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Endometriosis (EMs), one of the most common gynecological diseases,
seriously affects the health and wellness of women; however, the underlying
pathogenesis remains unclear. This study focused on dysregulated genes and
their predicted transcription factors (TFs) and miRNAs, which may provide ideas
for further mechanistic research. The microarray expression dataset GSE58178,
which included six ovarian endometriosis (OE) samples and six control samples,
was downloaded from the Gene Expression Omnibus (GEO) to identify
differentially expressed genes (DEGs). Gene Ontology (GO) enrichment and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were
performed to study the cellular and organism-level functions of DEGs. The
protein-protein interaction (PPIl) network was built and visualized using
Cytoscape, and modules and hub genes were explored using various
algorithms. Furthermore, we predicted miRNAs and TFs of hub genes using
online databases, and constructed the TF-miRNA-hub gene network. There
were 124 upregulated genes and 66 downregulated genes in EMs tissues. GO
enrichment analysis showed that DEGs were concentrated in reproductive
structure development and collagen-containing extracellular matrix, while
KEGG pathway analysis showed that glycolysis/gluconeogenesis and central
carbon metabolism in cancer require further exploration. Subsequently, HIF1A,
LDHA, PGK1, TFRC, and CD9 were identified as hub genes, 22 miRNAs and
34 TFs were predicted to be upstream regulators of hub genes, and these
molecules were pooled together. In addition, we found three key feedback
loops in the network, MYC-miR-34a-5p-LDHA, YY1-miR-155-5p-HIF1A, and
RELA-miR-93-5p-HIF1A, which may be closely related to OE development.
Taken together, our study structured a TF-miRNA-hub gene network to
decipher the molecular mechanism of OE, which may provide novel insights
for clinical diagnosis and treatment.
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Introduction

Endometriosis (EMs), which features the occurrence of
endometrial tissue in extra-uterine locations, is a common
benign gynecological disorder that presents in 6%-10% of
females of reproductive age (Taylor et al.,, 2021). Women with
EMs often experience dysmenorrhea, long-term pelvic pain, and
irregular menstruation, while over 50% are asymptomatic when
visiting the clinic for infertility (Saunders and Horne, 2021). In
addition, a higher prevalence of multi-systemic effects has been
observed in this population, and it has been reported that women
with EMs are more likely to develop cardiovascular diseases
(Okoth et al.,, 2021). Since the retrograde menstruation theory
was proposed in the 1920s, many other theories have emerged to
explain the development of EMs, including coelomic metaplasia,
metastasis, and altered cellular immunity (Burney and Giudice,
2012; Vercellini et al, 2014; Saunders and Horne, 2021);
however, the cause of this disorder remains elusive.

There are three major subtypes of EMs according to the
location of the lesion: superficial peritoneal, ovarian, and deep-
infiltrating EMs (Chapron et al,, 2019). Among them, ovarian
endometriosis (OE) is the most common, and clinicians often use
laparoscopic ovarian cystectomy as a treatment modality.
However, this inevitably reduces the ovarian reserve, which
affects patient fertility (Henes et al, 2018). In addition, the
high recurrence rate is an intractable problem, and there have
been reports of increased incidence of ovarian cancer in these
patients (Lu and Gao, 2021). OE induces considerable mental
stress and financial burden to many families, as well as social
problems. Due to the mystery surrounding the illness, the
etiology of OE has not been elucidated to date, early and
reliable molecular markers are lacking, and there are no
effective treatments, especially for those who want to have
children. Many patients experience years of lag between the
onset of OE and the presentation of symptoms until
diagnosis, which causes unnecessary suffering and consumes
significant public health resources (Husby et al, 2003).
Therefore, there is an urgent need to uncover the molecular
mechanisms of OE and explore effective prediction and
therapeutic targets with high sensitivity and specificity for
early detection and treatment, thereby improving patients’
quality of life and reducing corresponding expenses.

MicroRNAs (miRNAs)
consisting of 19-25 bases that regulate the expression of genes
by silencing them (Lu and Rothenberg, 2018). miRNAs are
widely involved in crucial physiological processes and are

are small non-coding RNA

closely related to pathological processes, such as oncogenesis
and metastasis (Vishnoi and Rani, 2017; Saliminejad et al., 2019).
Recently, researchers in various fields have considered miRNAs
as effective biomarkers for the occurrence and development of
diseases. Transcription factors (TFs) are a type of protein
complex that bind specifically to gene sequences, thereby
regulating their transcription; therefore, TFs are considered
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key participants in gene regulation (Pope and Medzhitov,
2018). Both TFs and miRNAs can influence the expression of
genes, and a comprehensive transcriptional regulatory network
between them is crucial for understanding physiological
processes and disease pathogenesis (Zhang et al., 2015). Ke
et al. (2021) constructed a TF-miRNA-mRNA network and
identified several genes and negative feedback loops that were
highly related to renal ischemia-reperfusion injury. Bo et al.
uncovered the underlying mechanism of myasthenia gravis and
predicted 21 potential drugs through the feed-forward loop
motif-specific subnetwork (Bo et al., 2021); however, there are
few systematic studies on the regulatory network in OE.

In the current study, bioinformatics analysis was performed
using public datasets, differentially expressed genes (DEGs) and
pathways involved in the molecular mechanism of OE were
identified. Moreover, we also constructed a TF-miRNA-hub
gene regulatory network to identify potential prognostic
markers and therapeutic targets of EMs as well as provide
new ideas for exploring the molecular mechanism, clinical
diagnosis and treatment of OE by revealing key molecules and
regulatory mechanisms.

Materials and methods
Data collection and processing

By searching the keyword, we collected the dataset
GSE58178 based on the GPL6947 platform
HumanHT-12 V3.0 expression beadchip) from the Gene
Expression Omnibus (GEO) database (http://www.ncbi.nlm.

(Illumina

nih.gov/geo/), six control samples and six OE samples were
involved. Raw data were downloaded and processed in R
(http://www.R-project.org/).

Selection of differentially expressed genes

The Limma package was employed to screen DEGs in the
expression matrix with [log fold change (FC)| >1 and adjusted
p-value < 0.05, as the threshold value. The ggplot2 and heatmap
packages were used to visualize DEGs: red dots indicate
upregulation and blue dots indicate downregulation in the
volcano plot; different colors in the heatmap represent the
trend of gene expression in different tissues.

Enrichment analysis of differentially
expressed genes

Gene Ontology (GO; http://geneontology.org) is a free

open database for gene function analysis and Kyoto
Encyclopedia of Genes and Genomes (KEGG; https://www.
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kegg.jp/) pathway enrichment is a practical resource for
studying cellular and organism level functional information.
The ClusterProfiler (Yu et al., 2012) package was used for GO
and KEGG analyses of DEGs, an adjusted p value <0.05 was
considered as a statistically meaningful threshold (P was set at
0.05 as the cutoff value for GO cellular component (CC) terms
and KEGG pathway analysis).

Construction of protein-protein
interaction network

A PPI network was built to identify potential interactions of
DEGs using the STRING online database (https://www.string-
db.org/). DEGs were uploaded and the parameters were set as
“Homo sapiens” with a combined score >0.4. Cytoscape 3.7.1
(https://cytoscape.org/) was utilized to visualize the PPI,
functional modules were explored using MCODE, and the
ClueGo plug-in was used for KEGG pathway annotation of
modules.

Identification of hub genes

It is found that the degree of a protein in the PPI network is
directly related to the importance of its gene, in other words,
nodes with a high degree tend to be critical genes (Chin et al.,
2014). CytoHubba is a plugin of Cytoscape, which consists of
several topological analysis algorithms, among which, we chose
Degree, MNC, and MCC to identify molecules in the central of
the network that are also the most important genes in the
regulation of disease. The top ten genes from the three
algorithms were selected, and a Venn diagram (https://
bioinformatics.psb.ugent.be/webtools/Venn/) was drawn to
identify the intersection as hub genes.

TF-miRNA-hub gene regulatory network
construction

miRWalk2.0 (Dweep and Gretz, 2015) is a comprehensive
analysis tool for target gene prediction, miRNA and gene
interaction, and target gene enrichment, which includes the
results of two target gene prediction databases: TargetScan and
miRDBand. MiRTarBase (Huang et al., 2022) is a database that
specifically collects miRNA-mRNA targeting relationships,
supported by experimental evidence. Online databases were
screened to predict miRNAs that target hub genes, and
miRNA-gene pairs that existed in the two databases were
retained for further analysis. As a database of transcriptional
regulatory relationships built from literature mining, TRRUST
(https://www.grnpedia.org/trrust/) contains comprehensive TF
and target-gene relationships. Transmir (version 2.0; http://
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www.cuilab.cn/transmir), a free public online tool for
investigating the regulation of miRNAs, was used to predict
upstream TFs. Consequently, all TFs, miRNAs, and hub genes
were uploaded to Cytoscape to structure a comprehensive TF-

miRNA-Hub gene regulatory network.

Results

Identification of differentially expressed
genes in ovarian endometriosis

Figure 1 illustrates the flow of the study. The dataset
GSE58178 was downloaded from GEO and analyzed in R
software. There were 190 DEGs between the control and OE
samples in total, with 124 upregulated and 66 downregulated,
these DEGs may be involved in the pathological processes of EMs
(Supplementary Table SI). Volcano plot and heatmap of DEGs
are shown in Figures 2A,B, respectively.

Gene Ontology and Kyoto Encyclopedia of
Genes and Genomes enrichment analyses
of differentially expressed genes

To further understand the function of DEGs, GO and KEGG
pathway enrichment analysis were performed to explore the pathways
involved and the biological significance related to OE. The biological
process (BP) terms were mainly enriched in reproductive structure
development, reproductive system development, hormone metabolic
processes, and collagen metabolic processes (Figure 3A). The cellular
component (CC) terms were mostly involved in collagen—containing
extracellular matrix (Figure 3C). Molecular function (MF) analysis
demonstrated that the enriched candidates included extracellular
structural activity,
exogenous protein binding (Figure 3E). The candidate genes for

matrix constituents, virus receptor and
each term were visualized using the cnetplot package in R (Figures
3B,D,F). The top three KEGG pathways were associated with
glycolysis/gluconeogenesis, central carbon metabolism in cancer,
and the HIF-1
candidates in each pathway were also shown using the heatplot
package (Figures 4A,B). Taken together, these results imply that

DEGs are closely associated with tissue remodeling, migration, and

signaling pathway, and the corresponding

invasion of lesions.

Protein-protein interaction network
construction and module analysis

The PPI network was built by uploading DEGs to STRING, and
visualization was performed using Cytoscape. In PPI network, the
color of a node depends on its degree; the darker the color, the
higher the connectivity, which also indicates the importance of the
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FIGURE 1
The flow chart of the study.
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FIGURE 2

tissues.

Identification of DEGs Associated with OE. (A) the volcano plot of DEGs, red dots indicate upregulated genes and blue dots indicate
downregulated genes in OE tissue. (B) the heatmap of DEGs, different colors in the heatmap represent the trend of gene expression in different
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node in the network (Figure 5). Using the MCODE plugin, we
found a key module with seven nodes (HIF1A, HK2, LDHA,
PGAM4, PGK1, TXNRD1 and PGAMI) and 18 edges, the
clustering score was 6.0 (Figure 6A). KEGG pathway analysis
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showed that genes in the module were enriched in glycolysis/
HIF-1 signaling pathway, central carbon
metabolism in cancer, and glucagon signaling pathway
(Figure 6B). The PPI network illustrated the interactions between

gluconeogenesis,
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FIGURE 3

GO Functional Annotation Analysis. The GO analysis displayed top five enriched terms about BP, CC and MF. (A), (C), and (E). dot plot for BP, CC,

MF enrichment analysis of DEGs. (B), (D), and (F). the relationship between DEGs and each term. MF, molecular function; BP, biological process; CC,
cellular component.

DEGs, and the enrichment results of the key modules were similar and CD9 (Figure 7A), all of which were upregulated in OE tissues
to those of the DEGs. compared with the control. To further decipher the potential
molecular mechanisms of EMs, we constructed a TF-miRNA-

hub gene network. Through the analysis of the TRRRUST

Hub genes identification and regulatory database, a total of 34 upstream TFs were predicted, in which
network construction one of the hub genes, HIF1A, was also a TF that could activate the
transcription of LDHA, TFRC, and PGKI, and negatively self-

Based on the cytoHubba plugin of Cytoscape, we identified regulate (Uchida et al., 2004). Among the identified TFs, MYC
five hub genes in the PPI network: HIF1A, LDHA, TFRC, PGK1, regulated PGK1, TFRC, and LDHA, whereas YY1 and VHL were
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KEGG Pathway Enrichment Analysis. (A) bar plot for KEGG pathway enrichment of DEGs. (B) the relationship between DEGs and each pathway.

regulators of both TFRC and HIF1A (Figure 7B). Apart from
TFs, we also predicted 22 miRNAs that targeted hub genes by
searching miRWalk2.0 and miRTarBase, CD9 were excluded
from the network because it had no predicted miRNAs that
were supported by two databases. HIF1A had the most targeting
miRNAs, while PGK1 only had one (Figure 7C). Subsequently,
the TF-miRNA-hub gene network was built on the above analysis
and was presented in Figure 7D: miR-155-5p had the highest
node degree of interaction, with one target and eight TFs;
followed by miR-17-5p, miR-20-5p, miR-34a-5p, and miR-93-
5p, with one target and seven TFs. Moreover, we also found three
regulatory axes, MYC-miR-34a-5p-LDHA, YY1-miR-155-5p-
HIF1A, and RELA-miR-93-5p-HIF1A, which may be involved
in OE development. These genes, TFs, and miRNAs interact with
each other to mediate OE progression. Detailed information on
TFs and miRNAs in the network is listed in Supplementary
Table S2.

Discussion

As an estrogen-dependent inflammatory gynecological
disease, OE has a variety of adverse effects on women, and for
infertile patients seeking assisted reproductive technology (ART)
therapy, it may also affect egg quality and embryo implantation,
and lead to miscarriage (Harb et al.,, 2013; Sanchez et al., 2017),
which creates a great economic and psychological burden on the
family. Due to the high risk of recurrence and carcinoma
development (Kajiyama et al., 2019; Wattanayingcharoenchai
et al., 2021), it is essential to unravel the specific genes and their
regulatory molecules, as well as functional pathways that mediate
the changes in their biological processes, thereby potentially
improving the clinical management of the disease.

Although tremendous efforts have been made in the past
few years to provide new insights into the possible
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mechanisms of EMs, most studies have concentrated on
illuminating the molecular mechanisms associated with
protein-coding genes. Recently, miRNAs were considered to
play a key role in the biological process of EMs, and TFs were
also thought to be closely associated with the development of
the disorder (Aznaurova et al., 2014; Nasu et al., 2022), but the
regulatory network of these molecules has been less studied in
OE. Zhao et al. (2018) established concomitant miRNA-TF-
gene regulatory network in their study, 107 differentially
expressed miRNA and 6,112 DEGs was screened and
included in the next regulatory network analysis. While in
our study, instead of put all the DEGs in the network, we used
three topological analysis method (degree, MNC, MCC) to
identify molecules in the central of the network that are also
the most important genes in the regulation of disease, and then
analyzed the interactions and regulations between the five hub
genes and their upstream miRNAs and TFs. We believe that
this analytical process is able to reveal those molecules that
really play a crucial role in the regulatory mechanisms of
diseases. Consequently, we identified three key motifs that
might aid in revealing the underlying pathogenesis of OE,
although further experimental validation of these results is
needed in the future.

In GO function analysis, the DEGs were involved in
“reproductive structure development,” “collagen-containing
extracellular matrix, and “extracellular matrix structural
constituent,” which explains the properties of EMs adhesion
and invasion outside the uterine cavity (Malandrino et al,
2018). In KEGG pathway analysis, the top three pathways

» «

were “glycolysis/gluconeogenesis,” “central carbon metabolism
in cancer,” and “HIF-1 signaling pathway,” the former two
pathways are essential for cellular processes, because they are
energy providers (Wong et al., 2017), while the latter pathway is a
well-known signaling pathway involved in many physiological

and pathological processes in the body and is reportedly
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FIGURE 6
(A). Module in MCODE analysis, the clustering score was 6.0. (B). KEGG pathway analysis of the module.

associated with EMs (Zhou et al., 2018). Exotic lesions are demand, and can maintain cell survival under hypoxia by
exposed to a unique peritoneal microenvironment and inducing angiogenesis and regulating the metabolic adaptation
hypoxic conditions induce steroids and angiogenesis, state of cells (Pugh and Ratcliffe, 2003). Recent studies have
mediating inflammatory responses and immunosuppression. demonstrated a relationship between hypoxia and EMs, which
Abnormally active intracellular glycolysis and increased lactate may increase lesion adhesion, cause inflammatory cytokine
production are key steps in promoting the occurrence and production, and suppress the immune response (Li et al.,
development of EMs. Their functions should be further 2021a). Therefore, HIF1A has been recognized as a promising
investigated as potential therapeutic targets for OE. therapeutic target, and several small-molecule compounds have

Five DEGs in the OE group were identified as hub genes. been identified (Ma et al., 2021). LDHA, a rate-limiting enzyme
HIF1A is a major modulator that balances oxygen supply and in glycolysis, mediates immune escape by regulating lactate
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production, promotes cell proliferation, is highly expressed in
various cancers, and has been implicated in the progression
and prognosis of the OE (Feng et al., 2018). A previous study
confirmed that LDHA inhibits apoptosis and promotes
migration of endometrial cells; thus, it may be closely
related to the development of EMs (Zheng et al., 2021).
PGK1 is a key enzyme regulating ATP production in
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glycolysis and is involved in many signaling pathways as
an oncogene, of which the HIFa-PKG1 signaling pathway
can mediate epithelial-mesenchymal transition, while the
MYC-PGKI axis accelerates the production of lactate and
ATP and promotes cell proliferation and metastasis (He
et al.,, 2019). These genes are critical for the regulation of
glycolytic metabolism in EM tissues, and drugs targeting
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these genes may exert therapeutic effects by lowering cell
survival rates, which may be an effective non-hormonal
treatment option.

Intracellular iron is also involved in oxygen transport,
energy metabolism, and other biological processes. Large
amounts of iron promote the proliferation and metastasis of
cancer cells (Pu et al., 2022). However, excessive iron
concentrations produce excessive reactive oxygen species
(ROS), resulting in ferroptosis. Abnormal expression of
TFRC, a crucial player in iron metabolism, has been
verified in various cancers (Shen et al., 2018) and reported
to be over-expressed in peritoneal fluid of women with EM
(Lietal., 2021b). Liet al. (2021c¢) reported that erastin could
activate ferroptosis in ectopic endometrial stromal cells
(EESC), and then induce EESC death, which may be a
novel therapeutic strategy for treating EMs. A recent
study showed that ferroptosis may induce VEGF and IL-8
secretion and promote angiogenesis of the lesion (Li et al.,
2022). These studies suggest the double-edged sword of
ferroptosis in EMs, and how to balance and utilize the
important role of iron overload requires further study for
the development of targeted therapies.

CD9 belongs to the tetraspanin superfamily. Apart from a
variety of biological activities, such as signal transduction,
inflammation regulation, and cell adhesion, CD9 is reportedly
involved in the oncogenesis and metastasis of cancer (Brosseau
et al, 2018). It is also a favorable prognostic predictor and
potential therapeutic target (Lorico et al, 2021). A study
comparing stromal stem cells (menstrual blood-derived) from
females with EMs and non-EMs found higher CD9, CD10, and
CD29 expression levels in women with EMs (Nikoo et al., 2014),
suggesting that EMs share the same properties as tumor cells,
namely the invasive growth of diseased tissue. Similar to the
results in our study, the upregulation of the surface marker
CD9 could be used as an effective auxiliary detection method
for the diagnosis of EMs in the future. Given that there is no
effective cure for OE, these small molecules are expected to be
potential therapeutic targets for the development of drugs that
inhibit the invasive growth of ectopic tissue outside the uterus,
thereby treating the disease and alleviating the suffering of
patients.

Gene expression is precisely regulated by specific TFs.
Herein, we predicted several TFs that may be associated with
the pathology of OE. JUN and USF2 are associated with
aromatase expression and activity, which have been used as
drug targets for the treatment of EMs (Utsunomiya et al,
2008; Yu et al.,, 2008). SP1 and MYC are well-known cancer
regulators, which have been reported to be highly expressed in
diseased tissues (Proestling et al., 2015; Shen et al., 2020). NFKB
and RELA both belong to the NF-kB signaling pathway, which
can activate pro-inflammatory, proliferative, and anti-apoptotic
genes, and they have also been confirmed to be related to the
development of EMs (Kaponis et al., 2012). The functions of
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other factors, such as LIMD1, KLF5, HDAC7, MITF, and ZEP36,
in OE remain unclear and require further exploration. miRNAs
have entered the horizon as potential diagnostic markers for
diseases, and circulating miRNAs in plasma and serum are
recommended as non-invasive biomarkers for EMs. Many
miRNAs have been found to be differentially expressed
between EMs and healthy tissues, including miR-138, miR-
199-5p, miR-20a, miR-34c, and miR-449 (Bjorkman and
Taylor, 2019; Vanhie et al, 2019; Maier and Maier, 2021),
which is consistent with our prediction and confirms the
reliability of our study. Additionally, our study identified
several miRNAs, whose association with EMs has not been
previously reported in relevant studies. For instance, miR-502-
3p was reported as a tumor suppressor, and its overexpression
inhibits the proliferation and differentiation of gallbladder tumor
cells (Li et al, 2020). Knockdown of miR-93-5p reportedly
suppresses carcinoma of the head and neck and tumor
angiogenesis, migration, and invasion (Zhang et al, 2020).
of miR-485-5p  negatively
respiration and inhibits the
metastasis of breast cancer cells in vivo (Lou et al., 2016).

Overexpression regulates

mitochondrial spontaneous
Therefore, we hypothesized that the abnormal expression of
these miRNAs may mediate angiogenesis, cell proliferation,
and metastasis of endometriotic lesions, which are part of the
epigenetic mechanisms underlying the pathogenesis and
development of OE.

miRNAs and TFs share common targets and interact with
the TF-miRNA-hub gene
regulatory network was constructed and three key motifs
were identified: MYC-miR-34a-5p-LDHA, YY1-miR-155-
5p-HIF1A, and RELA-miR-93-5p-HIF1IA. The three
miRNAs in the motifs were downregulated in EMs tissues
and contributed to the upregulation of HIF1A and LDHA, the
functions of which are discussed above (Lv et al., 2015;
Nisenblat et al., 2016; Rezk et al, 2021). In addition,
MYC negatively
expression of miR-34a-5p

one another. Consequently,

studies have
the
myeloma (Xiao et al, 2019), and YY1 levels are inversely
related to miR-155 in atherogenesis (Tian et al., 2014). miR-

155 may serve as a biomarker in multiple diseases; it is

previous reported that

regulates in multiple

overexpressed in hepatocellular carcinoma (Mohamed et al.,
2020) and is closely related to Helicobacter pylori infection and
the prognosis of gastritis (Oana et al., 2022). Moreover, miR-
155 was differentially expressed in patients with EMs, and as a
noninvasive predictor of MEs, it is worth exploring in the
future. Here, we speculate that these regulators function to
explain the underlying pathogenesis of OE: TF negatively
regulates the expression of miRNAs, and the reduction of
miRNAs results in the loss of repression of downstream target
genes, which increases their expression, which in turn
activates various pathways, such as the HIF-1 signaling
pathway, glycolysis, and ferroptosis, described above. This
regulatory series alters the cell metabolism and micro-
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environment that are closely related to OE occurrence. In
summary, these positive-feedback loops may be correlated
with pathogenesis and show promise as new targets of OE.
However, further experimental studies are required to validate
these findings in the future.

There exited some limitations of our study, firstly, we only
use a single dataset and the number of sample size was too limited
to strengthen the reliability of our results, secondly, no
experimental validation was conducted since the OE samples
cannot be obtained in our center, we will perform further study
once we collected samples from gynecology department in the
future.

Conclusion

Taken together, using bioinformatics analysis, we identified
several key genes related to steroid metabolism, hypoxia, and cell
growth regulation that might play a crucial role in OE. By
building the TF-miRNA-hub gene regulatory network, our
research confirmed and significantly extended the findings of
previous studies by identifying key miRNAs and TFs associated
with OE development, which has important clinical significance
for the in-depth understanding of OE, as well as exploring new
therapeutic directions.
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