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Simple Summary: RNA sequencing of the human endometrium and myometrium during normal
menstruation and in gynecological disorders including endometriosis, adenomyosis, fibroids, and
recurrent pregnancy loss has proved instrumental in advancing our understanding of the cellular com-
plexity and dynamics that underlie these processes. Through the use of single-cell RNA sequencing,
the field has uncovered multiple novel endometrial cell subpopulations that include immune cells,
epithelial cells, and stem/progenitor cells that work in synchrony to coordinate the menstrual cycle
and blastocyst implantation, and whose aberrant activity likely helps explain the aforementioned
pathological states, which may aid in development of novel therapeutic interventions. In this review,
we summarize recent advances in RNA biology pertaining to understanding the uterus through
its transcriptome.

Abstract: In recent years, transcriptomics has enabled us to gain a deeper understanding of funda-
mental reproductive physiology, including the menstrual cycle, through a more precise molecular
analysis. The endometrial mRNA transcript levels fluctuate during the normal menstrual cycle, indi-
cating changes in the relative recruitment and abundance of inflammatory cells, as well as changes in
the receptivity and remodeling of the endometrium. In addition to providing a more comprehensive
understanding of the molecular underpinnings of pathological gynecological conditions such as
endometriosis, leiomyomas, and adenomyosis through RNA sequencing, this has allowed researchers
to create transcriptome profiles during both normal menstrual cycles and pathological gynecological
conditions. Such insights could potentially lead to more targeted and personalized therapies for
benign gynecological conditions. Here, we provide an overview of recent advances in transcriptome
analysis of normal and pathological endometrium.

Keywords: transcriptomics; leiomyomas; fibroids; endometriosis; mRNA; microRNA; RNA sequencing

1. Background

The human endometrium is a dynamic tissue that undergoes repeated growth and
regression with each menstrual cycle [1,2]. Structurally, the endometrium consists of
a rich supply of microvasculature derived from myometrial arcuate arteries dividing
into feeding radial arteries that give rise to spiral arterioles supplying the functional
layer of the endometrium [3]. Underlying this functional layer is the basal layer, where
endometrial glands are surrounded by dense stroma, and where adult stem/progenitor
cells lie, contributing to endometrial regeneration [4]. Estrogen and progesterone act
through nuclear receptors to effect changes on gene expression in the endometrium, most
notably including estrogen-mediated mucosal proliferation during the proliferative phase
of the menstrual cycle, and progesterone-mediated, prostaglandin E2 (PGE2)-dependent
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decidualization of endometrial stroma, preparing the endometrium for implantation during
the secretory phase of the menstrual cycle [5,6].

Menstrual blood is a valuable source for obtaining mesenchymal/stromal stem cells
which have a strong potential for self-renewal, high rates of proliferation, pluripotency,
migratory and immunomodulatory activities under inflammatory, tumor, and tissue-injury
conditions [7,8]. Due to the diverse clinical applications, menstrual mesenchymal cells have
gained prominence since their discovery in the past two decades in different gynecologi-
cal diseases.

Simultaneously discovering these progenitor cells, several approaches such as ge-
nomics, epigenomics, transcriptomics, and proteomics have been applied to better un-
derstand physiologic and pathologic conditions associated with human endometrium.
The new ‘–omics’ technology has emphasized understanding and characterizing ways
to identify the transcriptomic physiological profile in each menstrual cycle [9], assessing
endometrial profiles of fertile patients, i.e., endometrial receptivity window [10], and those
with infertility or recurrent implantation failure [11,12]; and finally, comparisons of profiles
between healthy women and women with endometrial pathologies such as endometriosis,
adenomyosis, and endometrial cancer [13–15].

For this article, we performed an extensive literature review using the PubMed MED-
LINE database using relevant search terms that included “transcriptome”, “transcrip-
tomics”, “RNA”, “RNA sequencing” “microRNA”, “menstrual cycle”, “endometriosis”,
“leiomyomas”, “fibroids”, “adenomyosis”, “recurrent implantation failure”, and “gyneco-
logical”. Additional relevant articles have been added during the revision process according
to expert reviewer feedback.

2. Microarrays and RNA-Sequencing

Microarray-based gene expression technology which allows parallel evaluation of
the expression of numerous genes has been one of the most commonly used tools for
transcriptome analysis. Endometrial transcriptomics has been applied to many aspects of
endometrial physiology and pathophysiology, including the normal menstrual cycle [16,17].
While any given study provides numerous candidate genes to explore, the number of genes,
which have been identified in more than one study as potential biomarkers in endometrial
physiology and pathophysiology, has remained somewhat limited. This can be attributed
to the variation in experimental design, timing and procedures of endometrial sampling,
selection criteria of patient and control groups, and strategies used for data processing [18].

Most transcriptome analyses have utilized biopsies of entire endometrial tissue con-
taining different cell types. Therefore, the measured mRNA abundance represents an
average of all cell types present. In addition to microarrays, there is the emerging alterna-
tive of RNA-seq, in which all RNAs are sequenced and most of the genes being expressed
can be revealed. RNA-seq technology identifies more exons and alternative splicing events
than microarray because it is entirely independent of prior knowledge. Microarrays usually
fail to pick up an average of 25% of low-expression genes, but such low-abundance tran-
scripts are detected in RNA-seq reads [19]. Previous studies noted that single-cell RNA-seq
has other utilities such as (i) detecting cell-to-cell variability and mapping possible sub-
populations [20], (ii) discovering possible rare cell types [21], and (iii) studying clinically
relevant but rare endometrial adult stem cells [22]. Single-cell RNA-seq is considered
a novel and promising approach to endometrial expression studies with an enormous
potential for discoveries and an improved understanding of basic mechanisms governing
tissue function.

3. Endometrial Transcriptome and the Normal Menstrual Cycle
3.1. Menstruation

The onset of the menstrual period corresponds to the first day of the cycle, usually
lasting for 3–5 days. This phenomenon is associated with the separation of the functional
layer of the endometrium due to a sharp drop in the levels of sex hormones [23].
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The menstrual period is a physiological state in which significant changes occur at
the transcriptomic level. The principal processes involved are tissue interruption and
apoptosis. Analysis of temporal gene expression patterns has shown a peak in the ex-
pression of the genes associated with apoptosis, inflammation, signal transduction, tran-
scription, and DNA repair [24]. These comprise natural cytotoxicity-triggering receptor
3 (NCR3) [25], Wnt family members (Wnt5a and Wnt7a) [25] and the family of matrix
metalloproteinases (MMPs) [24].

NCR3, first reported by Ponnampalam et al. [9], is increased towards the late-secretory
phase and was sustained in the menstrual phase. Subsequently, its level decreased in the
proliferative phase. This gene also plays a prominent role in the inflammatory response in
the recognition of no-HLA ligands by natural killer (NK) cells [26]. NCR3 is activated by the
presence of NK cells and mimics the expression profile of NK cells in the endometrium [9].
Wnt5a and Wnt7a are two significant genes associated with that stage and belong to the
Wnt pathway; their increased expression level during the menstrual phase diminishes
in the proliferative phase, probably due to an increase in the expression of specific Wnt
inhibitors. Furthermore, it has been revealed that these genes are also most important in
uterine glandular development [27].

MMP gene expression begins to surge toward the late secretory phase before falling
back to low levels in the late proliferative phase [25]. MMPs are mainly involved in
tissue desquamation [28]. This profile has been observed for MMP1, -3 and -10, which
are up-regulated in the menstrual compared to the proliferative phase. On the contrary,
endometase (MMP26) has an increased expression in the proliferative phase, probably due
to the tissue remodeling occurring during this phase [25].

Other genes identified in the premenstrual phase with high expression levels are
protease-activated receptor type 1 (F2R (PAR-1)) and lysyl oxidase (LOX) [24]. The thrombin
receptor (PAR-1) is responsible for facilitating many cardiovascular system functions, and
it is positioned on the surface of endothelial cells and platelets. PAR-1 activation can
result in platelet aggregation, vascular smooth muscle mitogenesis and vasoconstriction.
It was also revealed that PAR-1 plays an important role in the events preceding and is,
at least to some extent, accountable for menstrual bleeding [24]. On the other hand, the
LOX gene encodes an amino oxidase, which is vital for collagen deposition procedure and
many wound-healing-related functions; thus, it is probable that it plays a prominent role in
endometrial repair [24].

3.2. Proliferative and Secretory Phases

Microarray analysis has been used to study several genes, including CCL18, MT2A,
F2RL2, PLIN2, and TGFB2, whose expressions are increased during the early proliferative
phase. These genes are needed to regenerate the functional endometrial layer after menstru-
ation [29]. Expression of genes involved in cell renewal processes such as cell proliferation,
cell survival, and regulation of differentiation (such as IHH, SERP4, PGR, SNRD14E, and
GSTM1) is increased during the mid-proliferative phase [29]. During the late proliferative
phase, the upregulation of AGTR2, HMGIC, C9orf131, SNORA23, and CRIM1 genes is
linked with inhibition of the cell growth, extracellular matrix remodeling, and cellular
differentiation [30]. However, Petracco et al. discovered low expression levels of genes that
are associated with NK cell function, such as KIR2DL3 and KLRC3, in the late proliferative
phase, highlighting a diminished immune response in phase of the cycle, which happens to
favor embryo implantation [29]. Furthermore, genes involved in tissue remodeling (MMP26
and TFF3), cell differentiation (HOXA10 and HOXA11), vasculogenesis (GJB6, HOXB7, and
sFRP), and angiogenesis (CXCR4, CDH5, ENG, and PECAM1) are increasingly expressed
during the proliferative phase [25]. Figure 1A displays representative gene cluster profiles
(non-exhaustive list) across the menstrual cycle. Wang et al. provided a transcriptomic
atlas of the human endometrium during the menstrual cycle, which scientists can use to
ask a myriad of questions related to menstrual physiology (see NCBI’s Gene Expression
Omnibus series accession code GSE111976) [31].
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Figure 1. Changes in gene expression profiles in the endometrium across the menstrual cycle. (A) 
During the secretory phase and during menstruation, genes related to apoptosis, inflammation, sig-
nal transduction, transcription, DNA repair, and extracellular matrix remodeling are upregulated. 
During the early proliferative phase, genes needed for the regeneration of the endometrial func-
tional layer after menstruation are upregulated. Gene expression involved in cell renewal processes 
such as cell proliferation, cell survival, and regulation of differentiation are upregulated in the mid-
proliferative phase. Finally, in the late proliferative phase, genes linked with inhibition of the cell 
growth, extracellular matrix remodeling, and cellular differentiation are upregulated. (B) Single-cell 
RNA sequencing (scRNA-seq) of endometrial tissue components across the menstrual cycle re-
vealed characteristic and cell type-specific changes in gene expression related to the proliferative 
and secretory phases of the cycle. VSMC, vascular smooth muscle cell. Heat map: red represents 
relatively increased gene expression and blue represents relatively decreased gene expression. The 
X axis is relative time across the menstrual cycle, and the Y axis is discrete genes. 

  

Figure 1. Changes in gene expression profiles in the endometrium across the menstrual cycle.
(A) During the secretory phase and during menstruation, genes related to apoptosis, inflammation,
signal transduction, transcription, DNA repair, and extracellular matrix remodeling are upregulated.
During the early proliferative phase, genes needed for the regeneration of the endometrial functional
layer after menstruation are upregulated. Gene expression involved in cell renewal processes such
as cell proliferation, cell survival, and regulation of differentiation are upregulated in the mid-
proliferative phase. Finally, in the late proliferative phase, genes linked with inhibition of the cell
growth, extracellular matrix remodeling, and cellular differentiation are upregulated. (B) Single-
cell RNA sequencing (scRNA-seq) of endometrial tissue components across the menstrual cycle
revealed characteristic and cell type-specific changes in gene expression related to the proliferative
and secretory phases of the cycle. VSMC, vascular smooth muscle cell. Heat map: red represents
relatively increased gene expression and blue represents relatively decreased gene expression. The X
axis is relative time across the menstrual cycle, and the Y axis is discrete genes.
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Next-generation sequencing has also studied the profile of the gene expression of
endometrial tissue during the secretory phase [32]. Regarding the particular changes in the
transcriptional profiles of each cell type residing in the endometrium, it has been shown
that there is an abrupt change in the transcriptomic profile of the unciliated epithelia
in the secretory phase (increased expression of PAEP, GPX3, and CXCL14). In contrast,
stromal cells display a more continuous phase transition (increased expression of DKK1
and CRYAB).

3.3. Single-Cell Transcriptomics throughout the Menstrual Cycle

Advancements in single-cell transcriptomics have allowed us to characterize unique
changes in individual endometrial cell types that work in synchrony to regulate the men-
strual cycle. In effort to characterize the normal menstrual cycle in a group of 19 healthy
ovum donors, Wang et al. [31] analyzed transcriptome profiles from endometrial biopsies
with single-cell resolution. These investigators grouped cells into categories based on canon-
ical markers: stromal fibroblasts, endothelial cells, macrophage, and lymphocyte. Beyond
this, they identified two subtypes of epithelial cells, including ciliated and non-ciliated
cell populations. For instance, while stromal fibroblasts upregulate genes such as FOXO1
and IL15 in promotion of decidualization, luminal epithelial cells alter their expression of
proliferation-associated genes from the proliferative phase to the secretory phase. Each
cell type displays a unique and typical pattern of transcriptome-wide gene expression that
fluctuates during the menstrual cycle in concert to promote normal endometrial physiology.
Moreover, Wang et al. [31] determined based on cell markers that vascular smooth muscle
cells display characteristic stem/progenitor cell features. Overall, this study showed that
single-cell transcriptomics is a useful tool for identifying important intracellular signaling
pathways activated with temporal and cell type-specific resolution. This technology can
also be used to discover novel cell types based on divergent transcriptome signatures
among neighboring cells within a given tissue.

Complementing these data, Garcia-Alonso et al. [33] performed single-cell RNA se-
quencing (scRNA-seq) and single-nucleus RNA sequencing (snRNA-seq) on endometrial
biopsies from live subjects or whole endometrium attached to underlying myometrium
from deceased subjects who died of non-gynecological causes. They discovered similar
clustering of genes as did Wang et al. [31], defining distinct cell populations that fall into
epithelial, stromal, immune, supporting, and endothelial classes. They further parsed ge-
netic changes that occur during the proliferative and secretory phase of the menstrual cycle
by cell type, identifying various patterns, such as epithelial subtypes that preferentially
express SOX9 and LGR5 in the proliferative phase, while representing other clusters of
genes in the secretory phase to promote glandular secretions. Finally, Garcia-Alonso et al.
determined transcriptional changes in individual cell types in an endometrial organoid
model exposed to estrogen and progesterone and discovered key differences in transcrip-
tion factor responses among different cell types. This study demonstrates the power of
such organoid models in enhancing our understanding of tissue physiology with single-cell
precision, and this is shown schematically in Figure 1B.

4. Endometrial Transcriptome in Endometriosis

Evidence has now started to accumulate supporting the role of the endometrial tran-
scriptome in endometriosis development, maintenance, and progression. Extensive studies
have attempted to examine the genetic makeup of the eutopic endometrium in women
with endometriosis and explore its unique expression patterns compared with those of un-
affected women. Using global messenger RNA (mRNA) sequencing, Zhao et al. pioneered
a genome-wide gene expression profiling of the eutopic endometrium of women with
endometriosis and discovered 72 differentially expressed genes thought to be implicated
in core disease processes [34]. For instance, overexpression of genes involved in stromal
invasion (matrix metalloproteinase (MMP)-11), estrogen-mediated endometrial prolifera-
tion (FOS), dysregulated fibrinolysis (SERPINE1), and angiogenesis (vascular endothelial



Biology 2023, 12, 634 6 of 16

growth factor (VEGF) A) were noted in their study, with the former three potentially
representing novel biomarkers of the disease [34].

Likewise, a systematic review by May et al. compiled the results of 182 studies elu-
cidating the endometrial differences in women with endometriosis and evaluating their
candidacy as putative disease biomarkers [35]. The expression of various molecules has
been shown to either increase or decrease in endometriosis, including cytokines, growth
factors, angiogenic factors, reactive oxygen species, and many other mediators involved
in apoptosis, tissue remodeling, and endometrial hormone regulation. For example, inter-
leukin (IL)-8 and its receptor, which are engaged in chemoattraction, lesion growth, and
angiogenesis, were determined to be overexpressed in endometriosis [36,37]. Likewise,
elevated levels of miRNA of the chemokine Regulated upon Activation, Normal T-cell
Expressed and Secreted (RANTES) were present in the secretory endometrium of women
with endometriosis [38]. Several genes involved in mitosis and proliferation, and typically
downregulated in the secretory endometrium of unaffected women, are upregulated in
that of women with endometriosis, indicating a preferential tendency for endometrial cells
in affected women to replicate even outside the proliferative phase [39].

Progesterone resistance is increasingly recognized as an inherent feature of endometrio-
sis, and this correlation with disease pathogenesis has been evidenced to exist on genetic
grounds [36]. Under physiological conditions, progesterone mediates direct inhibition of
estrogen-induced DNA synthesis through downregulation of genes linked to DNA replica-
tion, primarily those from the minichromosome maintenance (MCM) family [39]. Burney
et al., in their global gene expression analysis, showed an upregulation of all genes in that
family in the early secretory endometrium in women with endometriosis, suggesting the
persistence of proliferative characteristics in the endometrium of women with endometrio-
sis that would typically transition to a differentiated state in an otherwise progesterone
responsive state [39].

While most studies have examined the transcriptome of the eutopic endometrium
in women with endometriosis, Ahn et al. studied the molecular profile of the ectopic
endometrium, i.e., endometriotic lesions, from an inflammation and immune dysregula-
tion perspective [40]. They concluded that genes encoding for several proinflammatory
cytokines and receptors were significantly overexpressed in the ectopic lesions compared
with both matched eutopic endometrium and control endometrial tissue. Similarly, genes
closely linked to leukocytes and antigen-presenting cells, such as CD4, CD45R0, CD8A,
CD40, and HLA, were overexpressed in ectopic lesions, which is consistent with the marked
infiltration of these lesion by inflammatory cells [36,40].

Conversely, multiple studies have failed to identify consistent differences in the genetic
makeup and gene expression of the endometrium of women with endometriosis compared
to women without it [41,42]. In addition, if discovered, these differences may be cycle-
dependent rather than disease-specific [43]. Fassbender et al., for instance, performed a
combined mRNA and proteomic analysis of the eutopic endometrium in women with
and without endometriosis and concluded that mRNA expression is comparable between
the two groups; however, it was differentially expressed for 925 genes in women with
endometriosis and for 1087 genes in women without the disease during menstruation
compared with the early secretory phase [43]. Nevertheless, the authors acknowledge that
including women with other gynecologic disorders, such as uterine fibroids, ovarian cysts,
and hydrosalpinges, in their control group may have contributed to the lack of significant
differences between cases and controls. From another clinically important perspective,
their analysis guided in stratifying disease severity into minimal–severe, minimal–mild,
and moderate–severe endometriosis utilizing five selected peptide peaks [43].

5. Endometrial Transcriptome in Recurrent Implantation Failure

Notable changes in the endometrial transcriptome have been demonstrated in patients
with recurrent implantation failure, and those have been largely studied in association with
endometriosis. Recipients of oocyte donation with recurrent implantation failure have been
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shown to have an intrinsically defective endometrial gene expression impeding successful
implantation [44]. Some of these abnormally expressed genes include those encoding for
C4b-binding protein (C4BP), glycodelin or progestogen-associated endometrial protein
(PAEP), MMP7, and CXC chemokine receptor-4 (CXCR4) [44]. For example, in women
who achieve spontaneous pregnancy, C4BP may exhibit inhibitory functions on the clas-
sical complement pathway, conferring protection against complement-mediated embryo
attack [44]. This protein has in fact been shown to be downregulated in the receptive phase
of women with endometriosis, possibly contributing to their infertility [45].

Glycodelin has been shown to exhibit embryo protective functions through immuno-
suppression and inhibition of NK cell activity [44,46], and its diminished endometrial
expression may hence result in a heightened state of immunosurveillance that is determi-
nantal to embryo viability. Endometrial CXCR4, on the other hand, possesses lymphocyte
chemotactic properties and facilitates blastocyst adhesion during human implantation,
and its expression levels in the human endometrium may therefore dictate trophoblast
invasion and maintenance of pregnancy [44,47]. Kao et al. aimed in their study to reveal
candidate genes implicated in endometriosis-associated implantation failure and infertility
and were able to identify three gene clusters. The first cluster included genes normally up-
regulated during the implantation window. However, it is downregulated in women with
endometriosis (e.g., IL-15, glycodelin, proline-rich protein, B61, and N-acetylglucosamine-
6-O-sulfotransferase (GlcNAc6ST)), whereas the second cluster comprised genes that are
conversely downregulated during the normal implantation window but upregulated in
endometriosis (e.g., semaphorin E, neuronal olfactomedin-related endoplasmic reticulum
localized protein mRNA, and Sam68-like phosphotyrosine protein α). Lastly, the third
group included a single gene, neuronal pentraxin II, commonly downregulated during the
implantation window and further so in endometriosis [45]. The constellation of these dif-
ferential gene expression in the eutopic endometrium of women with endometriosis render
it an inhospitable milieu for embryo survival through mechanisms that are not restricted to
direct embryo toxicity, immune dysregulation, exaggerated inflammatory responses, and
enhanced apoptosis. In addition, GlcNAc6ST and olfactomedin-related protein may impair
the tethering and attachment of the embryo as it adheres to the endometrium [45].

Elucidating maternal–fetal communication at the level of the decidua in early preg-
nancy will likely prove instrumental in understanding how normal implantation occurs
and why some women experience recurrent implantation failure. Using scRNA-seq, Vento-
Tormo et al. [48] first identified the different cell types at the maternal–fetal interface from
five human placentas at 6–14 weeks of gestation. They identified perivascular cells lo-
cated in spiral arteries as well as immune cells including CD8+ T lymphocytes and three
subsets of decidual NK cells which likely orchestrate proper implantation and placenta-
tion via multiple cytokine and chemokine expression and secretion. The investigators
identified three distinct subpopulations of dNK cells by flow cytometry that likely con-
tribute uniquely to proper implantation. For instance, with the dNK1 subset secreting
colony-stimulating factor-1 (CSF1), a factor whose expression correlates positively with
implantation success [49].

Decidualization of the endometrium, a state of cell cycle arrest and cellular senescence,
is an important physiological process in the menstrual cycle, but when dysregulated, it can
lead to implantation failure. Lucas et al. [50] used single-cell transcriptomics to first map
the effects of progestin-induced decidualization on endometrial stromal cells. They tracked
changes in gene expression among these cells as the cells became senescent, finding genes
important in energy regulation, ECM remodeling, and iron storage differentially expressed
during decidualization. The investigators then compared endometrial biopsy samples of
subjects with recurrent pregnancy loss (RPL) to controls, and discovered lower SCARA5
and higher DIO2 mRNA levels in the RPL group, consistent with a pro-senescent decidual
phenotype. These genes may thus serve as pathogenic markers of implantation failure
risk, and may also provide mechanistic insight into the pathogenesis of the condition.
Along this line of investigation, Lucas’s group has recently developed an “endometrial
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assembloid” model, layering endometrial gland-like organoids and stromal cells to create
an endometrial organoid system [51]. With this system, these investigators hormonally
simulated a midsecretory endometrium (at a time in the menstrual cycle when implantation
is most favorable) and sequenced glandular epithelial cells (EpCs) from this phase. They
determined, based on transcriptome profiles, that five EpC subsets could be discerned, with
dynamic gene regulatory changes corresponding to phase of the menstrual cycle. Acute
cellular senescence led to production of the senescence-associated secretory phenotype
(SASP), a milieu of immunomodulatory cytokines, chemokines, growth factors, and ECM
proteins produced by EpCs, that ultimately allowed for invasion of the human blastocyst
and successful implantation. Disruption of this cellular senescence programming thus
likely contributes to implantation failure.

Transcription profiles have been compared within the endometrium from control
subjects to those with recurrent implantation failure, but also to the peripheral blood tran-
scriptome. Huang et al. [52] reported that in controls and those with recurrent implantation
failure, transcriptome profiles of peripheral blood correlated with endometrium for about
10% of genes. While endometrium profiles were distinct between controls and those with
recurrent miscarriages or recurrent implantation failure, peripheral blood samples were
harder to distinguish between these groups.

Notably, the evidence in this avenue has not always come in support of the role of
altered endometrial transcriptome in endometriosis-associated infertility. Through mRNA
and miRNA sequencing of 17 endometrial samples, Da Broi et al. concluded that the
eutopic endometrium of infertile women with endometriosis may not be transcriptionally
discrepant from the endometrium of both fertile and infertile controls during the implan-
tation window [53]. While this may introduce contradictory conclusions to the existing
literature, the authors acknowledge that this data discrepancy may be attributed to several
reasons, including large sample heterogeneity between studies, cycle-dependent varia-
tions, and differences in selection criteria wherein controls may have other endometrial
transcriptome-altering conditions that potentially mask existing significant differences [53].

6. Interplay between Endometrium and Immune System Revealed through Transcriptomics

As alluded to above, the immune system fluctuates in synchrony with the menstrual
cycle in subtle yet significant ways that hint at an important role for immune cells in the
physiological process of menstruation and pregnancy establishment. During the prolifera-
tive phase of the menstrual cycle, circulating regulatory T cells (Tregs) are relatively more
abundant along with increased plasma IL-1 levels compared to the secretory phase [54,55].
The significance of these cells has been suggested by the association between recurrent preg-
nancy loss and low circulating Tregs, likely representing a breakdown of semi-allogeneic
tolerance. However, a causal link has yet to be definitively drawn [55,56]. Furthermore, in a
subset of patients with polycystic ovary syndrome (PCOS), which is typified by menstrual
irregularities such as oligo-ovulation or anovulation, an imbalance of TH17 and Treg cells
has been proposed [57].

The complex interplay between the immune system and menstruation has been eluci-
dated in recent years with the implementation of RNA sequencing. As the interpretation
of RNA profiles depend greatly on relative expression of genes or differentially expressed
genes (DEGs), it becomes important to define a baseline gene expression profile and com-
pare it to an experimental condition or disease state. In the field of female reproductive
and immunological physiology, endometriosis has become perhaps the most extensively
studied disease state with regard to RNA transcriptome analysis.

To study immunological differences in menstruation between healthy subjects and
those with endometriosis, Miller et al. [58] recruited healthy volunteers without endometrio-
sis and those with endometriosis and collected menstrual effluent (ME) from these subjects
during their menstrual periods. ME was centrifuged, with ME cells separated from su-
pernatant “serum”, and multiplex cytokine analysis was conducted. These investigators
uncovered a wide variety of cytokines present in the samples. While the expression of



Biology 2023, 12, 634 9 of 16

most cytokines was similar between groups, TGF-alpha was significantly lower in ME
serum of patients with endometriosis compared to that of controls. Under physiological
conditions, TGF-alpha concentrates on the surface epithelium of the endometrium during
the proliferative phase and declines during the secretory phase [59]. Thus, altered levels of
TGF-alpha on the surface endometrium may correspond to reduced endometrial receptivity
in cases of endometriosis, potentially contributing to reduced fertility.

The authors also used flow cytometry to identify TH17 cell populations from the
ME samples and compare their transcriptome profiles. They discovered no change in the
overall number of TH cells between groups but did report that the TH17 subpopulation was
significantly lower in the ME of subjects with endometriosis compared to those of patients
without endometriosis. They further identified 47 DEGs in the MEs between groups, and
in particular determined that genes related to the TH17 axis such as IL10, IL23A, and IL6
were downregulated in subjects with endometriosis. Likewise, macrophage-associated
genes such as CD74, CD83, CXCL16 and CCL3 were downregulated in the ME of subjects
with endometriosis [58].

Endometriosis is characterized not only by changes in the eutopic endometrium lin-
ing the inner surface of the uterus, but also by foci of endometrial glands and stroma
that can be distributed throughout the abdominal cavity. To examine how both eutopic
and ectopic endometriosis differ from healthy endometrium in cellular components and
transcriptomics, Tan et al. collected human control endometrium as well as eutopic and ec-
topic endometrium from surgical specimens taken from subjects with endometriosis. They
performed tissue dissociation for single-cell RNA-seq as well as bulk RNA-seq analyses
on tissue samples. They determined that the transcriptome profile of endometrial cells
differs between eutopic endometrium of patients with endometriosis (EuE) and controls
without endometriosis, specifically with increased expression of cell-cycle-related genes
and proliferation of endometrial fibroblasts in the EuE group. Osteoglycin expression was
determined to be higher in EuE versus control. Genes regulating immune cell attachment
and monocyte trafficking and those associated with endothelial cell permeability were also
upregulated in endometriosis. Finally, AQP1, involved in angiogenesis and endothelial cell
migration, was determined to be significantly upregulated in endometriosis.

Their transcriptome analysis identified five different subtypes of macrophages, with
macrophage 1-LYVE1 upregulating tolerogenic genes and angiogenesis-promoting genes.
Dendritic cells adjacent to ectopic endometrium adopt an immunomodulatory phenotype,
upregulating phagocytosis and cytokine signaling pathway-related genes. The authors
further characterized a unique subpopulation of MUC5B-expressing endometrial epithelial
cells and implicated these cells in epithelial repair immune cell recruitment via TFF3 (trefoil
factor 3) and SAA (serum amyloid A) [60].

A final notable cell type that plays a role in normal menstrual physiology and immune
tolerance is the decidual natural killer (dNK) cell. Maturation and proliferation of dNK cells
during the first trimester of pregnancy allows not only for spiral artery growth to feed the
developing fetus, but also protection against the maternal host immune response [61,62].
On the other hand, abnormally activated NK cells can lead to miscarriage and fetal alloim-
mune thrombocytopenia by inducing trophoblast apoptosis [62]. Single-cell transcriptome
analysis has further clarified that dNK cellular mechanisms dictate uterine spiral artery
organization and pregnancy fate. Pan [63] collected control and unexplained recurrent
spontaneous abortion (URSA) decidua samples, performed tissue dissociation and single-
cell isolation, then carried out molecular barcoding and sequencing of samples. Using a
bioinformatics analysis, they identified 29 distinguishable clusters of genes from dNK cells.
Not only were the proportions of total and proliferating dNK cells higher in the URSA
group compared to control, but they also identified DEGs in dNK cells of URSA samples
including C1orf162, RASGEF1B, and ZNF683 suggestive of abnormal differentiation, and
lower expression of COL1A1, COL3A1, and PAEP, suggestive of abnormal extracellular ma-
trix and spiral artery reorganization. Together, these findings point to changes in dNK cell
programming that may underlie recurrent pregnancy loss. This single-cell RNA sequencing
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approach could also serve as a tool to help predict groups at risk for pregnancy loss and
to target specific genes for dNK cell reprogramming for future therapeutic potential [63].
Characteristic transcriptional changes seen in endometriosis related largely to immune
function are shown schematically in Figure 2.
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7. Transcriptome Analysis in Other Benign Gynecological Conditions
7.1. Fibroid Transcriptomics

Uterine fibroids are common benign monoclonal tumors composed of smooth muscle
cells in the myometrium [64]. Many women with uterine fibroids do not exhibit any
symptoms [65]. Those who are symptomatic can experience abnormal bleeding, pain,
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urinary symptoms, and sometimes unfavorable pregnancy outcomes such as infertility
and pregnancy loss [66–69]. Uterine fibroids can be described as an endometrial cavity
distorting leiomyoma (ECDL) or endometrial cavity non-distorting leiomyoma (ECNDL);
these categorizations indicate whether the fibroid is affecting the endometrial cavity or
related to differences in infertility [70].

A recent transcriptome-wide association study (TWAS) conducted by Kim et al. [71]
including roughly 20,000 patients with fibroids and 223,000 control subjects identified nine
fibroid susceptibility genes, including two novel genes, RP11-282O18.3 (a long non-coding
RNA that is involved in immune and hormonal regulation via estradiol) and KBTBD7
(encoding a transcriptional activator that participates in Ras/ECM signaling to mediate
tumorogenesis). These investigators also discovered changes in expression patterns of
several microRNAs (miRNAs), the relevance of which we now discuss in greater detail.

There is growing evidence to support the idea that miRNAs, non-coding RNA molecules
that play a significant role in intracellular signaling, apoptosis, growth and metabolism,
are involved in uterine fibroid pathogenesis and pregnancy-related complications [72–76].
Uterine fibroids have a distinct miRNA expression compared to normal myometrium.
There is an upregulation of miR-15b and downregulation of miR-29a, -29b, -29c, 197, and
-200c in uterine fibroids compared to the normal myometrium [77]. These miRNAs are
related to cell proliferation and division, apoptosis, migration, invasion, metabolism, stress,
angiogenesis, and drug resistance [77]. Additionally, mi-R-29 is related to the extracellu-
lar matrix (ECM) remodeling, and miR-197 and -200 are related to cell proliferation and
suppression of tumor development [77–79]. Certain miRNAs have further been shown
to be upregulated in TGFBR2+ and IGF2BP1+ fibroids, supporting the hypothesis that
miRNAs are important in TGFB-SMAD and growth factor signaling for cellular growth
and proliferation of fibroids [74]. MiRNA also plays a role in the gene expression profiles
of estrogen and progesterone receptors and regulators of ECM as these genes are upreg-
ulated in uterine fibroids compared to normal myometrium [77]. This finding suggests
the importance of miRNA in modifying the fibroid hormonal micro-environment and
ECM composition [77]. Together, the transcriptome data indicate the critical role miRNA
expression plays in uterine fibroid development.

MiRNA expression profiles differ in ECDL and ECNDL cells [73]. Both cell popula-
tions display the downregulation of miR-29b and -200c expression compared to normal
myometrial cells, but ECDL cells show more downregulation of these miRNAs compared
to ECNDL (Kim et al., 2018). ECDL cells also show an upregulation of E-Rcβ, MMP1, and
TIMP-2 expression—genes deemed important in uterine fibroid development [77,80–82].
These data suggest miR-29b and -200c may control E-Rcβ, MMP1, and TIMP-2 expres-
sion [77]. ECDLs may affect endometrial receptivity by impacting the uterine structure
and leading to decreased embryo implantation and pregnancy, though further miRNA
expression studies of this cell population should be performed [77]. On the other hand,
the endometrial transcriptome of women with ECNDLs reveals no differences in endome-
trial receptivity or in genes examined through ERA in ECNDL cells compared to normal
endometrial cells [83]. Additionally, proliferation and apoptosis rates, decidualization
markers, and the morphological transformation of endometrial stromal fibroblasts (eSF) in
response to decidualization stimuli are not different in ECNDL tissue compared to normal
endometrial tissue [83]. Therefore, ECNDL uterine fibroids do not negatively impact the
endometrial transcriptome and hence uterine receptivity and implantation [83]. Perhaps the
miRNA expression differences between ECDL and ECNDL cells may explain some of the
symptomatic differences seen clinically in women who have ECDL versus ECDNL fibroids.

MiRNA expression is not the only aberrant RNA change affecting the female reproduc-
tive tract in patients with fibroids. Changes in the endometrium itself have been observed
in patients with fibroids. For instance, Aghajanova et al. [83] determined that ECNDL are
associated with over 4000 differentially regulated genes in the endometrium compared to
control endometrium of non-fibroid containing uteri. Of these, notably upregulated genes
include JUN and FOS, important in cell cycle progression, as well as genes involved in
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cell differentiation, cell survival, and angiogenesis. By comparison, for cavity-distorting
fibroids (e.g., submucosal), endometrial HOXA10 and HOXA11 mRNA levels have been
discovered to be significantly decreased compared to control uteri, suggesting a global
transcription factor-dependent mechanism by which fibroids may lead to infertility given
that these genes are involved in trophoblast invasion [84].

7.2. Adenomyosis Transcriptomics

Adenomyosis is a disease caused by the infiltration of endometrial tissue into my-
ometrial tissue. It can cause various symptoms, including abnormal uterine bleeding,
pelvic pain, and infertility in female individuals of reproductive age [85,86]; or can be
asymptomatic. The current standard treatment of adenomyosis is hysterectomy, and there
are no established medical therapies to treat adenomyosis [85].

Adenomyosis is present in 24.4% of female individuals with infertility, leading many
to use in vitro fertilization (IVF) to aid in their efforts to become pregnant [87,88]. It is
believed that adenomyosis is related to decreased IVF outcomes, but this relationship is
not entirely understood because many existing studies did not control for factors such
as age, degree of adenomyosis, coexisting pelvic disorders, number of IVF cycles con-
ducted, et cetera [89]. Before an IVF cycle is started, an endometrial receptivity array
(ERA) can be performed to elucidate the transcriptomic expression of 238 genes related
to endometrial receptivity status. The receptivity status will determine whether a patient
receives standard embryo transfer or personalized embryo transfer (PET) [90]. A study per-
formed by Juarez-Barber and colleagues sought to understand if women with adenomyosis
experienced changes in endometrial receptivity and if PET by progesterone adjustment
based on transcriptomic analysis improved IVF outcomes. The study demonstrated that
in patients with adenomyosis, there are significant changes in endometrial receptivity,
increasing the risk of developing non-receptive endometria [15,91]. However, the use of
transcriptome-based progesterone administration timing before PET does not improve
IVF outcomes (implantation, biochemical and clinical miscarriage, or live birth weights)
in women with adenomyosis [15]. Alterations in endometrial receptivity-related gene
profiles have been determined to be largely non-overlapping compared to those seen in
endometriosis, with several key exceptions including SCGB2A2 and NR4A1 [92]. These
results suggest other hormones or pathways may be responsible for implantation failures
detected in patients with adenomyosis [15]. Another study employing single-cell RNA-seq
of eutopic endometrial samples from patients with adenomyosis identified clusters of
epithelial and endothelial cells with differentially expressed genes compared to ectopic
endometrium from the myometrial tissue, with the latter enriched for genes important for
angiogenesis and cell growth, suggesting that myometrial and eutopic endometria may
exhibit distinct physiological responses to hormonal changes, with ectopic endometrium
behaving in a less tightly regulated fashion [93].

8. Conclusions

In this article, we have reviewed basic reproductive physiology and common gyneco-
logical disorders through the lens of transcriptome analysis. The strength of this approach
is the ability to build maps of complex, interlocking signaling networks through relative
expression of genes within the endometrium. As the endometrium is a dynamic tissue
that ebbs and flows with hormonal fluctuations during the menstrual cycle, it is unsur-
prising that such plasticity would be accompanied by significant shifts in gene expression
in pathways related to cell cycling, leukocyte recruitment, and receptivity in anticipation
of a possible implanting blastocyst. Understanding the natural transcriptome cycle as
it relates to the menstrual cycle has aided our understanding of disease states such as
endometriosis, adenomyosis, and uterine fibroids. In such cases, inflammatory cascades,
abnormal immune cell recruitment, and disruption of normal endometrial remodeling
set the stage for symptomatology such as infertility, pelvic pain, and abnormal uterine
bleeding. As precision medicine rises to the forefront, transcriptome profiling will likely



Biology 2023, 12, 634 13 of 16

allow us to more completely understand ways in which changes in gene expression on a
large scale give rise to a spectrum of gynecological disorders that differs from one patient
to another.

Author Contributions: G.W.K., K.H., A.A., B.L., S.A. and M.B. wrote the initial draft. G.W.K.
prepared the figures. All authors edited the draft. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was funded by the National Institutes of Health (NIH) award R01HD094380 to
MB and internal departmental funding through the Kelly Society to GWK.

Institutional Review Board Statement: Institutional Review Board (IRB) approval was not required
for this study as this is a review article.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable, no original data are provided.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Salamonsen, L.A.; Hannan, N.J.; Dimitriadis, E. Cytokines and chemokines during human embryo implantation: Roles in

implantation and early placentation. Semin. Reprod. Med. 2007, 25, 437–444. [CrossRef] [PubMed]
2. Diaz-Gimeno, P.; Ruiz-Alonso, M.; Blesa, D.; Simon, C. Transcriptomics of the human endometrium. Int. J. Dev. Biol. 2014,

58, 127–137. [CrossRef] [PubMed]
3. Rogers, P.A.W. Structure and function of endometrial blood vessels. Hum. Reprod. Update 1996, 2, 57–62. [CrossRef] [PubMed]
4. Gargett, C.E.; Nguyen, H.P.; Ye, L. Endometrial regeneration and endometrial stem/progenitor cells. Rev. Endocr. Metab. Disord.

2012, 13, 235–251. [CrossRef]
5. Stadtmauer, D.J.; Wagner, G.P. Single-cell analysis of prostaglandin E2-induced human decidual cell in vitro differentiation: A

minimal ancestral deciduogenic signaldagger. Biol. Reprod. 2022, 106, 155–172. [CrossRef]
6. Fitzgerald, H.C.; Kelleher, A.M.; Ranjit, C.; Schust, D.J.; Spencer, T.E. Basolateral secretions of human endometrial epithelial

organoids impact stromal cell decidualization. Mol. Hum. Reprod. 2023, 29, gaad007. [CrossRef]
7. Chen, L.; Qu, J.; Xiang, C. The multi-functional roles of menstrual blood-derived stem cells in regenerative medicine. Stem Cell

Res. Ther. 2019, 10, 1. [CrossRef]
8. Bozorgmehr, M.; Gurung, S.; Darzi, S.; Nikoo, S.; Kazemnejad, S.; Zarnani, A.H.; Gargett, C.E. Endometrial and Menstrual Blood

Mesenchymal Stem/Stromal Cells: Biological Properties and Clinical Application. Front. Cell Dev. Biol. 2020, 8, 497. [CrossRef]
9. Ponnampalam, A.P.; Weston, G.C.; Trajstman, A.C.; Susil, B.; Rogers, P.A. Molecular classification of human endometrial cycle

stages by transcriptional profiling. Mol. Hum. Reprod. 2004, 10, 879–893. [CrossRef]
10. Arian, S.E.; Hessami, K.; Khatibi, A.; To, A.K.; Shamshirsaz, A.A.; Gibbons, W. Endometrial Receptivity Array Before Frozen

Embryo Transfer Cycles: A Systematic Review and Meta-analysis. Fertil. Steril. 2022, 119, 229–238. [CrossRef]
11. Altmae, S.; Martinez-Conejero, J.A.; Salumets, A.; Simon, C.; Horcajadas, J.A.; Stavreus-Evers, A. Endometrial gene expression

analysis at the time of embryo implantation in women with unexplained infertility. Mol. Hum. Reprod. 2010, 16, 178–187.
[CrossRef] [PubMed]

12. Koler, M.; Achache, H.; Tsafrir, A.; Smith, Y.; Revel, A.; Reich, R. Disrupted gene pattern in patients with repeated in vitro
fertilization (IVF) failure. Hum. Reprod. 2009, 24, 2541–2548. [CrossRef] [PubMed]

13. Habermann, J.K.; Bundgen, N.K.; Gemoll, T.; Hautaniemi, S.; Lundgren, C.; Wangsa, D.; Doering, J.; Bruch, H.P.; Nordstroem, B.;
Roblick, U.J.; et al. Genomic instability influences the transcriptome and proteome in endometrial cancer subtypes. Mol. Cancer
2011, 10, 132. [CrossRef]

14. Penariol, L.B.C.; Thome, C.H.; Tozetti, P.A.; Paier, C.R.K.; Buono, F.O.; Peronni, K.C.; Orellana, M.D.; Covas, D.T.; Moraes, M.E.A.;
Silva, W.A., Jr.; et al. What Do the Transcriptome and Proteome of Menstrual Blood-Derived Mesenchymal Stem Cells Tell Us
about Endometriosis? Int. J. Mol. Sci. 2022, 23, 11515. [CrossRef] [PubMed]

15. Juarez-Barber, E.; Cozzolino, M.; Corachan, A.; Alecsandru, D.; Pellicer, N.; Pellicer, A.; Ferrero, H. Adjustment of progesterone
administration after endometrial transcriptomic analysis does not improve reproductive outcomes in women with adenomyosis.
Reprod. Biomed. Online 2023, 46, 99–106. [CrossRef]

16. Ruiz-Alonso, M.; Blesa, D.; Simon, C. The genomics of the human endometrium. Biochim. Biophys. Acta 2012, 1822, 1931–1942.
[CrossRef]

17. Bellver, J.; Mundi, M.; Esteban, F.J.; Mosquera, S.; Horcajadas, J.A. ‘-omics’ technology and human reproduction: Reproductomics.
Expert Rev. Obstet. Gynecol. 2014, 5, 493–506. [CrossRef]

18. Altmae, S.; Esteban, F.J.; Stavreus-Evers, A.; Simon, C.; Giudice, L.; Lessey, B.A.; Horcajadas, J.A.; Macklon, N.S.; D’Hooghe, T.;
Campoy, C.; et al. Guidelines for the design, analysis and interpretation of ‘omics’ data: Focus on human endometrium. Hum.
Reprod. Update 2014, 20, 12–28. [CrossRef]

https://doi.org/10.1055/s-2007-991041
https://www.ncbi.nlm.nih.gov/pubmed/17960528
https://doi.org/10.1387/ijdb.130340pd
https://www.ncbi.nlm.nih.gov/pubmed/25023678
https://doi.org/10.1093/humupd/2.1.57
https://www.ncbi.nlm.nih.gov/pubmed/9079403
https://doi.org/10.1007/s11154-012-9221-9
https://doi.org/10.1093/biolre/ioab183
https://doi.org/10.1093/molehr/gaad007
https://doi.org/10.1186/s13287-018-1105-9
https://doi.org/10.3389/fcell.2020.00497
https://doi.org/10.1093/molehr/gah121
https://doi.org/10.1016/j.fertnstert.2022.11.012
https://doi.org/10.1093/molehr/gap102
https://www.ncbi.nlm.nih.gov/pubmed/19933690
https://doi.org/10.1093/humrep/dep193
https://www.ncbi.nlm.nih.gov/pubmed/19542175
https://doi.org/10.1186/1476-4598-10-132
https://doi.org/10.3390/ijms231911515
https://www.ncbi.nlm.nih.gov/pubmed/36232817
https://doi.org/10.1016/j.rbmo.2022.09.007
https://doi.org/10.1016/j.bbadis.2012.05.004
https://doi.org/10.1586/eog.12.48
https://doi.org/10.1093/humupd/dmt048


Biology 2023, 12, 634 14 of 16

19. Krjutskov, K.; Katayama, S.; Saare, M.; Vera-Rodriguez, M.; Lubenets, D.; Samuel, K.; Laisk-Podar, T.; Teder, H.; Einarsdottir, E.;
Salumets, A.; et al. Single-cell transcriptome analysis of endometrial tissue. Hum. Reprod. 2016, 31, 844–853. [CrossRef]

20. Buettner, F.; Natarajan, K.N.; Casale, F.P.; Proserpio, V.; Scialdone, A.; Theis, F.J.; Teichmann, S.A.; Marioni, J.C.; Stegle, O.
Computational analysis of cell-to-cell heterogeneity in single-cell RNA-sequencing data reveals hidden subpopulations of cells.
Nat. Biotechnol. 2015, 33, 155–160. [CrossRef]

21. Grun, D.; Lyubimova, A.; Kester, L.; Wiebrands, K.; Basak, O.; Sasaki, N.; Clevers, H.; van Oudenaarden, A. Single-cell messenger
RNA sequencing reveals rare intestinal cell types. Nature 2015, 525, 251–255. [CrossRef] [PubMed]

22. Vassena, R.; Eguizabal, C.; Heindryckx, B.; Sermon, K.; Simon, C.; van Pelt, A.M.; Veiga, A.; Zambelli, F.; on behalf of the ESHRE
special interest group Stem Cells. Stem cells in reproductive medicine: Ready for the patient? Hum. Reprod. 2015, 30, 2014–2021.
[CrossRef] [PubMed]

23. Retis-Resendiz, A.M.; Gonzalez-Garcia, I.N.; Leon-Juarez, M.; Camacho-Arroyo, I.; Cerbon, M.; Vazquez-Martinez, E.R. The
role of epigenetic mechanisms in the regulation of gene expression in the cyclical endometrium. Clin. Epigenet. 2021, 13, 116.
[CrossRef]

24. Critchley, H.O.; Robertson, K.A.; Forster, T.; Henderson, T.A.; Williams, A.R.; Ghazal, P. Gene expression profiling of mid to
late secretory phase endometrial biopsies from women with menstrual complaint. Am. J. Obstet. Gynecol. 2006, 195, 406–414.e7.
[CrossRef]

25. Punyadeera, C.; Dassen, H.; Klomp, J.; Dunselman, G.; Kamps, R.; Dijcks, F.; Ederveen, A.; de Goeij, A.; Groothuis, P. Oestrogen-
modulated gene expression in the human endometrium. Cell Mol. Life Sci. 2005, 62, 239–250. [CrossRef] [PubMed]

26. Pende, D.; Parolini, S.; Pessino, A.; Sivori, S.; Augugliaro, R.; Morelli, L.; Marcenaro, E.; Accame, L.; Malaspina, A.; Biassoni,
R.; et al. Identification and molecular characterization of NKp30, a novel triggering receptor involved in natural cytotoxicity
mediated by human natural killer cells. J. Exp. Med. 1999, 190, 1505–1516. [CrossRef] [PubMed]

27. Miller, C.; Sassoon, D.A. Wnt-7a maintains appropriate uterine patterning during the development of the mouse female
reproductive tract. Development 1998, 125, 3201–3211. [CrossRef]

28. Salamonsen, L.A.; Woolley, D.E. Matrix metalloproteinases in normal menstruation. Hum. Reprod. 1996, 11 (Suppl. S2), 124–133.
[CrossRef]

29. Petracco, R.G.; Kong, A.; Grechukhina, O.; Krikun, G.; Taylor, H.S. Global gene expression profiling of proliferative phase
endometrium reveals distinct functional subdivisions. Reprod. Sci. 2012, 19, 1138–1145. [CrossRef]

30. Li, X.F.; Ahmed, A. Dual role of angiotensin II in the human endometrium. Hum. Reprod. 1996, 11 (Suppl. S2), 95–108. [CrossRef]
31. Wang, W.; Vilella, F.; Alama, P.; Moreno, I.; Mignardi, M.; Isakova, A.; Pan, W.; Simon, C.; Quake, S.R. Single-cell transcriptomic

atlas of the human endometrium during the menstrual cycle. Nat. Med. 2020, 26, 1644–1653. [CrossRef] [PubMed]
32. Sigurgeirsson, B.; Amark, H.; Jemt, A.; Ujvari, D.; Westgren, M.; Lundeberg, J.; Gidlof, S. Comprehensive RNA sequencing of

healthy human endometrium at two time points of the menstrual cycle. Biol. Reprod. 2017, 96, 24–33. [CrossRef] [PubMed]
33. Garcia-Alonso, L.; Handfield, L.F.; Roberts, K.; Nikolakopoulou, K.; Fernando, R.C.; Gardner, L.; Woodhams, B.; Arutyunyan, A.;

Polanski, K.; Hoo, R.; et al. Mapping the temporal and spatial dynamics of the human endometrium in vivo and in vitro. Nat.
Genet. 2021, 53, 1698–1711. [CrossRef] [PubMed]

34. Zhao, L.; Gu, C.; Ye, M.; Zhang, Z.; Han, W.; Fan, W.; Meng, Y. Identification of global transcriptome abnormalities and potential
biomarkers in eutopic endometria of women with endometriosis: A preliminary study. Biomed. Rep. 2017, 6, 654–662. [CrossRef]
[PubMed]

35. May, K.E.; Villar, J.; Kirtley, S.; Kennedy, S.H.; Becker, C.M. Endometrial alterations in endometriosis: A systematic review of
putative biomarkers. Hum. Reprod. Update 2011, 17, 637–653. [CrossRef]

36. AlAshqar, A.; Reschke, L.; Kirschen, G.W.; Borahay, M.A. Role of inflammation in benign gynecologic disorders: From pathogene-
sis to novel therapiesdagger. Biol. Reprod. 2021, 105, 7–31. [CrossRef]

37. Ulukus, M.; Ulukus, E.C.; Tavmergen Goker, E.N.; Tavmergen, E.; Zheng, W.; Arici, A. Expression of interleukin-8 and monocyte
chemotactic protein 1 in women with endometriosis. Fertil. Steril. 2009, 91, 687–693. [CrossRef]

38. Kyama, C.M.; Overbergh, L.; Mihalyi, A.; Meuleman, C.; Mwenda, J.M.; Mathieu, C.; D’Hooghe, T.M. Endometrial and peritoneal
expression of aromatase, cytokines, and adhesion factors in women with endometriosis. Fertil. Steril. 2008, 89, 301–310. [CrossRef]

39. Burney, R.O.; Talbi, S.; Hamilton, A.E.; Vo, K.C.; Nyegaard, M.; Nezhat, C.R.; Lessey, B.A.; Giudice, L.C. Gene expression analysis
of endometrium reveals progesterone resistance and candidate susceptibility genes in women with endometriosis. Endocrinology
2007, 148, 3814–3826. [CrossRef]

40. Ahn, S.H.; Khalaj, K.; Young, S.L.; Lessey, B.A.; Koti, M.; Tayade, C. Immune-inflammation gene signatures in endometriosis
patients. Fertil. Steril. 2016, 106, 1420–1431.e7. [CrossRef]

41. Matsuzaki, S.; Canis, M.; Vaurs-Barriere, C.; Boespflug-Tanguy, O.; Dastugue, B.; Mage, G. DNA microarray analysis of gene
expression in eutopic endometrium from patients with deep endometriosis using laser capture microdissection. Fertil. Steril.
2005, 84 (Suppl. S2), 1180–1190. [CrossRef] [PubMed]

42. Wu, Y.; Strawn, E.; Basir, Z.; Wang, Y.; Halverson, G.; Jailwala, P.; Guo, S.W. Genomic alterations in ectopic and eutopic endometria
of women with endometriosis. Gynecol. Obstet. Investig. 2006, 62, 148–159. [CrossRef] [PubMed]

43. Fassbender, A.; Verbeeck, N.; Bornigen, D.; Kyama, C.M.; Bokor, A.; Vodolazkaia, A.; Peeraer, K.; Tomassetti, C.; Meuleman, C.;
Gevaert, O.; et al. Combined mRNA microarray and proteomic analysis of eutopic endometrium of women with and without
endometriosis. Hum. Reprod. 2012, 27, 2020–2029. [CrossRef] [PubMed]

https://doi.org/10.1093/humrep/dew008
https://doi.org/10.1038/nbt.3102
https://doi.org/10.1038/nature14966
https://www.ncbi.nlm.nih.gov/pubmed/26287467
https://doi.org/10.1093/humrep/dev181
https://www.ncbi.nlm.nih.gov/pubmed/26202914
https://doi.org/10.1186/s13148-021-01103-8
https://doi.org/10.1016/j.ajog.2006.05.002
https://doi.org/10.1007/s00018-004-4435-y
https://www.ncbi.nlm.nih.gov/pubmed/15666095
https://doi.org/10.1084/jem.190.10.1505
https://www.ncbi.nlm.nih.gov/pubmed/10562324
https://doi.org/10.1242/dev.125.16.3201
https://doi.org/10.1093/humrep/11.suppl_2.124
https://doi.org/10.1177/1933719112443877
https://doi.org/10.1093/humrep/11.suppl_2.95
https://doi.org/10.1038/s41591-020-1040-z
https://www.ncbi.nlm.nih.gov/pubmed/32929266
https://doi.org/10.1095/biolreprod.116.142547
https://www.ncbi.nlm.nih.gov/pubmed/28395321
https://doi.org/10.1038/s41588-021-00972-2
https://www.ncbi.nlm.nih.gov/pubmed/34857954
https://doi.org/10.3892/br.2017.902
https://www.ncbi.nlm.nih.gov/pubmed/28584637
https://doi.org/10.1093/humupd/dmr013
https://doi.org/10.1093/biolre/ioab054
https://doi.org/10.1016/j.fertnstert.2007.12.067
https://doi.org/10.1016/j.fertnstert.2007.02.057
https://doi.org/10.1210/en.2006-1692
https://doi.org/10.1016/j.fertnstert.2016.07.005
https://doi.org/10.1016/j.fertnstert.2005.04.041
https://www.ncbi.nlm.nih.gov/pubmed/16210010
https://doi.org/10.1159/000093130
https://www.ncbi.nlm.nih.gov/pubmed/16679773
https://doi.org/10.1093/humrep/des127
https://www.ncbi.nlm.nih.gov/pubmed/22556377


Biology 2023, 12, 634 15 of 16

44. Tapia, A.; Gangi, L.M.; Zegers-Hochschild, F.; Balmaceda, J.; Pommer, R.; Trejo, L.; Pacheco, I.M.; Salvatierra, A.M.; Henriquez, S.;
Quezada, M.; et al. Differences in the endometrial transcript profile during the receptive period between women who were
refractory to implantation and those who achieved pregnancy. Hum. Reprod. 2008, 23, 340–351. [CrossRef] [PubMed]

45. Kao, L.C.; Germeyer, A.; Tulac, S.; Lobo, S.; Yang, J.P.; Taylor, R.N.; Osteen, K.; Lessey, B.A.; Giudice, L.C. Expression profiling of
endometrium from women with endometriosis reveals candidate genes for disease-based implantation failure and infertility.
Endocrinology 2003, 144, 2870–2881. [CrossRef]

46. Okamoto, N.; Uchida, A.; Takakura, K.; Kariya, Y.; Kanzaki, H.; Riittinen, L.; Koistinen, R.; Seppala, M.; Mori, T. Suppression by
human placental protein 14 of natural killer cell activity. Am. J. Reprod. Immunol. 1991, 26, 137–142. [CrossRef]

47. Dominguez, F.; Galan, A.; Martin, J.J.; Remohi, J.; Pellicer, A.; Simon, C. Hormonal and embryonic regulation of chemokine
receptors CXCR1, CXCR4, CCR5 and CCR2B in the human endometrium and the human blastocyst. Mol. Hum. Reprod. 2003,
9, 189–198. [CrossRef]

48. Vento-Tormo, R.; Efremova, M.; Botting, R.A.; Turco, M.Y.; Vento-Tormo, M.; Meyer, K.B.; Park, J.E.; Stephenson, E.; Polanski, K.;
Goncalves, A.; et al. Single-cell reconstruction of the early maternal-fetal interface in humans. Nature 2018, 563, 347–353.
[CrossRef]

49. Gorivodsky, M.; Torchinsky, A.; Shepshelovich, J.; Savion, S.; Fein, A.; Carp, H.; Toder, V. Colony-stimulating factor-1 (CSF-
1) expression in the uteroplacental unit of mice with spontaneous and induced pregnancy loss. Clin. Exp. Immunol. 1999,
117, 540–549. [CrossRef]

50. Lucas, E.S.; Vrljicak, P.; Muter, J.; Diniz-da-Costa, M.M.; Brighton, P.J.; Kong, C.S.; Lipecki, J.; Fishwick, K.J.; Odendaal, J.;
Ewington, L.J.; et al. Recurrent pregnancy loss is associated with a pro-senescent decidual response during the peri-implantation
window. Commun. Biol. 2020, 3, 37. [CrossRef]

51. Rawlings, T.M.; Makwana, K.; Taylor, D.M.; Mole, M.A.; Fishwick, K.J.; Tryfonos, M.; Odendaal, J.; Hawkes, A.; Zernicka-
Goetz, M.; Hartshorne, G.M.; et al. Modelling the impact of decidual senescence on embryo implantation in human endometrial
assembloids. eLife 2021, 10, e69603. [CrossRef] [PubMed]

52. Huang, J.; Jin, N.; Qin, H.; Shi, X.; Liu, Y.; Cheung, W.; Wang, C.C.; Chan, T.F.; Li, T.C. Transcriptomic profiles in peripheral
blood between women with unexplained recurrent implantation failure and recurrent miscarriage and the correlation with
endometrium: A pilot study. PLoS ONE 2017, 12, e0189159. [CrossRef]

53. Da Broi, M.G.; Meola, J.; Placa, J.R.; Peronni, K.C.; Rocha, C.V.; Silva, W.A.; Ferriani, R.A.; Navarro, P.A. Is the profile of transcripts
altered in the eutopic endometrium of infertile women with endometriosis during the implantation window? Hum. Reprod. 2019,
34, 2381–2390. [CrossRef] [PubMed]

54. Oertelt-Prigione, S. Immunology and the menstrual cycle. Autoimmun. Rev. 2012, 11, A486–A492. [CrossRef]
55. Arruvito, L.; Sanz, M.; Banham, A.H.; Fainboim, L. Expansion of CD4 + CD25 + and FOXP3+ regulatory T cells during the

follicular phase of the menstrual cycle: Implications for human reproduction. J. Immunol. 2007, 178, 2572–2578. [CrossRef]
[PubMed]

56. Keller, C.C.; Eikmans, M.; van der Hoorn, M.P.; Lashley, L. Recurrent miscarriages and the association with regulatory T cells; A
systematic review. J. Reprod. Immunol. 2020, 139, 103105. [CrossRef]

57. Ma, M.; Wang, M.; Xu, F.; Hao, S. The Imbalance in Th17 and Treg Cells in Polycystic Ovarian Syndrome Patients with
Autoimmune Thyroiditis. Immunol. Investig. 2022, 51, 1170–1181. [CrossRef]

58. Miller, J.E.; Lingegowda, H.; Sisnett, D.J.; Metz, C.N.; Gregersen, P.K.; Koti, M.; Tayade, C. T helper 17 axis and endometrial
macrophage disruption in menstrual effluent provides potential insights into the pathogenesis of endometriosis. F S Sci. 2022,
3, 279–287. [CrossRef]

59. Hansard, L.J.; Healy-Gardner, B.E.; Drapkin, A.T.; Bentley, R.C.; McLachlan, J.A.; Walmer, D.K. Human endometrial transforming
growth factor-alpha: A transmembrane, surface epithelial protein that transiently disappears during the midsecretory phase of
the menstrual cycle. J. Soc. Gynecol. Investig. 1997, 4, 160–166. [CrossRef]

60. Tan, Y.; Flynn, W.F.; Sivajothi, S.; Luo, D.; Bozal, S.B.; Dave, M.; Luciano, A.A.; Robson, P.; Luciano, D.E.; Courtois, E.T. Single-cell
analysis of endometriosis reveals a coordinated transcriptional programme driving immunotolerance and angiogenesis across
eutopic and ectopic tissues. Nat. Cell Biol. 2022, 24, 1306–1318. [CrossRef]

61. Wang, X.Q.; Li, D.J. The mechanisms by which trophoblast-derived molecules induce maternal-fetal immune tolerance. Cell Mol.
Immunol. 2020, 17, 1204–1207. [CrossRef] [PubMed]

62. Yougbare, I.; Tai, W.S.; Zdravic, D.; Oswald, B.E.; Lang, S.; Zhu, G.; Leong-Poi, H.; Qu, D.; Yu, L.; Dunk, C.; et al. Activated NK
cells cause placental dysfunction and miscarriages in fetal alloimmune thrombocytopenia. Nat. Commun. 2017, 8, 224. [CrossRef]

63. Pan, D.; Liu, Q.; Du, L.; Yang, Y.; Jiang, G. Polarization disorder of decidual NK cells in unexplained recurrent spontaneous
abortion revealed by single-cell transcriptome analysis. Reprod. Biol. Endocrinol. 2022, 20, 108. [CrossRef]

64. Parker, W.H. Etiology, symptomatology, and diagnosis of uterine myomas. Fertil. Steril. 2007, 87, 725–736. [CrossRef] [PubMed]
65. Divakar, H. Asymptomatic uterine fibroids. Best Pract. Res. Clin. Obstet. Gynaecol. 2008, 22, 643–654. [CrossRef]
66. Wegienka, G.; Baird, D.D.; Hertz-Picciotto, I.; Harlow, S.D.; Steege, J.F.; Hill, M.C.; Schectman, J.M.; Hartmann, K.E. Self-reported

heavy bleeding associated with uterine leiomyomata. Obstet. Gynecol. 2003, 101, 431–437. [CrossRef]
67. Lippman, S.A.; Warner, M.; Samuels, S.; Olive, D.; Vercellini, P.; Eskenazi, B. Uterine fibroids and gynecologic pain symptoms in a

population-based study. Fertil. Steril. 2003, 80, 1488–1494. [CrossRef] [PubMed]

https://doi.org/10.1093/humrep/dem319
https://www.ncbi.nlm.nih.gov/pubmed/18077318
https://doi.org/10.1210/en.2003-0043
https://doi.org/10.1111/j.1600-0897.1991.tb00713.x
https://doi.org/10.1093/molehr/gag024
https://doi.org/10.1038/s41586-018-0698-6
https://doi.org/10.1046/j.1365-2249.1999.00986.x
https://doi.org/10.1038/s42003-020-0763-1
https://doi.org/10.7554/eLife.69603
https://www.ncbi.nlm.nih.gov/pubmed/34487490
https://doi.org/10.1371/journal.pone.0189159
https://doi.org/10.1093/humrep/dez225
https://www.ncbi.nlm.nih.gov/pubmed/31796963
https://doi.org/10.1016/j.autrev.2011.11.023
https://doi.org/10.4049/jimmunol.178.4.2572
https://www.ncbi.nlm.nih.gov/pubmed/17277167
https://doi.org/10.1016/j.jri.2020.103105
https://doi.org/10.1080/08820139.2021.1915329
https://doi.org/10.1016/j.xfss.2022.04.007
https://doi.org/10.1177/107155769700400308
https://doi.org/10.1038/s41556-022-00961-5
https://doi.org/10.1038/s41423-020-0460-5
https://www.ncbi.nlm.nih.gov/pubmed/32678309
https://doi.org/10.1038/s41467-017-00269-1
https://doi.org/10.1186/s12958-022-00980-9
https://doi.org/10.1016/j.fertnstert.2007.01.093
https://www.ncbi.nlm.nih.gov/pubmed/17430732
https://doi.org/10.1016/j.bpobgyn.2008.01.007
https://doi.org/10.1016/s0029-7844(02)03121-6
https://doi.org/10.1016/S0015-0282(03)02207-6
https://www.ncbi.nlm.nih.gov/pubmed/14667888


Biology 2023, 12, 634 16 of 16

68. Bochenska, K.; Lewitt, T.; Marsh, E.E.; Pidaparti, M.; Lewicky-Gaupp, C.; Mueller, M.G.; Kenton, K. Fibroids and Urinary
Symptoms Study (FUSS). Female Pelvic. Med. Reconstr. Surg. 2021, 27, e481–e483. [CrossRef]

69. Casini, M.L.; Rossi, F.; Agostini, R.; Unfer, V. Effects of the position of fibroids on fertility. Gynecol. Endocrinol. 2006, 22, 106–109.
[CrossRef]

70. Pritts, E.A.; Parker, W.H.; Olive, D.L. Fibroids and infertility: An updated systematic review of the evidence. Fertil. Steril. 2009,
91, 1215–1223. [CrossRef]

71. Kim, G.; Jang, G.; Song, J.; Kim, D.; Lee, S.; Joo, J.W.J.; Jang, W. A transcriptome-wide association study of uterine fibroids to
identify potential genetic markers and toxic chemicals. PLoS ONE 2022, 17, e0274879. [CrossRef] [PubMed]

72. Kim, J.; Lee, J.; Jun, J.H. Identification of differentially expressed microRNAs in outgrowth embryos compared with blastocysts
and non-outgrowth embryos in mice. Reprod. Fertil. Dev. 2019, 31, 645–657. [CrossRef] [PubMed]

73. Kim, Y.J.; Kim, Y.Y.; Shin, J.H.; Kim, H.; Ku, S.Y.; Suh, C.S. Variation in MicroRNA Expression Profile of Uterine Leiomyoma with
Endometrial Cavity Distortion and Endometrial Cavity Non-Distortion. Int. J. Mol. Sci. 2018, 19, 2524. [CrossRef]

74. Kim, M.; Kang, D.; Kwon, M.Y.; Lee, H.J.; Kim, M.J. MicroRNAs as potential indicators of the development and progression of
uterine leiomyoma. PLoS ONE 2022, 17, e0268793. [CrossRef] [PubMed]

75. Karmon, A.E.; Cardozo, E.R.; Rueda, B.R.; Styer, A.K. MicroRNAs in the development and pathobiology of uterine leiomyomata:
Does evidence support future strategies for clinical intervention? Hum. Reprod. Update 2014, 20, 670–687. [CrossRef] [PubMed]

76. Lycoudi, A.; Mavreli, D.; Mavrou, A.; Papantoniou, N.; Kolialexi, A. miRNAs in pregnancy-related complications. Expert. Rev.
Mol. Diagn. 2015, 15, 999–1010. [CrossRef]

77. Kim, J.S.; Kurie, J.M.; Ahn, Y.H. BMP4 depletion by miR-200 inhibits tumorigenesis and metastasis of lung adenocarcinoma cells.
Mol. Cancer 2015, 14, 173. [CrossRef]

78. Wu, X.; Ling, J.; Fu, Z.; Ji, C.; Wu, J.; Xu, Q. Effects of miRNA-197 overexpression on proliferation, apoptosis and migration in
levonorgestrel treated uterine leiomyoma cells. Biomed. Pharmacother. 2015, 71, 1–6. [CrossRef]

79. Marsh, E.E.; Steinberg, M.L.; Parker, J.B.; Wu, J.; Chakravarti, D.; Bulun, S.E. Decreased expression of microRNA-29 family in
leiomyoma contributes to increased major fibrillar collagen production. Fertil. Steril. 2016, 106, 766–772. [CrossRef]

80. Tian, R.; Wang, Z.; Shi, Z.; Li, D.; Wang, Y.; Zhu, Y.; Lin, W.; Gui, Y.; Zheng, X.L. Differential expression of G-protein-coupled
estrogen receptor-30 in human myometrial and uterine leiomyoma smooth muscle. Fertil. Steril. 2013, 99, 256–263.e3. [CrossRef]

81. Morikawa, A.; Ohara, N.; Xu, Q.; Nakabayashi, K.; DeManno, D.A.; Chwalisz, K.; Yoshida, S.; Maruo, T. Selective progesterone
receptor modulator asoprisnil down-regulates collagen synthesis in cultured human uterine leiomyoma cells through up-
regulating extracellular matrix metalloproteinase inducer. Hum. Reprod. 2008, 23, 944–951. [CrossRef] [PubMed]

82. Wolanska, M.; Sobolewski, K.; Bankowski, E.; Jaworski, S. Matrix metalloproteinases of human leiomyoma in various stages of
tumor growth. Gynecol. Obstet. Investig. 2004, 58, 14–18. [CrossRef] [PubMed]

83. Aghajanova, L.; Houshdaran, S.; Irwin, J.C.; Giudice, L.C. Effects of noncavity-distorting fibroids on endometrial gene expression
and function. Biol. Reprod. 2017, 97, 564–576. [CrossRef]

84. Rackow, B.W.; Taylor, H.S. Submucosal uterine leiomyomas have a global effect on molecular determinants of endometrial
receptivity. Fertil. Steril. 2010, 93, 2027–2034. [CrossRef]

85. Pontis, A.; D’Alterio, M.N.; Pirarba, S.; de Angelis, C.; Tinelli, R.; Angioni, S. Adenomyosis: A systematic review of medical
treatment. Gynecol. Endocrinol. 2016, 32, 696–700. [CrossRef] [PubMed]

86. Bourdon, M.; Santulli, P.; Marcellin, L.; Maignien, C.; Maitrot-Mantelet, L.; Bordonne, C.; Plu Bureau, G.; Chapron, C. Adeno-
myosis: An update regarding its diagnosis and clinical features. J. Gynecol. Obstet. Hum. Reprod. 2021, 50, 102228. [CrossRef]

87. Puente, J.M.; Fabris, A.; Patel, J.; Patel, A.; Cerrillo, M.; Requena, A.; Garcia-Velasco, J.A. Adenomyosis in infertile women:
Prevalence and the role of 3D ultrasound as a marker of severity of the disease. Reprod. Biol. Endocrinol. 2016, 14, 60. [CrossRef]

88. Buggio, L.; Dridi, D.; Barbara, G. Adenomyosis: Impact on Fertility and Obstetric Outcomes. Reprod. Sci. 2021, 28, 3081–3084.
[CrossRef]

89. Squillace, A.L.A.; Simonian, D.S.; Allegro, M.C.; Borges, E.J.; Bianchi, P.H.M.; Bibancos, M. Adenomyosis and in vitro fertilization
impacts—A literature review. JBRA Assist. Reprod. 2021, 25, 303–309. [CrossRef]

90. Ruiz-Alonso, M.; Valbuena, D.; Gomez, C.; Cuzzi, J.; Simon, C. Endometrial Receptivity Analysis (ERA): Data versus opinions.
Hum. Reprod. Open 2021, 2021, hoab011. [CrossRef]

91. Liu, Z.; Liu, X.; Wang, M.; Zhao, H.; He, S.; Lai, S.; Qu, Q.; Wang, X.; Zhao, D.; Bao, H. The Clinical Efficacy of Personalized
Embryo Transfer Guided by the Endometrial Receptivity Array/Analysis on IVF/ICSI Outcomes: A Systematic Review and
Meta-Analysis. Front. Physiol. 2022, 13, 841437. [CrossRef] [PubMed]

92. Prasnikar, E.; Kunej, T.; Knez, J.; Repnik, K.; Potocnik, U.; Kovacic, B. Determining the Molecular Background of Endometrial
Receptivity in Adenomyosis. Biomolecules 2020, 10, 1311. [CrossRef] [PubMed]

93. Liu, Z.; Sun, Z.; Liu, H.; Niu, W.; Wang, X.; Liang, N.; Wang, X.; Wang, Y.; Shi, Y.; Xu, L.; et al. Single-cell transcriptomic analysis
of eutopic endometrium and ectopic lesions of adenomyosis. Cell Biosci. 2021, 11, 51. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1097/SPV.0000000000000967
https://doi.org/10.1080/09513590600604673
https://doi.org/10.1016/j.fertnstert.2008.01.051
https://doi.org/10.1371/journal.pone.0274879
https://www.ncbi.nlm.nih.gov/pubmed/36174000
https://doi.org/10.1071/RD18161
https://www.ncbi.nlm.nih.gov/pubmed/30428300
https://doi.org/10.3390/ijms19092524
https://doi.org/10.1371/journal.pone.0268793
https://www.ncbi.nlm.nih.gov/pubmed/35639702
https://doi.org/10.1093/humupd/dmu017
https://www.ncbi.nlm.nih.gov/pubmed/24706045
https://doi.org/10.1586/14737159.2015.1053468
https://doi.org/10.1186/s12943-015-0441-y
https://doi.org/10.1016/j.biopha.2015.02.004
https://doi.org/10.1016/j.fertnstert.2016.05.001
https://doi.org/10.1016/j.fertnstert.2012.09.011
https://doi.org/10.1093/humrep/den025
https://www.ncbi.nlm.nih.gov/pubmed/18281245
https://doi.org/10.1159/000077177
https://www.ncbi.nlm.nih.gov/pubmed/15004438
https://doi.org/10.1093/biolre/iox107
https://doi.org/10.1016/j.fertnstert.2008.03.029
https://doi.org/10.1080/09513590.2016.1197200
https://www.ncbi.nlm.nih.gov/pubmed/27379972
https://doi.org/10.1016/j.jogoh.2021.102228
https://doi.org/10.1186/s12958-016-0185-6
https://doi.org/10.1007/s43032-021-00679-z
https://doi.org/10.5935/1518-0557.20200104
https://doi.org/10.1093/hropen/hoab011
https://doi.org/10.3389/fphys.2022.841437
https://www.ncbi.nlm.nih.gov/pubmed/35574479
https://doi.org/10.3390/biom10091311
https://www.ncbi.nlm.nih.gov/pubmed/32933042
https://doi.org/10.1186/s13578-021-00562-z
https://www.ncbi.nlm.nih.gov/pubmed/33685511

	Background 
	Microarrays and RNA-Sequencing 
	Endometrial Transcriptome and the Normal Menstrual Cycle 
	Menstruation 
	Proliferative and Secretory Phases 
	Single-Cell Transcriptomics throughout the Menstrual Cycle 

	Endometrial Transcriptome in Endometriosis 
	Endometrial Transcriptome in Recurrent Implantation Failure 
	Interplay between Endometrium and Immune System Revealed through Transcriptomics 
	Transcriptome Analysis in Other Benign Gynecological Conditions 
	Fibroid Transcriptomics 
	Adenomyosis Transcriptomics 

	Conclusions 
	References

