathway,” "MAPK signaling pathway,” and "cytokine-
cytokine receptor interaction" (Bastu et al., 2019; Chettiar
et al., 2024; Liu et al., 2025) (Table 2). These pathways
are involved in the regulation of basic biological
processes, such as cell survival, immune response, and
angiogenesis, which are important for successful embryo
implantation (Guo et al., 2021). Dysregulation of these
pathways can compromise endometrial receptivity and
lead to recurrent implantation failure. The findings are also
consistent with other research studies, which have
implicated the same signaling pathways in endometrial
dysfunction in RIF patients (Bastu et al., 2019). Together,
the GO and KEGG analyses emphasize the critical roles of
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ECM remodeling, immune regulation, and angiogenesis in
RIF, suggesting that therapeutic targeting of these
pathways will enhance endometrial receptivity and
successful implantation.

3.3. Protein-Protein Interaction (PPI) Network

The Protein-Protein Interaction (PPI) network analysis,
constructed using the STRING database, counted some of
the hub genes central to relevant biological processes such
as cell adhesion, extracellular matrix remodeling, and
angiogenesis. Hub genes that are highly connected, like

ITGB3 (Integrin beta-3)(Rapisarda et al., 2017), MMP9
(Matrix metalloproteinase-9)(Lin et al., 2024), FN1
(Fibronectin), and VEGF (Vascular endothelial growth
factor) (Dehghan et al., 2021), suggested that they have
central functions in RIF pathophysiology (Table 3).

The interaction network revealed that these hub genes
play a crucial role in the establishment of a receptive
endometrial environment via the governance of ECM
remodeling, immune cell activity, and angiogenesis. The
dysregulation of these processes can lead to an inadequate
environment for embryo implantation (Figure 3).

Table 1. Gene Ontology (GO) Enrichment Analysis of Differentially Expressed Genes (DEGS)

GO Term Category FDR p-value
Extracellular matrix organization Biological Process 0.01 0.001
Immune response Biological Process 0.02 0.002
Angiogenesis Biological Process 0.05 0.005
Integrin binding Molecular Function 0.03 0.003
Collagen binding Molecular Function 0.04 0.004
Extracellular space Cellular Component 0.02 0.002
Plasma membrane Cellular Component 0.03 0.003
Table 2. Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway Enrichment Analysis of DEGs
Pathway Genes Involved FDR p-value
P13K-Akt signaling pathway AKT1, PI3K, MTOR 0.03 0.001
MAPK signaling pathway MAPK1, MAPK3, MEK1 0.02 0.002
Cytokine-cytokine receptor interaction IL6, TNF, 1L10 0.05 0.005
Table 3. Hub Genes Identified in the Protein-Protein Interaction (PPI) Network
Gene Symbol Function PPI Degree
ITGB3 Cell adhesion, Extracellular matrix remodeling 12
MMP9 Extracellular matrix remodeling, Inflammation 15
VEGF Angiogenesis, Vascularization 17
FN1 Cell adhesion, Extracellular matrix remodeling 10
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Figure 3. Protein-Protein Interaction (PPI) Network of Differentially Expressed Genes (DEGs) (Note. The PPI network was generated
using the STRING database to examine the molecular interactions of the DEGs. Nodes represent proteins, and edges represent
interactions between them. The hub genes, including ITGB3, MMP9, VEGF, and FN1, are highlighted as key regulatory proteins
involved in processes such as extracellular matrix remodeling and angiogenesis, which are important for endometrial receptivity and

embryo implantation.)
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For example, ITGB3 facilitates the adhesion of the
embryo to the uterine lining via cell-matrix interactions,
while MMP9 is involved in the breakdown of the
extracellular matrix, a prerequisite for trophoblast
invasion. VEGF, a potent angiogenic factor, is involved in
the formation of new blood vessels necessary for the
maintenance of the implanting embryo.

The characterization of such hub genes validates their
potential as biomarkers for the diagnosis of RIF and
therapeutic targets for the improvement of implantation
success. Targetability of such hub genes could help
endometrial receptivity restoration by enabling orderly
ECM remodeling and angiogenesis.

3.4. Gene Regulatory Network (GRN) Analysis

The Gene Regulatory Network (GRN) analysis revealed
several core transcription factors, including NF-kB, TP53,
and HIF1A, which are involved in the regulation of DEGs
in immune response, apoptosis, and hypoxia. These
transcription factors are generally involved in regulating
immune responses and tissue remodeling, both of which
are important for a successful implantation process (Wang
et al., 2022). NF-kB and TP53 are particularly pertinent in
inflammation and immune response regulation, while
HIF1A is involved in low oxygen adaptation response,
which is typical during early implantation (Lu et al., 2024)
(Table 4). Alterations in the activity of these transcription
factors can lead to an imbalance between tissue

remodeling and immune regulation, contributing to RIF
pathophysiology (Altoum et al., 2024). For instance,
increased inflammation fostered by NF-kB could establish
an immune environment that is not permissive for embryo
implantation, while HIF1A dysregulation can impair the
endometrial response to the hypoxia of implantation
(Ojeda et al., 2021). Explanation of the role of these
transcription factors in RIF could provide new therapeutic
avenues to reestablish normal immune function and
endometrial tissue remodeling (Figure 4).

3.5. Validation of Key Findings

To confirm the findings, the expression levels of
significant DEGs like ITGB3, MMP9, VEGF, and FN1
were contrasted from independent RNA-Seq datasets. The
same pattern of expression was observed between cohorts,
confirming the robustness and reproducibility of the
identified genes (Haynes et al., 2017). The genes were also
confirmed using publicly available gene expression
atlases, which validated their use for endometrial function
and implantation. The consistent upregulation of genes
such as ITGB3, MMP9, and VEGF in datasets and studies
corroborates the assumption that these genes play an
important role in the molecular profile of RIF (Voros et al.,
2025). Not only do these findings support the function of
these genes in RIF pathophysiology, but they also
emphasize their function as potential targets or biomarkers
for augmenting implantation success (Figure 5).

Table 4. Upstream Regulators of Differentially Expressed Genes (DEGs) ldentified through Gene Regulatory Network (GRN)

Analysis

Upstream Regulator  Target Genes

Regulatory Effect

Biological Function

NF-kB IL6, TNF, VEGF Immune modulation, Regulation of immune responses,
Inflammation inflammation

TP53 IL6, TNF, MMP9 Immune modulation, Apoptosis  Regulation of apoptosis, cell cycle

HIF1A VEGF, MMP9, FN1 Angiogenesis, Extracellular Regulation of angiogenesis,

matrix remodeling

hypoxia response

MMPY
e

™s3

NF-kB

HIF1IA

Focal adhesion kinase

MAPK1

Itegrin alpha-1

VEGF
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Figure 4. Gene Regulatory Network (GRN) Analysis of Upstream Regulators of DEGs (Note. Gene regulatory network (GRN) analysis
identified key upstream regulators of the DEGs using Ingenuity Pathway Analysis (IPA). The network visualizes interactions between
transcription factors and target genes. Key transcription factors such as NF-kB, TP53, and HIF1A are highlighted as critical regulators
of genes involved in immune response, apoptosis, and hypoxia response, all of which contribute to the endometrial environment in

RIF.)
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Figure 5. Validation of Key Findings Across Independent Datasets. (Note. The figure shows a bar plot comparing the expression levels
of key differentially expressed genes (DEGs)—ITGB3, MMP9, VEGF, and FN1—across the current study and two independent RNA-
Seq datasets. Consistent expression trends were observed in all datasets, confirming the robustness of the identified DEGs. Upregulation
of these genes in RIF patients is consistent across cohorts, supporting the relevance and reproducibility of the findings. The validation
process demonstrates that these DEGs and their associated pathways are involved in the known biological processes critical for
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3.6. Limitations and Sources of Uncertainty

Although our DEG, enrichment, PPI, and GRN results
support a receptivity model of RIF, a few provisos apply.
Small cohort sizes and vast multiple testing can yield false
positives and false negatives even after adjustment for
FDR; effect sizes for marginally differentially expressed
genes are susceptible to inflation (“winner's curse"), and
cut-offs such as [log2FC| > 0.585 (=1.5-fold) remain
somewhat arbitrary. PCA dimensionality can capture
partially batch effects or small WOI timing variations, and
cross-study normalization cannot remove inter-lab
variation entirely.

Second, bulk RNA-seq pools across cell types.
Composition changes in epithelial, stromal, endothelial, or
immune cells can mimic gene regulation, limiting
mechanistic attribution to cell compartments. Technical
noise, such as library prep heterogeneities, sequencing
depth, alignment/annotation versions, and RNA quality,
can add variance and bias detection. Third, functional
interpretation is restricted. GO/KEGG enrichments,
STRING PPIs, and upstream-regulator/GRN inferences
result from partially curated, literature-biased knowledge
bases and do not capture causality. Confidence is
reinforced by validation in an external dataset but does not
exclude confounding by clinical heterogeneity (age, BMI,
stimulation/HRT protocols, embryo quality). Orthogonal
assays (qPCR/protein/IHC), cell-type-resolved profiling
(single-cell or spatial transcriptomics), and perturbation
studies (e.g., knockdown/overexpression of hub genes or
regulators) will be essential to attribute directionality, cell
specificity, and therapeutic relevance.

3.7. Summary of Key Findings and Implications.

Our integrative analyses reveal shared themes in RIF—
ECM  remodeling, immune  modulation, and
angiogenesis—and nominate hub genes (e.g., ITGB3,
MMP9, VEGF, FN1) and upstream regulators (e.g., NF-
kB, TP53, HIF1A) as candidate endometrial receptivity

molecules (Altoum et al., 2024; Liu et al., 2024; Zhu,
2025). The evidence should be interpreted with caution.
There have been conflicting reports for some markers
across studies and cycle conditions (e.g., phase definition,
stimulation/HRT v. natural cycles), and directionality for
some genes has varied by cohort, suggesting context-
dependent and not universal signatures. Our cross-dataset
validation (Section 3.5) itself implies concordant trends for
a set but not all signals, as would be expected for
endometrial transcriptomics given inter-study
heterogeneity (Wang & Liu, 2020).

Potential batch effects (library prep, sequencing depth,
and alignment/annotation versions) and WOI timing
offsets can exaggerate apparent group separation in
heatmaps/PCA despite FDR control. Additionally, bulk
RNA-seq averages cells; shifts in
epithelial/stromal/immune content can masquerade as
gene-level regulation. Clinical and biological variation.
Such as age/BMI, parity, comorbidities (e.g.,
endometriosis/PCOS), luteal support protocols, and
embryo competence can muddy the waters, even if
samples are labelled RIF vs. control. These variables most
likely account for partial replication of individual DEGs
and pathway strengths across datasets.

We thus regard the current findings as hypothesis-
generating. The nominated pathways and genes are
candidates, not established drug targets or biomarkers.
Any diagnostic or therapeutic implications remain
speculative until (i) orthogonal confirmation in the protein
and cell layer (QPCR, IHC/IF, phospho-signaling), (ii)
cell-type—resolved profiling (single-cell or spatial) to map
signals, and (iii) functional perturbation studies (loss-
/gain-of-function of hub genes/regulators) determine
causality and reproducibility across centers. Follow-up
studies should also incorporate batch correction and
covariate control (e.g., ComBat/RUV/SVA), cell
composition deconvolution (e.g., CIBERSORTx/MuSIC),
and external validation per prespecification in order to
move beyond transcript-level correlations to clinically
important, mechanism-based findings. (Figure 6).
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Figure 6. Summary of Key Findings from Integrative Bioinformatics Analysis. (Note. This composite figure summarizes the key
findings from the integrative bioinformatics analysis of publicly available RNA-Seq data associated with RIF. Analysis showed 200
differentially expressed genes (DEGS), consisting of 120 upregulated and 80 downregulated genes. GO and KEGG pathway enrichment
analyses revealed significant involvement of biological processes such as extracellular matrix remodeling, immune response, and
angiogenesis. Key molecular pathways such as the PI3K-Akt and MAPK signalling pathways came into the spotlight as being crucial
in RIF pathophysiology. Protein-protein interaction (PPI) network analysis of some of the hub genes—ITGB3, MMP9, VEGF, and
FN1—identified their primary functions in cell adhesion, extracellular matrix remodeling, and angiogenesis. Gene regulatory network
(GRN) analysis also identified essential transcription factors NF-kB, TP53, and HIF1A, which regulate these processes. All these
findings are critical in providing insights into the molecular mechanisms that regulate RIF and providing potential biomarkers and
targets for treatment to improve implantation success.)

4. Conclusion Ethical approval

This study only utilized publicly available, de-identified
data and did not involve direct patient participation. As the
data were obtained from public repositories, no ethical
approval or informed consent was required for this
bioinformatics analysis. However, all data were handled in
accordance with ethical guidelines for secondary use of
genomic data.

This integrative bioinformatics review of publicly
available RNA-Seq data provides a comprehensive
overview of the molecular alterations of RIF patients. The
discovery of those top upregulated and downregulated
genes, enriched pathways, and regulatory networks offers
new therapeutic opportunities. These discoveries need to
be replicated in larger patient groups and explored to
determine the possibility of targeting these molecular
pathways to improve clinical outcomes in women with
RIF.

Open access

This article is distributed under the terms of the Creative
Commons Attribution License which permits unrestricted
use, distribution, and reproduction in any medium,
provided the original work is properly cited.

Conflict of interest

The authors declare no conflict of interest.



M. Mokari et al. / Microbiology, Metabolites and Biotechnology 8(1) (2025) 37-46 45

Funding

None declared.

Authors’ Contributions

Maryam Mokari, Borhan Zahedi, Atefeh Noori, and
Amir-Reza Javanmard contributed to the design and
execution of the study. Shakiba Amirjani & Sara Tutunchi
conducted the majority of the experiments and data
analysis. Burhan Zahedi was responsible for the statistical
analyses and interpretation of results. Atefeh Noori
performed the RNA-Seq data preprocessing and assisted
in the pathway enrichment analysis. Amir-Reza
Javanmard supervised the overall project, provided critical
revisions, and served as the corresponding author. All
authors reviewed and approved the final manuscript.

References

Ahmadi, M., Pashangzadeh, S., Moraghebi, M., Sabetian, S.,
Shekari, M., Eini, F., Salehi, E., & Mousavi, P. (2022).
Construction of circRNA-miRNA-mRNA network in the
pathogenesis of recurrent implantation failure using
integrated bioinformatics study. Journal of Cellular and
Molecular Medicine, 26(6), 1853-1864.
https://doi.org/10.1111/jcmm.16586

Altoum, A. A., Oghenemaro, E. F., Pallathadka, H.,
Sanghvi, G., Hjazi, A., Abbot, V., Kumar, M. R.,
Sharma, R., Zwamel, A. H., & Taha, Z. A. (2024).
IncRNA-mediated immune system dysregulation in RIF;
a comprehensive insight into immunological
modifications and signaling pathways’ dysregulation.
Human Immunology, 85(6), 111170.
https://doi.org/10.1016/j.humimm.2024.111170

Bashiri, A., Halper, K. I., & Orvieto, R. (2018). Recurrent
Implantation Failure-update overview on etiology,
diagnosis, treatment and future directions. Reproductive
Biology and Endocrinology, 16(1), 121. DOI:
10.1186/s12958-018-0414-2

Bastu, E., Demiral, 1., Gunel, T., Ulgen, E., Gumusoglu, E.,
Hosseini, M. K., Sezerman, U., Buyru, F., & Yeh, J.
(2019). Potential marker pathways in the endometrium
that may cause recurrent implantation
failure. Reproductive Sciences, 26(7), 879-890. DOI:
10.1177/1933719118792104

Chettiar, V., Patel, A., Chettiar, S. S., & Jhala, D. D. (2024).
Meta-analysis of endometrial transcriptome data reveals
novel molecular targets for recurrent implantation
failure. Journal of Assisted Reproduction and Genetics,
41(5), 1417-1431. doi: 10.1007/s10815-024-03077-x

Dehghan, Z., Mohammadi-Yeganeh, S., Sameni, M.,
Mirmotalebisohi, S. A., Zali, H., & Salehi, M. (2021).
Repurposing new drug candidates and identifying crucial
molecules underlying PCOS pathogenesis based on
bioinformatics analysis. DARU Journal of
Pharmaceutical Sciences, 29(2), 353-366. DOI:
10.1007/s40199-021-00413-9

Guo, X., Yi, H., Li, T. C., Wang, Y., Wang, H., & Chen, X.
(2021). Role of vascular endothelial growth factor
(VEGF) in human embryo implantation: clinical
implications. Biomolecules, 11(2), 253.
https://doi.org/10.3390/biom11020253

Haynes, W. A., Vallania, F., Liu, C., Bongen, E., Tomczak,
A., Andres-Terre, M.,. & Khatri, P. (2017). Empowering
multi-cohort gene expression analysis to increase

reproducibility. In Pacific symposium on biocomputing
2017 (pp. 144-153). doi: 10.1142/9789813207813_0015

Hosseini, M., Bahrami, B., Zare, M., & Kazemi, M. (2025).
Identifying shared molecular landscape between uterine
fibroids and recurrent implantation failure: An integrated
bioinformatics study. Heliyon, 11(5).
https://doi.org/10.1016/j.heliyon.2025.e43006

Huang, H., Saddala, M. S., Lennikov, A., Mukwaya, A., &
Fan, L. (2020). RNA-Seq reveals placental growth factor
regulates the human retinal endothelial cell barrier
integrity by transforming growth factor (TGF-p)
signaling. Molecular and cellular biochemistry, 475(1),
93-106.

Huijbers, E. J., Khan, K. A., Kerbel, R. S., & Griffioen, A.
W. (2022). Tumors resurrect an embryonic vascular
program to escape immunity. Science immunology,
7(67), eabm6388. DOI: 10.1126/sciimmunol. abm63

Jing, M., Chen, X., Qiu, H., He, W., Zhou, Y., Li, D., Wang,
D., Jiao, Y., & Liu, A. (2023). Insights into the
immunomodulatory regulation of matrix
metalloproteinase at the maternal-fetal interface during
early pregnancy and pregnancy-related diseases.
Frontiers in Immunology, 13, 1067661. doi:
10.3389/fimmu.2022.1067661

Kitazawa, J., Kimura, F., Nakamura, A., Morimune, A.,
Takahashi, A., Takashima, A., Amano, T., Tsuji, S.,
Kaku, S., & Kasahara, K. (2020). Endometrial immunity
for embryo implantation and pregnancy establishment.
The Tohoku journal of experimental medicine, 250(1),
49-60. https://doi.org/10.1620/tjem.250.49

Lacconi, V., Massimiani, M., Carriero, I., Bianco, C.,
Ticconi, C., Pavone, V., Alteri, A., Muzii, L., Rago, R.,
& Pisaturo, V. (2024). When the embryo meets the
endometrium: identifying the features required for
successful embryo implantation. International Journal of
Molecular Sciences, 25(5), 2834.
https://doi.org/10.3390/ijms25052834

Lin, S, Lin, W., Zhong, Z., Zhong, H., Zhou, T., & Weng,
W. (2024). The expression and molecular mechanisms of
matrix metalloproteinase-9 and vascular endothelial
growth factor in renal interstitial fibrosis in rats. Current
Molecular Medicine, 24(12), 1540-1549.
https://doi.org/10.2174/01156652402648232311011032
26

Liu, L., Liu, Y., Tian, Y., Cao, Y., Wang, T., Mi, S., Yang,
R., Liu, S., Ma, X., & Wang, J. (2025). Identification of
differentially expressed mMRNAs and IncRNAs
contributes to elucidation of underlying pathogenesis
and therapeutic strategy of recurrent implantation failure.
Reproductive Sciences, 32(5), 1477-1490. DOI:
10.1007/s43032-024-01630-8

Liu, R., Chen, L., Zhao, X., Bao, L., Wei, R., & Wu, X.
(2024). MUC1 promotes RIF by regulating macrophage
ROS-SHP2 signaling pathway to up-regulate
inflammatory response and inhibit angiogenesis. Aging
(Albany NY), 16(4), 3790.

Lu, S., Liu, M., Liu, H., Yang, C., Zhu, J,, Ling, Y., &
Kuang, H. (2024). Gestational exposure to bisphenol AF
causes endocrine disorder of corpus luteum by altering
ovarian SIRT-1/Nrf2/NF-kB expressions and
macrophage proangiogenic function in mice.
Biochemical Pharmacology, 220, 115954.
https://doi.org/10.1016/j.bcp.2023.115954

Ma, J., Gao, W., & Li, D. (2023). Recurrent implantation
failure: A comprehensive summary from etiology to



https://doi.org/10.1111/jcmm.16586
https://doi.org/10.1016/j.humimm.2024.111170
https://doi.org/10.1186/s12958-018-0414-2
https://doi.org/10.1177/1933719118792104
https://doi.org/10.1007/s10815-024-03077-x
https://doi.org/10.1007/s40199-021-00413-9
https://doi.org/10.3390/biom11020253
https://doi.org/10.1142/9789813207813_0015
https://doi.org/10.1016/j.heliyon.2025.e43006
https://doi.org/10.1126/sciimmunol.abm6388
https://doi.org/10.3389/fimmu.2022.1067661
https://doi.org/10.1620/tjem.250.49
https://doi.org/10.3390/ijms25052834
https://doi.org/10.2174/0115665240264823231101103226
https://doi.org/10.2174/0115665240264823231101103226
https://doi.org/10.1007/s43032-024-01630-8
https://doi.org/10.1016/j.bcp.2023.115954

46 M. Mokari et al. / Microbiology, Metabolites and Biotechnology 8(1) (2025) 37-46

treatment. Frontiers in endocrinology, 13, 1061766.
DOI: 10.3389/fendo.2022.1061766

Ni, K., & Ma, L. (2019). Molecular Biology Techniques for
Endometrial Gene Expression: Recent Technological
Advances. Endometrial Gene Expression: An Emerging
Paradigm for Reproductive Disorders, 33-50.

Ojeda, M. L., Nogales, F., Romero-Herrera, I., & Carreras,
0. (2021). Fetal programming is deeply related to
maternal selenium status and oxidative balance;
experimental offspring health repercussions. Nutrients,
13(6), 2085. https://doi.org/10.3390/nu13062085

Rapisarda, V., Borghesan, M., Miguela, V., Encheva, V.,
Snijders, A. P., Lujambio, A., & O’Loghlen, A. (2017).
Integrin beta 3 regulates cellular senescence by
activating the TGF-p pathway. Cell reports, 18(10),
2480-2493. doi: 10.1016/j.celrep.2017.02.012

Sebastian-Leon, P., Garrido, N., Remohi, J., Pellicer, A., &
Diaz-Gimeno, P. (2018). Asynchronous and pathological
windows of implantation: two causes of recurrent
implantation failure. Human reproduction, 33(4), 626—
635. https://doi.org/10.1093/humrep/dey023

Sui, C., Liao, Z., Bai, J., Hu, D., Yue, J., & Yang, S. (2023).
Current knowledge on the role of extracellular vesicles
in endometrial receptivity. European Journal of Medical
Research, 28(1), 471. https://doi.org/10.1186/s40001-
023-01459-y

Sun, B., & Yeh, J. (2022). Non-invasive and mechanism-
based molecular assessment of endometrial receptivity
during the window of implantation: current concepts and
future prospective testing directions. Frontiers in
Reproductive Health, 4, 863173. doi:
10.3389/frph.2022.863173

Voros, C., Varthaliti, A., Athanasiou, D., Mavrogianni, D.,
Bananis, K., Athanasiou, A., Athanasiou, A., Papahliou,
A.-M., Zografos, C. G., & Kondili, P. (2025).
MicroRNA Signatures in Endometrial Receptivity—
Unlocking Their Role in Embryo Implantation and IVF
Success: A Systematic Review. Biomedicines, 13(5),
1189. DOI: 10.3390/biomedicines13051189

Wang, F., & Liu, Y. (2020). Identification of key genes,
regulatory factors, and drug target genes of recurrent

How to cite this paper:

implantation failure (RIF). Gynecological
Endocrinology, 36(5), 448-455.
https://doi.org/10.1080/09513590.2019.1680622

Wang, Q., Sun, Y., Fan, R., Wang, M., Ren, C., Jiang, A., &
Yang, T. (2022). Role of inflammatory factors in the
etiology and treatment of recurrent implantation failure.
Reproductive Biology, 22(4), 100698. DOI:
10.1016/j.repbio.2022.100698

Wu, C., Sun, Y., Yang, D., & Peng, H. (2025). Advances in
Endometrial Receptivity and Embryo Implantation by
Multi-omics Techniques. Animals and Zoonoses.
https://doi.org/10.1016/j.azn.2025.05.001

Wu, L., Zhou, Z., Zeng, Y., Yang, S., & Zhang, Q. (2024).
Bioinformatics identification and validation of
angiogenesis-related genes in myocardial ischemic
reperfusion injury. Frontiers in Bioscience-Landmark,
29(10), 347. https://doi.org/10.31083/}.fb12910347

Ye, L., & Dimitriadis, E. (2025). Endometrial Receptivity—
Lessons from “Omics”. Biomolecules, 15(1), 106.
https://doi.org/10.3390/biom15010106

Zhang, S., Lin, H., Kong, S., Wang, S., Wang, H., Wang, H.,
& Armant, D. R. (2013). Physiological and molecular
determinants of embryo implantation. Molecular aspects
of medicine, 34(5), 939-980. doi:
10.1016/j.mam.2012.12.011

Zhao, X., Zhao, Y., Jiang, Y., & Zhang, Q. (2022).
Deciphering the endometrial immune landscape of RIF
during the window of implantation from cellular
senescence by integrated bioinformatics analysis and
machine learning. Frontiers in Immunology, 13, 952708.
DOI: 10.3389/fimmu.2022.952708

Zhu, W. (2025). Novel molecular subtypes and therapeutic
targets in recurrent implantation failure: the impact of
STING-induced immune-related genes on endometrial
immune micro-environment. Med Data Min, 8(1), 3.

zZong, L., Zheng, S., Meng, Y., Tang, W, Li, D., Wang, Z.,
Tong, X., & Xu, B. (2021). Integrated transcriptomic
analysis of the miIRNA-mRNA interaction network in
thin endometrium. Frontiers in genetics, 12, 589408.
https://doi.org/10.3389/fgene.2021.589408

WFie®  Mokari, M., Zahedi, B., Noori, A., Amirjani, S., Tutunchi, S. & Javanmard, A.-R. (2024). Integrative

DOI: 10.22104/mmb.2025.7743.1175

Bioinformatics Analysis of Endometrial Transcriptome Reveals Key Regulatory Networks in Recurrent
Implantation Failure. Microbiology, Metabolites and Biotechnology, 8(1), 37-46.



https://doi.org/10.3389/fendo.2022.1061766
https://doi.org/10.3390/nu13062085
https://doi.org/10.1016/j.celrep.2017.02.012
https://doi.org/10.1093/humrep/dey023
https://eurjmedres.biomedcentral.com/articles/10.1186/s40001-023-01459-y#citeas
https://eurjmedres.biomedcentral.com/articles/10.1186/s40001-023-01459-y#citeas
https://doi.org/10.3389/frph.2022.863173
https://doi.org/10.3390/biomedicines13051189
https://doi.org/10.1080/09513590.2019.1680622
https://doi.org/10.1016/j.repbio.2022.100698
https://doi.org/10.1016/j.azn.2025.05.001
https://doi.org/10.31083/j.fbl2910347
https://doi.org/10.3390/biom15010106
https://doi.org/10.1016/j.mam.2012.12.011
https://doi.org/10.3389/fimmu.2022.952708
https://doi.org/10.3389/fgene.2021.589408
https://doi.org/10.22104/mmb.2025.7743.1175

