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Abstract
Purpose  Gene expression analysis of the endometrium has been shown to be a useful approach for identifying the molecular 
signatures and pathways involved in recurrent implantation failure (RIF). Nevertheless, individual studies have limitations 
in terms of study design, methodology and analysis to detect minor changes in expression levels or identify novel gene 
signatures associated with RIF.
Method  To overcome this, we conducted an in silico meta-analysis of nine studies, the systematic collection and integration 
of gene expression data, utilizing rigorous selection criteria and statistical techniques to ensure the robustness of our findings.
Results  Our meta-analysis successfully unveiled a meta-signature of 49 genes closely associated with RIF. Of these genes, 
38 were upregulated and 11 downregulated in RIF patients’ endometrium and believed to participate in key processes like 
cell differentiation, communication, and adhesion. GADD45A, IGF2, and LIF, known for their roles in implantation, were 
identified, along with lesser-studied genes like OPRK1, PSIP1, SMCHD1, and SOD2 related to female infertility. Many of 
these genes are involved in MAPK and PI3K-Akt pathways, indicating their role in inflammation. We also investigated to look 
for key miRNAs regulating these 49 dysregulated mRNAs as potential diagnostic biomarkers. Along with this, we went to 
associate protein–protein interactions of 49 genes, and we could recognize one cluster consisting of 11 genes (consisted of 22 
nodes and 11 edges) with the highest score (p = 0.001). Finally, we validated some of the genes by qRT-PCR in our samples.
Conclusion  In summary, the meta-signature genes hold promise for improving RIF patient identification and facilitating the 
development of personalized treatment strategies, illuminating the multifaceted nature of this complex condition.

Keywords  Repeated implantation failure · Meta-signatures · Endometrium receptivity · Window of Implantation · 
Transcriptome · Gene expression · In vitro fertilization · Infertility

Introduction

The human endometrium is not receptive to embryonic 
implantation during most of the menstrual cycle; however, 
it becomes receptive for a period of 2 to 4 days within the 
mid-secretory phase of the menstrual cycle known as the 
window of implantation [1, 2]. Therefore, an embryo and 
endometrium must communicate with one another in syn-
chrony and coordination for implantation to be successful 
[3]. With breakthroughs in laboratory techniques and ovar-
ian stimulation over the last few decades, in vitro fertiliza-
tion-embryo transfer (IVF-ET) has grown into an effective 
therapy for infertility. Nevertheless, it is estimated that 10% 
of women undergoing IVF will experience recurrent implan-
tation failure (RIF) which is defined as the failure to achieve 
a clinical pregnancy after two or more IVF cycles with the 
transfer of at least four good-quality embryos [4–6]. RIF is 
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a challenging problem in the field of reproductive medicine, 
as it is associated with significant emotional, psychological, 
and financial burden for patients [7, 8]. The causes of RIF 
can be multifactorial and include both maternal and embry-
onic factors. However, abnormalities in endometrial recep-
tivity are increasingly recognized as one of the key contribu-
tors to RIF [9–11]. The molecular mechanisms underlying 
RIF are complex and not yet fully understood. We know 
that several factors affect endometrial receptivity, including 
hormonal imbalances, inflammation, and immune system 
dysregulation [12, 13]. Abnormalities in the endometrial 
thickness, pattern, and vascularization can also affect the 
success of implantation [14]. To improve endometrial recep-
tivity and increase the success of IVF, various interventions 
have been proposed, such as endometrial scratching, hyst-
eroscopy, immunomodulatory therapy, and transcriptomics.

One of the most promising approaches to identifying 
molecular signatures associated with RIF is the use of tran-
scriptomics, a high-throughput technique that allows for 
the simultaneous analysis of thousands of genes [15, 16]. 
Studies have used microarray or RNA sequencing technol-
ogy to profile the endometrial gene expression of patients 
with RIF [17] and identify differentially expressed genes and 
pathways for successful implantation [18, 19]. For instance, 
genes related to inflammation, immune response, and angio-
genesis have been found to be upregulated in patients with 
RIF compared to controls [20–23]. Gene expression analy-
sis of the endometrium is a useful approach for identifying 
the molecular pathways involved in RIF. However, individ-
ual studies may have limited power to detect insignificant 
changes in gene expression levels or identify novel gene 
signatures associated with RIF [24].

In this context, meta-analysis, which involves the integra-
tion of data from multiple studies, can provide a more com-
prehensive and robust analysis of gene expression patterns 
in RIF. Meta-analysis approaches have been widely used 
in genetic and genomic studies to identify gene expression 
signatures associated with various diseases and conditions 
[25, 26]. In recent years, meta-analysis approaches have also 
been employed to investigate the gene expression patterns 
associated with RIF [27]. These studies have combined 
gene expression data from multiple studies to identify com-
mon patterns of gene expression associated with RIF. In a 
more recent meta-analysis study, Zhao and co-workers con-
ducted a comprehensive analysis of microarray gene expres-
sion data from 3 studies that investigated the endometrial 
gene expression patterns in women with RIF. The authors 
validated a set of 8 cellular senescence-associated differen-
tially expressed genes that were consistently dysregulated 
in women with RIF [28]. Meta-analysis studies have also 
been used to investigate the effect of hormonal treatments 
on gene expression patterns in the endometrium of women 
with RIF [29–31]. For example, a meta-analysis study of 

endometrial gene expression data from women treated with 
gonadotropin-releasing hormone (GnRH) agonists identified 
several differentially expressed genes involved in cell cycle 
regulation and DNA damage response [32]. Although each 
study produces a set of genes, the overlap between differ-
ent studies is limited. The limitations of this technology are 
widely recognized and arise from variations in experimental 
design, timing, and circumstances of endometrial sampling, 
as well as patient selection criteria. Additionally, variations 
in transcriptome array/sequencing platforms, genome anno-
tation versions, and data processing pipelines contribute to 
these limitations [33–35].

While there are only a few meta-analysis studies investi-
gating gene expression patterns, it’s important to highlight 
their limited sensitivity to refractory conditions such as 
repeated implantation failure (RIF). To overcome the limi-
tations in endometrial transcriptome analyses, we employed 
a robust systematic analysis method, and subsequently con-
ducted functional analysis to identify a meta-signature of 
highly probable biomarkers associated with RIF. This spe-
cific study compiles findings from nine research articles con-
ducted globally by diverse groups, with a specific focus on 
recurrent implantation failure (RIF) on endometrial receptiv-
ity. Despite the extensive lists of genes provided by all the 
studies, our effort has been concentrated on narrowing down 
the gene numbers to gain a better understanding of the RIF 
pattern. We also analyzed potential microRNAs that could 
affect the genes/mRNAs associated with RIF.

In addition, our objective was to experimentally confirm 
the expression levels of the selected mRNA genes identified 
through our meta-analysis. To achieve this, we conducted 
experiments using our own set of samples to validate the 
findings from the in silico analysis. This experimental vali-
dation step adds a crucial layer of confidence to our results, 
ensuring the dependability and reliability of the gene expres-
sion patterns observed in our study.

Materials and methods

Systematic search of the literature

A systematic review of the literature in PubMed, Scopus, 
Google Scholar, MEDLINE and Embase was independently 
conducted from January 2018 up to December 2022. The 
terms ‘embryo implantation’, ‘endometrium’, ‘gene expres-
sion’ and ‘Recurrent implantation failure’ were used individ-
ually and combined with the Boolean operator ‘AND’. The 
reference lists of review articles and relevant original studies 
were explored in-literature to include other appropriate stud-
ies. We followed steps as described in the PRISMA 2020 
[36] flow chart for new systematic reviews which included 
searches of databases, registers, and other sources. The study 
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protocol was registered in PROSPERO under the registration 
number CRD42023445555.

Study review and eligibility criteria

The search retrieved all identified abstracts, which were 
all examined to determine which studies were eligible. 
The entire text of each pertinent article was meticulously 
evaluated. For the final analysis, only unique experimental 
papers published in English that addressed the endometrial 
transcriptome in women undergoing Assisted Reproductive 
Treatment (ART) in the mid-secretory phase were consid-
ered. The following inclusion and exclusion criteria were 
employed for selecting studies for meta-analysis: research 
involving patients undergoing Assisted Reproductive Treat-
ment (ART) cycles who experienced at least two implan-
tation failures; investigations on the relationship between 
control-pregnancy positive results and outcomes in patients 
with Recurrent Implantation Failure (RIF). No limitation 
was set on the minimum number of patients in each study. 
If multiple articles were using the same patient dataset by 
the same research group, only the recent relevant article 
was considered. Endometrial transcriptome analysis in con-
nection with any pathological condition, such as, endome-
triosis, adenomyosis, fibroids, hydrosalpinx and cancer was 
excluded. Additionally, gene expression analyses focusing 
on different endometrial tissue-sections of normal individu-
als were excluded in this meta-analysis.

Data extraction and quality assessment

After full text screening, the quality of each included study 
was assessed for data availability on databases and primary 
sources. Available raw data was retrieved from ArrayEx-
press database (https://​www.​ebi.​ac.​uk/​array​expre​ss/) and the 
Gene Expression Omnibus database (https://​www.​ncbi.​nlm.​
nih.​gov/​geo/). Additionally, the lists of genes differentially 
expressed in control and RIF in mid-secretory endometrium 
were extracted from the selected publications.

Data analysis settings

The acquired.CEL files of Affymetrix platform and.TXT 
files of Agilent platform were imported into GeneSpring 
version 14.9.1 GX-PA software (Agilent technologies). Data 
from both the platforms were analyzed separately. For 3 of 
the studies, gene lists were considered for final compilation 
of data. A differentially regulated gene list common between 
the studies was pooled for additional analysis. The final 
acquired gene list was converted to ENTREZ IDs by using 
the DAVID Gene ID converter Tool. The default statistical 
analysis options for all the studies for gene list acquisition 
(false discovery rate, FDR < 0.05; Fold Change, FC > 2.0).

Enrichment analysis

Enrichment analyses for Gene Ontology (GO) terms and 
Kyoto Encyclopedia of genes and genomes (KEGG) for 
biological pathways were carried out by using two tools, 
g:Profiler web tool (biit.cs.ut.ee/gprofiler/) and GeneSpring. 
We also used miRNA that targets our mRNA genes by easy-
to-use web tool MIENTURNET (MicroRNA ENrichment 
TURned NETwork- http://​userv​er.​bio.​uniro​ma1.​it/​apps/​
mient​urnet/) [37]. They provide a graphical and tabular out-
put. Additionally, both these platforms enable the user to 
view each detailed pathway diagram highlighting the num-
ber of entities in a particular pathway. The obtained results 
were corrected by the default setting provided by these plat-
forms, unless mentioned in detail in the results. STRING, 
Protein–Protein Interaction Networks Functional Enrich-
ment Analysis (https://​string-​db.​org/) was used to assess 
protein–protein interaction (PPI) information with its basic 
settings and particularly focused on 3 clusters using k-means 
clustering options.

Validation of meta‑analysis genes by RT‑qPCR

Out of 49 genes, representative genes of major biological 
processes controlling endometrial receptivity like immune 
response, response to stress, defense response, response to 
external stimulus, cell cycle, cell adhesion, anatomical struc-
ture development, cell–cell signaling, and receptor binding 
were selected to check them in our RIF patients. We selected 
five genes (3 downregulated and 2 upregulated), CTNNA2↑, 
GADD45A↓, LIF↓, PPP1R1A↑ and SMCHD1↓ and a 
housekeeping gene GAPDH (Primer sequence in Table 1). 
Regulation of selected genes in RIF patients was performed 
using qRT-PCR. For this study, a total of 10 samples were 
selected, including 5 individuals with RIF and 5 control 
(Pregnancy Positive) samples. The aim was to investigate 
the regulation of these specific genes in our samples and 
determine if there are any differences in gene expression 
identified in meta-analysis between the RIF patients and the 
control group.

Results

Systematic search of the literature

A literature search turned up 1381 items, but 386 were 
disregarded since they were duplicates in different data-
bases. From the remaining 995 articles, 896 articles were 
excluded after screening their titles and abstracts due to 
research carried out on non-human samples. The full text 
of the remaining 99 articles was assessed for eligibility, 
resulting in 9 of them being included in the meta-analyses 

https://www.ebi.ac.uk/arrayexpress/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
http://userver.bio.uniroma1.it/apps/mienturnet/
http://userver.bio.uniroma1.it/apps/mienturnet/
https://string-db.org/
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Table 1   Primer sequences for 
qRT-PCR validation for meta-
analysis

Sr. no Oligo name Sequence
5′-3′

Length (bp) Tm °C Product 
size 
(bp)

1 CTNNA2 F GGA​CCT​GCT​CAG​CGA​GTA​CA 20 61.4 131
CTNNA2 R GAT​CCA​TCA​CTG​CTT​TCC​GA 20 57.3

2 GADD45A F GAG​CTC​CTG​CTC​TTG​GAG​AC 20 61.4 150
GADD45A R TTC​CCG​GCA​AAA​ACA​AAT​AA 20 51.2

3 LIF F TGA​AGT​GCA​GCC​CAT​AAT​GA 20 55.3 149
LIF R TGA​GGT​TGT​TGT​GAC​ATG​GG 20 57.3

4 PPP1R1A F CCA​CTT​TGG​CAA​TGT​CTC​CA 20 58.4 116
PPP1R1A R TTC​CTC​TCC​TTG​CTG​CTG​TT 20 59.2

5 SMCHD1 GGG​AAA​TAC​AAG​ACG​ACA​TGCA​ 22 58.9 160
SMCHD1 GGA​AAG​CAT​GGA​TCA​TCA​GGG​ 21 58.7

6 GAPDH F GTC​TCC​TCT​GAC​TTC​AAC​AGCG​ 22 60.9 131
GAPDH R ACC​ACC​CTG​TTG​CTG​TAG​CCAA​ 22 63.4

Fig. 1   PRISMA 2020 Flow 
diagram showing the process to 
obtain information for the meta-
analysis [36]. *RIF-Recurrent 
Implantation Failure
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based on criteria like a study on RIF patients, availability 
of full text articles, retrieval of full gene list and acces-
sibility of file formats for Genespring software (Fig. 1). 
Most selected studies on endometrial receptivity mark-
ers in the context of IVF between the RIF and Control 
were assessed using microarray. These studies involved 
492 women with mid-secretary phase endometrium from 
various countries (Table 2). Overall, the study quality was 
moderate, with excellent scores for participant selection 
and follow-up but low scores for cohort comparability. 
Almost in every study, the RIF group consisted of women 
who had more than three good quality embryos that fail 
repeatedly, whereas the control group consisted of women 
who had a successful pregnancy.

Data analysis

Due to the computational limitations of functional enrich-
ment analyses of all studies from raw data, our analysis 
was restricted to 6 studies from raw data and 3 studies 
pooled gene list. We identified a statistically significant 
meta-signature of 49 genes of which 38 up-regulated and 
11 down-regulated genes in mid-secretory endometrium 
between control and RIF patients (Table 3). Most signifi-
cantly, differentially expressed genes identified by meta-
analysis were statistically computed to p-value < 0.05 and 
standardized fold change > 2. The thirty-eight up-regu-
lated genes in RIF were ABLIM3, ANK3, BIRC3, BTNL9, 
CPT1A, CTNNA2, FLT4, GDF15, GNAT1, GPR52, 
GPRC5C, IGFN1, IL2RA, KCNMA1, KLRC1, MC3R, 
MUC17, MUC22, NANOS1, NNMT, NTRK2, PAX7, 
PDPR, PHF8, PLXNA4, PPP1R1A, RANBP17, SAMD12, 
SGSM1, SH3D21, SLC22A12, SORBS1, SPAG11B, SRSF6, 
SYT2, TRAPPC8, TUBAL3 and ZNF90. The eleven down-
regulated genes identified in RIF were BTN2A1, CYBRD1, 

FOLR3, GADD45A, GBP2, IGF2, LIF, OPRK1, PSIP1, 
SMCHD1 and SOD2 (Table 3).

Enrichment analysis to identify GO terms

To investigate the molecular mechanisms and pathways 
underlying the meta-signature of the mid-secretory endo-
metrium of the RIF group, we utilized a range of contempo-
rary enrichment analysis methods. Specifically, we employed 
g:GOSt, a tool for functional enrichment analysis (also 
known as gene set enrichment analysis), which was applied 
to a set of 49 genes. This tool associates’ genes with well-
established functional information sources and identifies 
functional terms that show significant enrichment through 
statistical analysis. As depicted in Fig. 2, out of the 49 genes, 
16 were associated with GO-Molecular Functions (depicted 
in red), 101 with GO-Biological Processes (depicted in 
orange), 30 with GO-Cellular Components (depicted in 
green), and 8 with KEGG Pathways (depicted in pink).

The identified genes were predominantly associated with 
molecular functions related to ion binding, chemical bind-
ing, and catalytic activity, as shown in Fig. 3A. In terms of 
biological processes (BP), most of the genes were involved 
in the regulation of cellular and metabolic processes, cell 
communication, signaling, and signal transduction, as 
depicted in Fig. 3B. Furthermore, essential genes in cel-
lular components were found in the lumen of the intracel-
lular membrane, the nucleus, and the plasma membrane as 
in Fig. 3C. Genes from the meta-signature gene list, namely 
FLT4, GADD45A, IGF2, NTRK2, IL2RA, TUBAL3, 
GDF15, LIF, PAX7 have been revealed to primarily belong 
to MAPK signaling pathway, PI3K-Akt signaling pathway, 
Apoptosis, Cytokine-cytokine receptor interaction, Ras sign-
aling pathway and Transcriptional misregulation in cancer 
as shown in Table 4.

Table 2   Datasets and samples selected by searching relevant databases for samples of mid-secretory endometrium

No Reference Subjects 
(Control and 
RIF)

Sequencing platform FC cutoff Dys-
regulated 
genes

Database ID/Gene List

1 Díaz-Gimeno et al., 2011 [38] 93 Agilent customised gene expression FC > 2; p ≥ 0.05 134 LIST
2 Lédée et al., 2011 [39] 10 Affymetrix GeneChip human FC > 2; p ≥ 0.01 877 GSE26787
3 Altmäe et al., 2016 [40] 15 Agilent Whole Human Genome FC > 3; p ≥ 0.05 889 E-MTAB-3713
4 Shi et al., 2018 [41] 12 Agilent CBC_lncRNAmRNA FC > 2; p ≥ 0.05 357 GSE71331
5 Bastu et al., 2019 [20] 48 Agilent- SurePrint G3 Human FC > 1; p ≥ 0.05 641 GSE111974
6 Zhang et al., 2021 [42] 90 Illumina HumanHT FC > 2; p ≥ 0.05 166 LIST
7 He et al., 2021 [43] 142 Illumina HumanHT FC > 2; p ≥ 0.05 175 LIST
8 Keleş et al., 2022 [44] 72 Agilent- SurePrint G3 Human FC > 1; p ≥ 0.05 607 GSE165004
9 Zhao et al., 2022 [45] 10 Agilent Arraystar human lncRNA FC > 2; p ≥ 0.05 291 GSE188409
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Table 3   Gene LIST. The following is a list of 49 genes that have 
been identified as meta-signatures of mid-secretory endometrium 
when evaluated in comparative transcriptome analyses of RIF vs 

control endometrium across nine studies. Among the 49 genes listed, 
thirty-eight were found to be up-regulated in mid-secretory endome-
trium, while eleven were down-regulated

No Gene symbol Name Entrez gene ID Regulation
In RIF

Adj
p-value

1 ABLIM3 actin binding LIM protein family member 3 22,885 up 0.000200
2 ANK3 ankyrin 3 288 up 0.000214
3 BIRC3 baculoviral IAP repeat containing 3 330 up 0.032334
4 BTN2A1 butyrophilin subfamily 2 member A1 11,120 down 0.000059
5 BTNL9 butyrophilin like 9 153,579 up 0.000015
6 CPT1A carnitine palmitoyltransferase 1A 1374 up 0.001269
7 CTNNA2 catenin alpha 2 1496 up 0.021152
8 CYBRD1 cytochrome b reductase 1 79,901 down 0.048119
9 FLT4 fms related receptor tyrosine kinase 4 2324 up 0.000011
10 FOLR3 folate receptor gamma 2352 down 0.000011
11 GADD45A growth arrest and DNA damage inducible alpha 1647 down 0.016189
12 GBP2 guanylate binding protein 2 2634 down 0.004639
13 GDF15 growth differentiation factor 15 9518 up 0.039353
14 GNAT1 G protein subunit alpha transducin 1 2779 up 0.012160
15 GPR52 G protein-coupled receptor 52 9293 up 0.003272
16 GPRC5C G protein-coupled receptor class C group 5 member C 55,890 up 0.000019
17 IGF2 insulin like growth factor 2 3481 down 0.000015
18 IGFN1 immunoglobulin like and fibronectin type III domain containing 1 91,156 up 0.018254
19 IL2RA interleukin 2 receptor subunit alpha 3559 up 0.011010
20 KCNMA1 potassium calcium-activated channel subfamily M alpha 1 3778 up 0.000306
21 KLRC1 killer cell lectin like receptor C1 3821 up 0.008369
22 LIF LIF interleukin 6 family cytokine 3976 down 0.045190
23 MC3R melanocortin 3 receptor 4159 up 0.000011
24 MUC17 mucin 17, cell surface associated 140,453 up 0.014722
25 MUC22 mucin 22 100,507,679 up 0.000606
26 NANOS1 nanos C2HC-type zinc finger 1 340,719 up 0.028444
27 NNMT nicotinamide N-methyltransferase 4837 up 0.000011
28 NTRK2 neurotrophic receptor tyrosine kinase 2 4915 up 0.007719
29 OPRK1 opioid receptor kappa 1 4986 down 0.016690
30 PAX7 paired box 7 5081 up 0.000012
31 PDPR pyruvate dehydrogenase phosphatase regulatory subunit 55,066 up 0.009321
32 PHF8 PHD finger protein 8 23,133 up 0.006081
33 PLXNA4 plexin A4 91,584 up 0.015825
34 PPP1R1A protein phosphatase 1 regulatory inhibitor subunit 1A 5502 up 0.002050
35 PSIP1 PC4 and SRSF1 interacting protein 1 11,168 down 0.000470
36 RANBP17 RAN binding protein 17 64,901 up 0.032494
37 SAMD12 sterile alpha motif domain containing 12 401,474 up 0.028140
38 SGSM1 small G protein signaling modulator 1 129,049 up 0.006641
39 SH3D21 SH3 domain containing 21 79,729 up 0.007262
40 SLC22A12 solute carrier family 22 member 12 116,085 up 0.007382
41 SMCHD1 structural maintenance of chromosomes flexible hinge domain containing 1 23,347 down 0.023873
42 SOD2-OT1 SOD2 overlapping transcript 1 100,129,518 down 0.003501
43 SORBS1 sorbin and SH3 domain containing 1 10,580 up 0.005747
44 SPAG11B sperm associated antigen 11B 10,407 up 0.021767
45 SRSF6 serine and arginine rich splicing factor 6 6431 up 0.017995
46 SYT2 synaptotagmin 2 127,833 up 0.000012
47 TRAPPC8 trafficking protein particle complex subunit 8 22,878 up 0.046112
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Table 3   (continued)

No Gene symbol Name Entrez gene ID Regulation
In RIF

Adj
p-value

48 TUBAL3 tubulin alpha like 3 79,861 up 0.000011
49 ZNF90 zinc finger protein 90 7643 up 0.029155

Fig. 2    g: GOst functional profiling. Output of 49 meta-signature genes. Red indicates 49 genes spanning 16 different GO: Molecular func-
tion (MF), orange 101 GO: Biological processes (BP), green 30 GO: Cellular components (CC) and pink 8 KEGG pathways.

Fig. 3   Gene Ontology (GO) analysis of genes. Genes that were 
found to be differentially expressed with a fold change greater than 
2 in patients with implantation failure compared to control. A false 
discovery rate (FDR) of less than 5.0 was considered significant. 
Panel A presents Molecular function in implantation failure patients 

with the count of genes involved in each function. Panel B shows the 
dysregulated biological process in implantation failure patients with 
the count of genes involved in each process. Panel C illustrates the 
dysregulated cellular components in implantation failure patients with 
the count of genes involved in each component
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microRNA target prediction

Using the go-profiler miRNA scan to predict their putative 
regulatory microRNAs, we assessed the possible regula-
tion of the 49 meta-signature genes. Table 5 lists the top 
15 human miRNAs that regulate most genes. In parallel, 
we evaluated our gene list in MIENTURNET, an in silico 
target prediction algorithm [37] that employs Targetscan 
and miRTarBase enrichment analysis. To further enhance 
bioinformatic predictions, we implemented an extra filter 
by developing a network algorithm that focused on a small 
group of genes. The resulting network was visualized using 
charts and display networks, representing miRNA and its 
corresponding predicted genes, shown in Fig. 4.

Protein–protein interaction prediction

In the STRING website, a total of 49 differentially expressed 
genes (DEGs) were filtered and included in the PPI network 
complex and some extra genes with protein homology. The 
network comprised of 49 nodes and 20 edges, represent-
ing protein–protein interactions (enrichment p-value 0.001) 

among the DEGs (Fig. 5A). To identify clusters within the 
PPI network, we performed a k-core analysis with a thresh-
old of 2, resulting in the identification of three distinct clus-
ters. Among these clusters, cluster 1 had the highest score, 
consisting of 22 nodes and 11 edges, as shown in Fig. 5B. 
These findings suggest that the 22 DEGs (ANK3, BTNL9, 
CYBRD1, FLT4, GBP2, GSG1, IGF2, IGFN1, IL2RA, LIF, 
MC3R, NOS1, NTRK2, OPRK1, PAX7, PLXNA4, PSIP1, 
SAMD12, SLC22A12, SMCHD1, SPAG118, and TUBAL3) 
within this cluster may have a pivotal role in mid-secretory 
endometrium.

Validation of meta‑analysis genes by RT‑qPCR

Since the attachment between the embryo and the endome-
trium during implantation relies on interactions, CTNNA2 
is believed to be involved in maintaining the structural integ-
rity of endometrial tissue. GADD45A regulates deciduali-
zation, LIF promotes endometrial receptivity and differen-
tiation of stromal cells, SMCHD1 may be important for 
endometrial development during pregnancy, and PPP1R1A 
is expressed during the menstrual cycle and may regulate 

Table 4   KEGG Pathways Analysis. Classification of dysregulated mRNAs to biological pathways

No Pathways involved No. of genes Corresponding genes involved Adj p-value

1 MAPK signaling pathway 4 FLT4, GADD45A, IGF2, NTRK2 0.004421
2 PI3K-Akt signaling pathway 4 FLT4, IGF2, IL2RA, NTRK2 0.008914
3 Apoptosis 3 BIRC3, GADD45A, TUBAL3 0.008696
4 Cytokine-cytokine receptor interaction 3 GDF15, IL2RA, LIF 0.082521
5 Ras signaling pathway 3 FLT4, IGF2, NTRK2 0.043302
6 Transcriptional misregulation in cancer 3 BIRC3, GADD45A, PAX7 0.024408

Table 5   miRNA prediction 
by go-profiler scan. In silico 
predicted list of top 15 miRNA 
corresponding to its mRNA 
targets of our meta-signature 
genes

No miRNA No. of genes Name of genes

1 hsa-miR-335-5p 11 BTN2A1, GBP2, GDF15, GPRC5C, KLRC1, LIF, NTRK2, 
PHF8, PLXNA4, PPP1R1A, SH3D21

2 hsa-miR-26b-5p 7 CYBRD1, GADD45A, GBP2, KLRC1, LIF, PLXNA4, SRSF6
3 hsa-miR-8485 6 ANK3, NANOS1, PHF8, PLXNA4, SMCHD1, SYT2
4 hsa-miR-17-5p 5 CPT1A, CYBRD1, KCNMA1, MUC17, SAMD12
5 hsa-miR-20a-5p 5 CPT1A, CYBRD1, MUC17, PHF8, SAMD12
6 hsa-miR-106b-5p 4 CPT1A, CYBRD1, OPRK1, SAMD12
7 hsa-miR-124-3p 4 CYBRD1, IGFN1, NNMT, PDPR
8 hsa-miR-1277-5p 4 PHF8, PPP1R1A, SAMD12, SMCHD1
9 hsa-miR-190a-3p 4 PHF8, PPP1R1A, SAMD12, SMCHD1
10 hsa-miR-20b-5p 4 CPT1A, CYBRD1, MUC17, SAMD12
11 hsa-miR-5011-5p 4 PHF8, PPP1R1A, SAMD12, SMCHD1
12 hsa-miR-603 4 ANK3, PHF8, SMCHD1, SYT2
13 hsa-miR-6845-3p 4 LIF, MUC17, PHF8, ZNF90
14 hsa-miR-93-5p 4 CPT1A, CYBRD1, IGF2, SAMD12
15 hsa-miR-1-3p 3 PLXNA4, PSIP1, SRSF6
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Fig. 4   Integrated miRNA-
mRNA analysis by MIEN-
TURNET web tool. The top 
9 correlated putative miRNA-
mRNA pairs (p < 0.05). Light 
blue square indicates miRNAs 
with their interacting partners’ 
mRNAs, blue circles [37]

Fig. 5   String Protein–Protein Interaction Output. (A) Cluster 
analysis of the 49 DEGs were filtered into PPI network complex that 
contained 49 nodes and 20 edges with PPI enrichment p-value: 0.001. 

(B) Module analysis of Protein–Protein Interaction network clus-
ter 1. This cluster consists of 22 nodes and 11 edges and has the 
highest score in those clusters with a PPI enrichment p-value: 0.001
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endometrial cell proliferation and differentiation. Hence, the 
expression levels of the listed genes were analyzed in few 
patient samples (RIF and Control). The meta-signature gene 
analysis comparing RIF versus Control indicated signifi-
cance (p < 0.05), as illustrated in Fig. 6. The results showed 
that the expression levels of the selected genes followed the 
expected trend. Specifically, CTNNA2 and PP1R1A were 
upregulated, as seen in our meta-analysis. Gene CTNNA2 
exhibited a cumulative fold change of 1.5, which was com-
parable to the control samples. Additionally, other genes, 
namely GADD45A, LIF, and SMCHD1, were downregu-
lated in our selected samples.

Discussion

The findings of this study reveal a meta-signature, compris-
ing 49 identified genes, which holds potential as an indica-
tor for RIF. The approach involved using data from diverse 
transcriptomic studies. However, a limitation arose as only 
data from six studies were examined directly from raw data, 
while for three studies, a compiled gene list was utilized due 
to its incompatible file format for use in Genespring. Hence, 
this report provides stronger evidence for the role of these 
genes in endometrial functions and their potential clinical 
implications and understanding these genes can provide val-
uable insights into the mechanisms that underlie successful 
implantation and may have implications for the diagnosis 
and treatment of infertility.

Despite advances in system biology approaches in recent 
years, there are very few meta-analysis studies comparing 

RIF transcriptome data to fertile controls. One of the exten-
sive meta-analysis studies including RIF was conducted by 
Devesa-Peiro and co-workers in 2020 [46]. The authors con-
ducted a meta-analysis of microarray gene expression data in 
119 who had endometrial adenocarcinoma (ADC), recurrent 
implantation failure (RIF), recurrent pregnancy loss (RPL), 
or stage II–IV endometriosis. They identified 12 functional 
groups which were significantly dysregulated for RIF; the 
functional group with the most up-regulated genes was chro-
mosomal and DNA binding, followed by phosphorylation. 
Genes related to membranes accounted for the downregu-
lated functional group, but they have failed to provide cor-
responding genes highly involved in these functional groups. 
Other available studies talk of meta-analysis of endometrial 
receptivity concept, Altmäe and co-workers 2017 [24] have 
identified a group of 57 mRNA genes as potential mark-
ers of receptivity in the endometrium, these underscore the 
significance of immune system reactions, the complement 
cascade pathway, and the role of exosomes in the functions 
of mid-secretory endometrium. Notably, only three genes, 
i.e.—GADD45A, GBP2, and NNMT are—overlap between 
their study and the present study. This difference may be 
attributed to the distinct focus and selected studies, as their 
primary emphasis was on endometrial receptivity concepts 
at mid-secretory endometrium.

Specifically, our investigation concentrated on the RIF 
group, incorporating nine carefully chosen studies with nota-
ble variations in study designs, analytical approaches, and 
data processing. Furthermore, chosen studies have extensive 
lists of genes that are expressed differentially.

We examined huge datasets to find common and promis-
ing meta-signatures that characterize the endometrium of 
the RIF group. Eleven genes were found to be significantly 
downregulated in the endometrium of RIF patients when 
compared to fertile controls. These genes included BTN2A1, 
CYBRD1, FOLR3, GADD45A, GBP2, IGF2, LIF, OPRK1, 
PSIP1, SMCHD1 and SOD2. These genes are involved in 
a wide range of biological processes, including cell prolif-
eration, DNA repair, and oxidative stress response [47–49]. 
Among them, GADD45A, IGF2, and LIF are known to play 
important roles in embryo implantation and placentation 
[50, 51]. The downregulation of these genes may contrib-
ute to the impaired implantation and decreased endometrial 
receptivity in RIF patients [21, 52]. For instance, GADD45A 
has been shown to be involved in DNA repair and cell cycle 
regulation, and its downregulation may lead to decreased 
cell proliferation and impaired endometrial development 
[53]. IGF2, on the other hand, plays a critical role in embry-
onic growth and development, and its decreased expression 
may impair embryo development and implantation [52]. 
Similarly, LIF, a cytokine essential for embryo implanta-
tion and placentation, was also found to be downregulated 
in RIF patients [21, 54].

Fig. 6   Validation of meta-signature genes CTNNA2, GADD45A, 
LIF, PP1R1A and SMCHD1 mRNAs by real-time PCR in samples 
(RIF, n = 5; control, n = 5). All transcripts are in accordance with 
meta-signature genes comparing RIF vs Control. p < 0.05, indicating 
the significance of difference
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Despite garnering less attention in research on female 
infertility, the four genes OPRK1, PSIP1, SMCHD1, and 
SOD2 still appear to have an important role. OPRK1 is 
a gene encoding the opioid receptor kappa 1, which is 
expressed in the human endometrium and plays a crucial 
role in implantation and pregnancy maintenance by regulat-
ing the immune response and angiogenesis [55, 56]. PSIP1 
(PC4 and SFRS1-interacting protein 1) encodes a protein 
involved in transcriptional regulation and DNA repair pro-
cesses. It is also involved in the regulation of the endometrial 
decidualization process, which is essential for successful 
implantation. SMCHD1 (Structural maintenance of chro-
mosomes flexible hinge domain-containing protein 1) is a 
recently identified maternal effect gene that functions in the 
oocyte and is essential for genomic imprinting in the mouse 
placenta [57]. It is involved in the maintenance of chromatin 
structure and gene expression regulation. It plays an essen-
tial role in the initial stages of embryonic development and 
implantation [58, 59]. SOD2 (superoxide dismutase 2) 
encodes an enzyme that scavenges reactive oxygen species 
(ROS), which can be toxic to cells and tissues. ROS accu-
mulation can cause oxidative stress, leading to DNA dam-
age and cellular dysfunction. Increased SOD2 expression 
has been reported in steroid producing follicle granulosa 
and theca internal cells, functional corpus luteum luteinized 
granulosa and theca cells, and degenerating corpus luteum 
luteinized theca cells in humans [60, 61]. A study reported 
that the decreased expression of SOD2, a key antioxidant 
enzyme, may increase the levels of oxidative stress in the 
endometrium, leading to impaired endometrial receptivity 
and decreased implantation success [62, 63].

Asymmetry in the expression of these genes, either 
upregulation or downregulation, may contribute to RIF 
pathogenesis by altering the intricate interplay between the 
embryo and the maternal environment during implanta-
tion. Consequently, 38 genes were found to be significantly 
elevated in the RIF group. These genes are involved in a 
variety of biological activities, including cell signaling, 
metabolism, and immunological function, and they may 
be implicated in endometrial receptivity and implantation. 
FLT4 (Fms Related Receptor Tyrosine Kinase 4), an upregu-
lated gene involved in angiogenesis and lymphangiogenesis, 
was found to play a role in endometrial growth and function 
[64]. Another gene involved is IGFN1 (Immunoglobulin 
Like And Fibronectin Type III Domain Containing 1), which 
affects cell migration and adhesion and may control endo-
metrial receptivity [65]. PAX7 (Paired Box 7) is a transcrip-
tion factor that plays a role in muscle development and has 
been shown to be upregulated in the endometrium during 
the implantation window [66]. Endometrial cancer has been 
connected to the genes SLC22A12 (Solute Carrier Family 
22 Member 12) and ANK3 (Ankyrin 3), which are also 
involved in the regulation of uric acid levels, cytoskeleton 

organization, and membrane trafficking [67, 68]. CTNNA2 
(Catenin Alpha 2), which is involved in cell adhesion and 
has been shown to be elevated in the endometrium during 
the implantation window [69] and BIRC3 (Baculoviral IAP 
Repeat Containing 3), which is involved in apoptosis and 
immune modulation and has been linked in endometriosis 
[70]. These findings imply that RIF may be caused by the 
dysregulation of numerous biological systems, and more 
research is required to completely understand the molecular 
mechanisms behind this condition.

In 2002, the endometrium and its receptivity entered the 
transcriptomic era. Carson and co-workers [71] were the 
first to address their view on transcriptomics in the endome-
trium, comparing the early luteal phase with the mid-luteal 
phase in samples taken from fertile patients. Therefore, when 
impacted pathways are identified, the importance of differ-
entially expressed genes (DEGs) is more clearly recognized. 
It is important to note that genes eventually affect pathway 
functioning via up- or downregulation [20]. Consequently, 
the present study also intended to identify the dysregulated 
pathways involved in the pathophysiology of RIF of men-
tioned 49 meta-signature genes. The results showed signifi-
cant dysregulation in several pathways, including the MAPK 
signaling pathway, PI3K-Akt signaling pathway, Apoptosis, 
Cytokine-cytokine receptor interaction, Ras signaling path-
way and Transcriptional misregulation in cancer. The most 
significantly dysregulated pathways are MAPK and PI3K-
Akt signaling pathways, in which FLT4, GADD45A, IGF2, 
and NTRK2 were the common genes found to be involved 
in both pathways. The PI3K-Akt signaling pathway plays 
an essential role in the regulation of the cell cycle, cell pro-
liferation, and apoptosis [72–74] while the MAPK signal-
ing pathway plays a crucial role in cellular processes such 
as cell differentiation, proliferation, and survival [75, 76]. 
These pathways have also been implicated in endometrial 
development and implantation [20, 77, 78]. Furthermore, 
the results showed dysregulation in the apoptosis pathway, 
with BIRC3, GADD45A, and TUBAL3 genes found to be 
downregulated. This pathway plays a crucial role in main-
taining tissue homeostasis by regulating cell death and is 
essential for proper embryo implantation [79, 80]. The pre-
sent study also found dysregulation in the cytokine-cytokine 
receptor interaction pathway, with GDF15, IL2RA, and LIF 
genes found to be involved which tend to play a role in the 
regulation of immune and inflammatory responses essential 
for successful implantation and pregnancy [81]. Overall, the 
dysregulated pathways and genes identified in this study pro-
vide insight into the molecular mechanisms underlying RIF. 
The results suggest that dysregulation of genes involved in 
the MAPK signaling pathway, PI3K-Akt signaling pathway, 
apoptosis pathway, and cytokine-cytokine receptor interac-
tion pathway may contribute to recurrent implantation fail-
ure (RIF) and could potentially enable earlier diagnosis of 
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infertility [82]. These discoveries could aid in the creation 
of novel diagnostic and therapeutic approaches for females 
experiencing RIF.

miRNAs are a type of non-coding RNA that acts as a 
regulator of mRNA and primarily targets the 3′ untrans-
lated region (UTR) of gene transcripts [83, 84]. These 
are important regulators of cellular processes involved in 
embryo implantation, as they play a vital role in controlling 
gene expression post-transcriptionally [85, 86]. About 2500 
mature miRNAs have been found so far, with many of those 
implicated in reproduction and pregnancy [87, 88]. Our ana-
lyzed data shows the list of miRNAs most common among 
the dysregulated mRNAs involved in RIF. miR-335-5p is 
the most prevalent miRNA, with 11 genes identified, includ-
ing GDF15, LIF, NTRK2, and PPP1R1A, involved in cel-
lular processes such as cell proliferation, differentiation, 
and apoptosis [89, 90]. Similarly, miR-26b-5p targets seven 
genes, including GADD45A and SRSF6, believed to be 
involved in the regulation of the MAPK and Ras signaling 
pathways [91]. In addition, miR-17-5p, miR-20a-5p, miR-
20b-5p, and miR-106b-5p are predictive to target CPT1A 
and CYBRD1, earlier studies have shown its involvement 
in myoblast differentiation [92, 93]. These miRNAs are also 
involved in the regulation of other genes, such as MUC17, 
SAMD12, and OPRK1, which are involved in cellular pro-
cesses, including cell adhesion, proliferation, and differen-
tiation. Interestingly, miR-124-3p targets IGFN1, which is 
involved in the regulation of the PI3K-Akt signaling path-
way [94] and NNMT, which is involved in the regulation of 
methylation status of histones and DNA [68, 95]. Hence, the 
dysregulation of miRNAs and their target genes can lead to 
defects in endometrial receptivity, resulting in the failure of 
embryo implantation in RIF patients [96, 97]. These findings 
highlight the potential miRNAs which can also be used as 
biomarkers for RIF diagnosis.

In conclusion, the molecular signatures identified in 
the endometrium could provide valuable insights into the 
pathogenesis of RIF and guide personalized treatment. Tran-
scriptomics, proteomics, and metabolomics are promising 
techniques that could help identify differentially expressed 
genes, proteins, and metabolites associated with RIF. Further 
studies are needed to confirm these findings. Nevertheless, it 
is crucial to recognize a limitation in this study: the selected 
samples, while representative of Recurrent Implantation 
Failure (RIF), were not compared to gene expression profiles 
associated with other pathologies causing infertility, such as 
endometritis or endometrial polyps. Despite this limitation, 
our study paves the way to create tailored medicines that 
could improve the chances of success in RIF patient.
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