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Abstract: Implantation is a complex and tightly regulated process essential for the estab-
lishment of pregnancy. It involves dynamic interactions between a receptive uterus and a
competent embryo, orchestrated by ovarian hormones such as estrogen and progesterone.
These hormones regulate proliferation, differentiation, and gene expression within the three
primary uterine tissue types: myometrium, stroma, and epithelium. Advances in genetic
manipulation, particularly the Cre/loxP system, have enabled the in vivo investigation
of the role of genes in a uterine compartmental and cell type-specific manner, providing
valuable insights into uterine biology during pregnancy and disease. The development
of endometrial organoids has further revolutionized implantation research. They mimic
the native endometrial structure and function, offering a powerful platform for study-
ing hormonal responses, implantation, and maternal-fetal interactions. Combined with
omics technologies, these models have uncovered the molecular mechanisms and signaling
pathways that regulate implantation. This review provides a comprehensive overview of
uterine-specific genetic tools, endometrial organoids, and omics. We explore how these
advancements enhance our understanding of implantation biology, uterine receptivity, and
decidualization in reproductive research.

Keywords: implantation; genetic manipulation; Cre/loxP system; endometrial organoids;
uterine receptivity; decidualization; extracellular vesicles; omics technologies

1. Introduction
Implantation is a key process for establishing a successful pregnancy and occurs in

three distinct stages: apposition, adhesion, and invasion, which establish a maternal-fetal
interface that supports the development of the embryo throughout pregnancy [1,2]. Success-
ful implantation requires the synchronized interplay of a receptive uterus and a competent
embryo, a process precisely regulated by ovarian hormones, particularly estrogen (essen-
tially 17b-estradiol) and progesterone [3]. During the preovulatory phase of the menstrual
cycle, estrogen promotes the proliferation of the endometrial lining [2]. While estrogen is
essential for preparing the endometrium, excessive estrogen activity can negatively affect
endometrial receptivity [4,5]. Estrogen receptor alpha (ESR1/ERα) plays a significant role
during this phase, and its subsequent downregulation by progesterone during the secretory
phase is critical for successful implantation [6]. Following ovulation, progesterone drives
significant cellular changes within the endometrium, creating a receptive environment for
the embryo, known as the “window of implantation (WOI)” [2]. It prepares the uterine ep-
ithelium for embryo implantation by suppressing epithelial proliferation before attachment.
It also regulates communication between the epithelium and stroma, which is essential for
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successful embryo attachment and development [7,8]. One of the most critical processes ini-
tiated by progesterone is decidualization, which transforms endometrial stromal cells into
epithelial-like decidual cells during the mid-secretory phase. This transformation creates a
microenvironment suitable for embryo implantation and subsequent placental develop-
ment in humans [9,10]. Unlike in mice, where decidualization occurs post-implantation,
human decidualization is spontaneous and embryo-independent, occurring naturally [11].
This progesterone-regulated process is crucial for pregnancy success, as its disruption can
lead to infertility, miscarriage, or uteroplacental disorders [12].

Over the past decade, advances in molecular approaches, omics technologies, and
in vitro models, such as endometrial organoids, have enhanced our understanding of
uterine biology [13–15]. These models, coupled with the development of cell type-specific
genetic manipulation tools, such as Cre/loxP mouse models, have provided unprecedented
insights into the molecular pathways underlying uterine function during pregnancy [16].
In this review, we aim to provide a comprehensive overview of the tools and technologies
that have advanced the study of uterine biology, particularly implantation. We introduce
the utility of genetic manipulation in mice, focusing on uterine cell type-specific Cre/loxP
models, and explore the application of endometrial organoids in studying implantation,
hormonal responses, and maternal-fetal interactions. Additionally, we discuss the contribu-
tions of omics technologies in unraveling the complex signaling networks and epigenetic
modifications that govern implantation. These emerging tools and approaches continue to
reshape our understanding of reproductive biology, offering new opportunities to address
fertility challenges and improve maternal health outcomes.

2. Genetically Engineered Mice
The use of systemic genetic manipulation has significantly advanced our understand-

ing of the molecular and cellular processes underlying pregnancy, including implantation,
decidualization, and placental development [17]. Homeobox A10 (Hoxa10) and Hoxa11
genes are highly expressed in uterine stromal cells and play critical roles in uterine re-
ceptivity and stromal remodeling. Deletion of these genes leads to severe reproductive
impairments. Specifically, Hoxa10-deficient mice exhibit infertility due to implantation
failure and early embryo resorption. Morphological analyses reveal that the proximal 25%
of the mutant uterus undergoes a homeotic transformation into an oviduct-like structure.
Transferring wild-type blastocysts into the mutant uterus does not rescue the implanta-
tion defect [18]. Hoxa11-deficient females are sterile, but they can produce normal eggs
that develop properly post-fertilization when transferred to wild-type surrogate mothers,
indicating that uterine receptivity is impaired [19]. Similarly, Leukemia inhibitory factor
(Lif ) is a cytokine expressed in the endometrial glands during the receptive phase in mice.
Lif -deficient females are infertile due to implantation failure, despite producing viable
blastocysts capable of implanting and developing when transferred to wild-type pseudo-
pregnant recipients. This indicates that Lif is required for successful implantation [20].
In addition to Lif, Interleukin 11 (Il-11) signaling mediated by IL-11Rα is crucial for de-
cidualization. Females with hypomorphic IL-11Rα alleles exhibit reduced decidual cell
proliferation, resulting in small and degenerating decidua that ultimately fail to support
placentation. In IL-11Rα null mice, defective decidualization leads to infertility. IL-11 and
IL-11Rα expression peaks during decidualization [21,22].
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Steroid hormones are critical regulators of uterine function through receptors such
as ESR1 and progesterone receptor (PGR). Esr1 knockout females are infertile, exhibiting
hypoplastic uteri and hyperemic ovaries devoid of corpus luteum, suggesting disrupted
ovarian estrogen signaling and uterine responsiveness [23]. Pgr knockout mice exhibit an
anovulatory phenotype in which mature oocytes become trapped within follicles despite
normal follicular growth and oocyte maturation [24]. These phenotypes indicate that
systemic knockouts prevent pregnancy establishment and affect multiple tissues, making it
unsuitable for studying the specific role of Esr1 and Pgr during pregnancy, as both receptors
are expressed across various reproductive tissues with overlapping roles in coordinating
systemic and local hormonal responses. Furthermore, systemic knockout models often
result in early embryonic lethality, which prevents the study of gene function at later
developmental stages. For example, systemic knockout of signal transducer and activator of
transcription 3 (Stat3) leads to embryonic lethality on embryonic day 6.5 [25]. Additionally,
it is difficult to explore the specific function of a gene when it plays multiple roles in
different cell types [26]. To overcome these limitations, researchers have developed tissue-
specific knockout models using Cre/loxP recombination systems, which we introduce in
the following sections.

2.1. Tissue-Specific Gene Ablation

The uterus consists of two major compartments: the glandular endometrium and mus-
cular myometrium. The endometrium can be further subdivided into subcompartments,
including the luminal epithelium, glandular epithelium, and stroma. All compartments
contain multiple cell types [27,28]. Understanding the molecular mechanisms regulating
the interactions between these compartments cannot be accomplished using traditional
germline manipulations. Sequence-specific recombinases have provided a groundbreaking
solution to address the limitations of traditional germline knockout models, allowing the
targeted ablation of genes in a tissue- and cell-specific manner. One of the most commonly
used recombinases is Cre (Cause Recombination), which is derived from the bacteriophage
P1. Cre recombination causes the excision of DNA sequences flanked by loxP (locus of
Crossover in P1) sequences in a directional manner, where the orientation of loxP sites
determines whether recombination results in deletion, inversion, or translocation of the
intervening DNA segment (Figure 1A). Using homologous recombination, or more recently,
CRISPR/Cas9 technology, researchers can insert loxP sequences into the mouse genome
surrounding the sequences to be edited. These “floxed” genes (flanked with loxP sites) can
be deleted in a tissue-specific manner using Cre recombinase expressed under the control
of tissue-specific promoters [29]. To achieve precise genetic modifications in the Cre-Lox
system, a strain carrying the Cre recombinase gene is crossed with a strain containing
the gene of interest flanked by LoxP sites (floxed or Lox-Stop-Lox sites) (Figure 1B). This
system allows for conditional, tissue- and/or cell-specific gene deletion or activation. This
application has been used to induce recombination in multiple compartments of the female
reproductive tract. Cre expression models have been developed that specifically cause
recombination in these compartments and cell types. In this review, we present several
uterine cell type-specific mouse models based on the Cre/loxP system that have been
widely used to study uterine biology (Figure 2 and Table 1).
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Figure 1. Cre-LoxP system for gene deletion and conditional gene expression. (A) Cre-LoxP system 
for gene manipulation. (B) Tissue-specific Cre-mediated gene deletion and activation. 

 

Figure 2. Schematic representation of uterine cell types and their specific Cre-driver lines. The dia-
gram illustrates the major cellular components of the uterus, including the epithelium, stroma, de-
cidua, and myometrium, along with the specific Cre-driver lines used for targeted genetic manipu-
lation. 
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Table 1. Summary of the Cre mouse strains.

Tissue Strain Modifications Advantages Considered

U
te

ri
ne

Pgr-Cre [30] Knock-in
Targets uterine

Pgr-expressing cells; widely
used for uterine studies.

Also active in ovaries, pituitary,
and mammary gland; may cause

unintended gene deletions;
activity begins postnatally,

complicating early
development studies.

Pgr-BAC-iCre [31] Transgenic Enable to breeding of
homozygous mice.

Similar off-target expression
concerns as Pgr-Cre.

Pgr-IRES-Cre [32] Transgenic Enable to breeding of
homozygous mice.

Similar off-target expression
concerns as Pgr-Cre.

Ep
it

he
liu

m

Wnt7a-Cre [33] Transgenic
Targets uterine epithelium
from early stages; used for

Müllerian duct studies.

Off-target activity in oviduct
epithelium, ovarian germ cells,

and other tissues.

Ltf-iCre [34] Knock-in

Restricts Cre activity to
post-pubertal uterine

epithelium; useful for adult
uterine studies.

Expression is estrogen-dependent,
complicating

hormone-related studies.

Foxa2-Cre [35] Knock-in Effective for studying
glandular epithelium.

Off-target activity in multiple
tissues (liver, pancreas, lung, etc.);

limits uterine specificity.

Prss29-Cre [36] Knock-in
Targets uterine glandular

epithelium exclusively after
implantation.

Limited to glandular function
post-implantation, restricting

broader uterine studies.

Pax8-Cre [37] Knock-in
Targets Müllerian

epithelium of the uterus
and oviducts.

Potential off-target effects.

Sprr2f-Cre [38] Transgenic Targets endometrial
epithelium.

Cre activity detected in the
cerebellum and kidney.

St
ro

m
a

Amhr2-IRES-Cre(Bhr)
[39] Transgenic

Commonly used for
reproductive tract studies;
targets both ovarian and

uterine stromal cells.

Variability in recombination
efficiency; off-target effects in

non-uterine tissues; early
embryonic Cre activity causes

global recombination.

Foxl2-Cre [40] Knock-in
Useful for stroma-specific

studies; allows early uterine
gene deletion.

Active in ovary, which complicates
uterine-specific studies.

Foxl2-CreERT2 [41] Knock-in

Temporal control of gene
recombination; Enables
precise timing for gene

deletion in stroma.

Active in ovary; Tamoxifen can
have estrogenic effects on the

endometrium, potentially
confounding results.

Pdgfrα-CreERT2 [42] Knock-in
Temporal control of gene

recombination; high
specificity for stromal cells.

Requires tamoxifen induction,
which has estrogenic effects; not

suitable for early-stage
gene deletions.

D
ec

id
ua

Prl8a2-iCre [43] Knock-in

Targets decidual cells
exclusively; avoids effects

on implantation and
ovarian function.

Limited to decidual cell studies;
may not be useful for genes

involved before GD 4.5.
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Table 1. Cont.

Tissue Strain Modifications Advantages Considered

M
yo

m
et

ri
um

Tagln-Cre [44] Transgenic
High specificity for

myometrial cells; no activity
in non-smooth muscle cells.

Not specific to uterine smooth
muscle cells.

Acta2-CreERT2 [45] Transgenic Temporal control of gene
recombination.

Cre is not active in all uterine
smooth muscle cells are targeted.

Myh11-Cre [46] Transgenic
Targets myometrial cells

and enables study of labor
mechanisms.

Not specific to uterine smooth
muscle cells.

MiC
(Myometrial-specific

M-iCre) [47]
Knock-in

Highly specific for uterine
myometrium; avoids

non-reproductive
off-target effects.

NA

2.2. Uterine Cell-Specific Pgr-Cre Mouse Strain

Recombination in the female reproductive tract has lagged behind other systems due
to the lack of a uterine-specific promoter to target recombinase transgenes to the uterus.
This limitation was overcome by inserting Cre recombinase into loci with a major site
of expression in the reproductive tract. The initial locus using this approach was Pgr,
which is crucial for endometrial development and function. Pgr expression is limited to
the reproductive axis, which consists of the pituitary gland, preovulatory granulosa cells,
oviduct, uterus, and mammary glands. Insertion of the β-galactosidase gene (Lacz) into the
Pgr locus demonstrated the limited targeting of transgenes to these tissues [48]. The Pgr-Cre
knock-in mouse model was developed in 2005, in which Cre recombinase was inserted
into the Pgr locus. Given that Pgr is a critical regulator of female reproduction [49], this
model can only be used in mice heterozygous for the Cre allele. Mice heterozygous for Cre
knock-in insertion exhibit normal fertility and are phenotypically similar to wild-type mice.
When crossed with the Rosa26R reporter strain, which contains a lacZ or other reporter
gene (GFP or Tomato) inserted into the Rosa26 locus, conditional expression is enabled
using Cre recombinase. Cre recombinase activity is specifically detected in Pgr-expressing
cells within the uterus, ovary, oviduct, pituitary gland, and mammary glands, similar to
that in the Pgr-Lacz model [30]. Given this limited expression in reproductive tissues, Cre
recombinase was inserted into the Pgr locus, making it an ideal tool for targeting gene
manipulation in uterine cells, as long as it is determined that there is no impact of the
ablation on pituitary or ovarian function. An alternative Pgr mouse model, Pgr-BAC-iCre,
was generated by combining bacterial artificial chromosome (BAC) recombineering with
transgenesis. The improved Cre (iCre) recombinase was inserted in-frame and placed
under the control of the Pgr promoter within the BAC transgene. When crossed with
Rosa26R reporter mice, the PR-BAC-iCre transgene expressed active iCre exclusively in Pgr-
expressing cell lineages [31]. Pgr-ires-Cre was generated by inserting the Cre recombinase
gene immediately downstream of the endogenous Pgr gene via an internal ribosome entry
site (IRES), effectively directing Cre-mediated recombination in the female reproductive
tract, particularly the endometrium [32]. Conditional knockout Stat3 and Gp130 using this
strain exhibited the same embryo implantation defects as those observed in Pgr-Cre mice,
indicating that Pgr-iresCre is a valuable tool for uterine-specific genetic modifications [32,50].

Researchers using Pgr-Cre mice have identified critical genes essential for successful
implantation, such as Indian hedgehog (Ihh), muscle segment homeobox gene (Msx) fam-
ily members 1/2 (Msx1/2), wingless-related MMTV integration site 4 (Wnt4), β-catenin
(Ctnnb1), Stat3, vertebrate regulator of planar cell polarity Van Gogh-like 1/2 (Vangl1/2),
and ERBB receptor feedback inhibitor 1 (Erbbfi1) [50–56]. The Pgr-Cre model has also
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revealed several key genes involved in decidualization. For example, conditional dele-
tion of Bone morphogenetic protein 2 (Bmp2) restrains the decidual response, indicating its
crucial role in decidualization [57]. Similarly, Dicer, an enzyme involved in microRNA
processing, is essential for proper decidualization, as its deletion leads to enhanced stromal
apoptosis and impaired proliferation in response to progesterone [58]. Chicken ovalbumin
upstream promoter-transcription factor II (COUP-TFII) is a nuclear receptor prominently
expressed in uterine stromal cells and is regulated by the progesterone-induced IHH sig-
naling pathway from the epithelium. A study using the Pgr-Cre strain to conditionally
ablate COUP-TFII in the uterus showed that the loss of COUP-TFII results in implantation
failure and a decidualization defect. The lack of COUP-TFII results in increased estrogen
activity in the epithelium, which hinders uterine receptivity during embryo implantation.
Furthermore, COUP-TFII plays a critical role in regulating BMP2, which is essential for
decidualization [59].

Studies using Pgr-Cre mice have provided considerable insights into the molecular
mechanisms underlying embryonic implantation and decidualization. However, Pgr is
also expressed in ovarian tissues, including the corpus luteum, which is a primary source
of progesterone. This widespread expression can lead to unintended gene deletions in
non-uterine tissues. For example, conditional deletion of Lgr5 using Pgr-Cre resulted in
infertility due to gene deletion in ovarian tissues rather than in the uterus [60]. Further-
more, Cre recombinase activity begins during the postnatal stage, which complicates the
analysis of genes critical for normal uterine development and restricts the ability to ex-
amine their specific roles in the later stages of uterine function [61]. Forkhead box A2
(Foxa2) is a transcription factor mainly expressed in the uterine glands. Foxa2 knockout
mice using the Pgr-Cre model were completely aglandular, indicating that it is essential for
the differentiation and development of glands. However, the infertility observed in adult
mice was due to the absence of LIF, which is secreted by the glands, making it difficult
to explore the role of Foxa2 in pregnancy [62]. To address these limitations and achieve
more precise uterine-specific gene targeting, researchers have developed alternative Cre
mouse models. In the following section, we discuss Cre models designed to study distinct
uterine compartments, including the epithelium, stroma, myometrium, and the process of
decidualization.

2.3. Uterine Epithelium

Among the many Cre lines developed, Wnt7a-Cre and Lactoferrin-iCre (Ltf-iCre) mouse
models have become invaluable tools for investigating uterine biology [33,34]. These
models enable tissue-specific gene deletions in uterine epithelial cells, providing critical
insights into the molecular mechanisms underlying uterine receptivity and implantation.

2.3.1. Wnt7a-Cre

Wnt7a is expressed in the uterine epithelium during the fetal and neonatal stages [63].
Conditional deletion of Wnt7a using Pgr-Cre mice disrupts postnatal uterine gland morpho-
genesis and compromises adult fertility, revealing its pivotal role in the early development
of the uterine epithelium [64]. The Wnt7a-Cre mouse line is active in the Müllerian duct
epithelium during embryonic development, making it an invaluable tool for investigating
uterine epithelial development and function [33]. A Müllerian duct-specific knockout study
using Wnt7a-Cre mice revealed that LIM homeobox 1 (Lhx1) is essential for maintaining
ductal progenitor cells for Müllerian duct elongation during female reproductive tract
development [65]. Research using this Cre line revealed that uterine epithelial ESR1 is
dispensable for estrogen-induced proliferation but essential for preventing apoptosis and
regulating functions like lactoferrin (Ltf ) production, ensuring a complete epithelial re-
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sponse during pregnancy [33]. While the Wnt7a-Cre model has proven highly effective
for uterine studies, its Cre activity is not strictly limited to the uterine epithelium. Cre
recombinase activity has also been detected in the oviduct epithelium, ovarian germ cells,
hair follicular epithelium, and Pachytene spermatocytes [34,66]. These off-target effects
require careful consideration, as they may complicate the interpretation of the results,
especially in studies in which tissue specificity is critical.

2.3.2. Ltf-iCre

Ltf expression is restricted to the post-pubertal stage and localized to uterine epithelial
cells. This stage-specific expression allows for studies focusing on post-pubertal uterine
function. Ltf-iCre knock-in mice express a codon-optimized iCre recombinase under the
direction of the Ltf gene. The Cre recommendation is specifically for adult uterine epithe-
lium and immature epithelium following estrogen treatment. Although the expression
of these genes is regulated by estrogen, which can confound investigations of the impact
of hormonal signaling, especially in cancer models, the ability to limit the activity to the
adult mouse makes this model an essential tool for investigating uterine epithelial cell
function in adult mice [34]. Research using the Ltf-iCre mouse model has uncovered several
critical insights into uterine biology. Ablation of Lif receptor (Lifr) in the adult epithelium
using this model revealed infertility due to impaired uterine receptivity, not embryo compe-
tency. Loss of Lifr disrupted STAT3 nuclear translocation and reduced the expression of the
LIF-regulated gene Msx1, indicating its critical role in activating the LIF-STAT3 pathway
for implantation success [67]. Gp130 and Stat3 are essential for uterine receptivity and
implantation, as their conditional deletion using Ltf-iCre mice leads to implantation failure
associated with increased uterine estrogenic responses [50]. Furthermore, while conditional
knockout of Foxa2 using Pgr-Cre mice lacks glands, conditional deletion of Foxa2 in the
adult mouse uterus using the Ltf-iCre model exhibited normal uterine morphology but
was completely infertile due to the absence of LIF [68]. The Ltf-iCre mouse model has also
demonstrated the role of Vangl2-mediated crypt formation and cell polarity of the luminal
epithelium, which are essential for successful embryo implantation [69]. Together, these
studies show that the Ltf-iCre model is a crucial tool for understanding how the adult
uterine epithelial structure and function contribute to pregnancy success.

2.3.3. Uterine Glandular Epithelium-Specific Strains

FOXA2 is a transcription factor expressed exclusively in the glandular epithelial cells of
the mouse and human endometrium, playing a dual role in regulating gland development
during the neonatal period and gland function in adulthood [70,71]. Investigation using the
Foxa2-Cre mouse model has showed that the ESR1 is crucial for regulating uterine epithelial
lineage specification and maintaining homeostasis [72]. However, Cre recombinase activity
driven by the Foxa2 promoter is not limited to the uterine glandular epithelium; it extends to
other tissues, such as the node, notochord, floorplate, and various endoderm-derived organs,
including the liver, lung, pancreas, and gastrointestinal tract [35]. Extensive Cre activity across
multiple tissues can lead to unintended gene deletions outside the uterus. Therefore, it may
not be ideal for studies exclusively targeting the uterine glandular epithelium.

The Prss29-Cre mouse line provides a new tool for studying uterine gland function
during pregnancy by specifically targeting the uterine glandular epithelium. Both serine
protease 29 (Prss29) mRNA and Cre activity are limited exclusively to the uterine glandular
epithelium following implantation, with no detection in other regions of the female repro-
ductive tract. Knockout of Foxa2 in post-implantation uterine glands using this Cre model
led to complete infertility after the first pregnancy, revealing the critical role of Foxa2 in
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gland function and fertility [36]. This model offers a valuable resource for investigating the
specific contributions of uterine glands to pregnancy.

2.3.4. Other Epithelium-Specific Cre Lines

Several other Cre lines have been used to delete genes in the uterine epithelium, each
with distinct characteristics and applications. Pax8 is a transcription factor expressed in the
Müllerian epithelium of the uterus and oviducts but not in the ovaries. Cells expressing
Pax8 are crucial for maintaining the endometrial epithelium and are considered potential
cells of origin for serous endometrial carcinoma [73]. The Pax8-Cre model was developed to
study uterine and oviduct functions [37]. Researchers have utilized Pax8-Cre mice to model
the initiation, progression, and invasion of uterine endometrioid carcinomas. Deletion of
the Arid1a gene in the endometrial epithelium using this model have shown that its loss
promotes invasion and metastasis [74]. Additionally, Pax8-Cre mice with heterozygous
loss of Pten in the tubal epithelium develop hyperplasia, while homozygous loss leads to
cancer in the uterus and oviducts [75]. The Sprr2f -Cre transgene has also been developed
to target genes within endometrial epithelium. However, Cre activity is also observed in
the cerebellum and kidney [38].

Transgenic mouse models with epithelial-specific Cre lines have elucidated the roles
of various genes in uterine development, gland formation, and reproductive processes.
Deletion of Esr1 using Pgr-Cre resulted in a complete block of gland development, while
Pax2-Cre-mediated deletion in the embryonic Müllerian duct epithelium led to unbranched
glands that failed to express glandular LIF, disrupting implantation chamber formation
and embryo alignment. Surprisingly, glands in Ltf-iCre; Esr1-floxed mice were branched and
exhibited reduced LIF expression, resulting in delayed implantation but normal pup deliv-
ery. Therefore, branched glands are necessary for glandular LIF secretion and implantation
success [76].

2.4. Stroma

Studying uterine stromal cells remains challenging due to the lack of uterine stroma-
specific Cre mouse models. Anti-Müllerian hormone receptor type 2 (Amhr2) is expressed
in mesenchyme adjacent to the Müllerian ducts, as well as in Sertoli, Leydig, and granulosa
cells [77]. The Amhr2-IRES-Cre(Bhr) mouse strain has been employed for performing
genetic recombination in these cells [39]. By crossing with reporter strains, researchers have
observed that Amhr2-driven Cre recombinase activity is predominantly confined to the
Müllerian duct mesenchyme-derived stroma and myometrium in uterus [78]. Over the
past 20 years, this Amhr2-IRES-Cre(Bhr) mouse model has been widely used, especially
to ablate genes in the reproductive tract including ovary, uterus, and testes. Conditional
deletion of the Progesterone receptor membrane component 1 (Pgrmc1) gene using Amhr2-
Cre led to subfertility and the development of endometrial cysts in female mice, revealing
its significance in maintaining uterine tissue homeostasis and fertility [79]. Similarly,
targeted ablation of Stat3 in ovarian granulosa and uterine stromal cells via Amhr2-Cre
resulted in impaired fertility due to compromised embryo implantation and placental
development [80]. However, this model has exhibited variability in recombination efficiency
and unintended genetic modifications in non-target tissues [81]. To address these issues,
researchers developed the Amhr2-iCre(Fjd) model by inserting a codon-optimized iCre
into exon 1 of the Amhr2 gene. Amhr2-iCre(Fjd) mediates consistent genetic recombination
across uterine epithelial, stromal, and myometrial cells, whereas the Amhr2-IRES-Cre(Bhr)
model displayed inter-mouse variability in uterine cell recombination. Notably, both Amhr2-
iCre(Fjd) and Amhr2-IRES-Cre(Bhr) exhibit Cre activity as early as the four-cell embryo stage,
leading to global genetic modifications [82]. This early embryonic activity suggests that
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these models may not be suitable for studies requiring stroma-specific gene ablation post-
development in uterus, as unintended widespread recombination could confound results.

Forkhead box L2 (Foxl2) is a transcription factor crucial for follicular maturation and
maintenance of ovarian identity. Several Foxl2-Cre mouse models have been developed
to facilitate targeted gene manipulation. In Foxl2-Cre model, a Cre recombinase sequence
replaces the translational start site of the Foxl2 gene, enabling Cre expression under the
control of the endogenous Foxl2 promoter [40]. Using Foxl2-Cre; R26R-LacZ mouse model,
it has been demonstrated that Foxl2 is expressed not only in the ovary but also in other
components of the female reproductive tract, including the uterus, cervix, and oviduct.
In the uterus, Foxl2 expression is first observed in the neonatal mesenchyme and, during
uterine maturation, persists in the stroma and the deep inner myometrial layer (IML).
In adults, Foxl2 is expressed in the differentiated stromal layer but is no longer present
in the myometrium [83]. The Foxl2-CreERT2 inducible model incorporates a CreERT2
cassette downstream of the Foxl2 gene’s stop codon. CreERT2 is a tamoxifen-inducible
Cre recombinase, and administration of tamoxifen activates Cre recombinase in Foxl2-
expressing cells, allowing for precise temporal regulation of gene manipulation [84]. Foxl2-
IRES-CreERT2 model features an IRES-CreERT2 sequence inserted at the Foxl2 gene’s stop
codon, enabling inducible Cre recombinase expression in Foxl2-expressing tissues [41,85].
It is important to note that while Foxl2-Cre models are effective for targeting genes in the
uterine stroma, they are also expressed in ovarian granulosa cells. Therefore, when using
these models to study uterine-specific functions, researchers should consider the potential
impact on ovarian tissues as well as the direct effects of tamoxifen administration on the
uterus. Tamoxifen can function as a weak estrogen agonist in the endometrium, potentially
leading to endometrial proliferation and other uterine effects [86,87].

Platelet-derived growth factor receptor alpha (Pdgfrα) is a cell surface receptor protein
that plays a crucial role in cell proliferation, migration, and survival. Using Pdgfrα-EGFP
mouse model, PDGFRα has been found to be expressed throughout the reproductive
tract in distinct regions. In the uterus, PDGFRα+ cells are densely distributed throughout
the myometrium and stroma [88]. The Pdgfrα-CreERT2 knock-in mouse model utilizes
tamoxifen-inducible Cre recombinase (CreERT2) driven by the Pdgfrα promoter [42]. By
crossing with Rosa26-tdTomato reporter mouse, Tomato expression is specifically observed
throughout the endometrial stromal compartment. Importantly, no expression is detected
in the myometrium or luminal/glandular epithelium, indicating the model’s specificity for
stromal cells [89]. Another study has applied this model to study the Cre recombination
in the placenta. Pdgfrα-CreER; Rosa-mT/mG mice were administered tamoxifen via oral
gavage at different gestational stages. mEGFP expression was detected in the junctional
zone (JZ) and chorionic plate (CP) of the placenta. Importantly, a single dose of tamoxifen
was sufficient to induce recombination, indicating the efficacy of this system for targeted
Cre expression in the placenta [90].

In summary, the development of advanced Cre mouse models, including Amhr2-
Cre, Foxl2-Cre, and Pdgfrα-CreERT2, has significantly advanced our ability to study uterine
stromal cells. Each model offers unique advantages and limitations, with varying specificity
and recombination efficiencies in different uterine compartments.

2.5. Decidual Cells

The Pgr-Cre mouse model has been widely used to study the role of genes in decidual-
ization. However, its utility is limited to genes that are not essential for implantation or
ovarian function, as the knockout of critical implantation-related genes leads to implanta-
tion failure, preventing the study of their specific roles in decidualization. This limitation
has hindered a comprehensive understanding of the genetic and molecular mechanisms un-
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derlying decidualization for some critical genes. To overcome these challenges, researchers
have developed alternative Cre mouse models with enhanced specificity for decidual cells.
One such model is the Prl8a2-iCre mouse, which expresses an iCre under the control of
the endogenous prolactin family 8, subfamily a, member 2 (Prl8a2) promoter. Prl8a2 is
specifically expressed in decidual cells following embryo implantation, making this model
particularly valuable for studying genes involved in decidualization without affecting the
implantation process. In this model, iCre activity initiates around GD 5.5 in the primary
decidual zone and persists into mid-gestation, with expression concentrated in the anti-
mesometrial region. Importantly, the use of the Sun1-GFP reporter strain has confirmed
that iCre activity is absent in other reproductive tissues, such as the ovary, oviduct, and
pituitary gland [43]. This decidua-specific Cre model enables researchers to investigate
the functions of genetic networks and cellular dynamics associated with decidualization
and infertility.

2.6. Myometrium

Several Cre mouse models have been used to study the molecular and physiolog-
ical mechanisms of the uterine myometrium. The Tagln-Cre model uses the transgelin
(Tagln) promoter to drive Cre recombinase expression in smooth muscle cells, with Cre
mRNA expression being highest in the aorta, intestine, and uterus [44]. This model is
highly specific because no Cre activity has been observed in non-smooth muscle cells.
Similarly, the Acta2-CreERT2 model employs the alpha-smooth muscle actin (Acta) pro-
moter to enable tamoxifen-inducible Cre activity, allowing for temporal control over gene
recombination [45]. However, heterogeneous staining was observed in the uterus, suggest-
ing that Cre is not active in all uterine smooth muscle cells [91]. The Myh11-Cre model
has been used to investigate the role of PGR in myometrial function and adaptation dur-
ing pregnancy [46]. Pgr ablation in smooth muscle cells leads to subfertility, oviductal
embryo retention, and impaired myometrial remodeling. These mutant uteri exhibit a
reduction in oxytocin-stimulated contractility, altered expression of calcium homeostasis
genes, including phosphodiesterase type 5A (Pde5a) and phospholipase C Beta 4 (Plcb4),
discontinuous myofibers, and a disarrayed extracellular matrix at mid-pregnancy [92]. Re-
cently, a myometrial-specific Cre recombinase transgenic mouse strain (Myometrial-specific
M-iCre, MiC) was generated using the rat calbindin-D9K (CaBP9K) promoter, which drives
transgene expression specifically in the myometrium. By crossing with Rosa-mT/mG
reporter mice, EGFP fluorescence was observed only in the myometrium, with no EGFP
expression detected in extrauterine tissues, including the smooth muscle of the heart, in-
testine, and kidney [47]. Together, these Cre models provide valuable tools for studying
myometrial function during pregnancy.

3. Endometrial Organoids
Endometrial organoids derived from primary endometrial cells of humans and mice

have become pivotal in studying the molecular mechanisms of uterine biology. Endometrial
cells isolated from human endometrial biopsies or mouse uteri are embedded in a Matrigel
matrix and cultured in specialized media containing growth factors and Wnt ligands.
These cells self-organize into spheroid or gland-like structures that closely replicate the
cellular architecture and function of the native endometrium. They exhibit long-term
expansion capabilities and respond to hormonal cues, such as estrogen and progesterone,
mimicking the cyclical changes in the endometrium [93]. Endometrial organoids can also
be generated from menstrual fluid [94]. Menstrual fluid-derived organoids provide a
non-invasive alternative to endometrial biopsies. Furthermore, these organoids respond to
hormones in a manner similar to that of native endometrial tissue [94,95]. Here, we discuss
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the application of endometrial organoids in studying endometrial changes in response
to hormones, the implantation process, and embryo-maternal interactions, providing a
controlled model to investigate how the endometrium supports early pregnancy (Figure 3).
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3.1. Respond to Hormones

Human endometrial organoids have a remarkable ability to respond to hormonal
signals, particularly estrogen and progesterone, effectively mimicking the changes observed
in the uterine lining throughout the menstrual cycle. When exposed to estrogen, organoids
exhibit characteristics of the proliferative phase, including enhanced cell proliferation and
glandular development. In contrast, treatment with progesterone induces a transition to
the secretory phase phenotype, marked by increased glandular folding and the production
of secretory proteins [93,96]. This hormone responsiveness enables endometrial organoids
to replicate the natural fluctuations of the menstrual cycle, providing a robust platform for
investigating endometrial physiology and related disorders.

3.2. Implantation

Human endometrial receptivity plays a pivotal role in determining pregnancy success;
however, in vivo studies are limited by ethical restrictions. Endometrial organoids derived
from biopsies of women with primary infertility and normal fertility were treated with
estradiol (E2), medroxyprogesterone acetate (MPA), and cyclic adenosine monophosphate
(cAMP) to model the receptive phase of the endometrial epithelium. Proteomic analysis of
apical secretions identified dysregulated proteins between the fertile and infertile groups.
Notably, trophoblast progenitor spheroids treated with secretions from organoids derived
from infertile individuals exhibited significantly compromised adhesion to epithelial cell
monolayers compared to those treated with secretions from organoids derived from fertile
donors. This suggests that dysregulation of endometrial epithelial secretions may impair
trophoblast adhesion, potentially contributing to implantation failure in infertility [97].
Researchers have established a WOI endometrial organoid system by supplementing
the culture system with prolactin (PRL), human chorionic gonadotropin (hCG), human
placental lactogen (hPL), E2, MPA, and cAMP. These WOI organoids effectively mimic
the receptive endometrium by replicating its structural and cellular complexity. They
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exhibit key implantation features, such as hormone responsiveness, decidualization, ex-
tracellular matrix remodeling, pinopode formation, and cilia generation, modeling critical
processes like the proliferation-to-secretory transformation and epithelial-mesenchymal
transition [98].

3.3. Maternal-Fetal Interactions

The blastoid model, which mimics the structure and development of natural blasto-
cysts, has been generated using naïve human pluripotent stem cells (PSC) under specific
conditions. It accurately replicates the three key embryonic lineages: the trophectoderm
(TE), which contributes to the placenta; epiblast (EPI), which forms the embryo; and primi-
tive endoderm (PrE), which supports early development [99]. The blastoid attach to the
hormonally stimulated endometrium through polar TE (pTE), which is defined by its
contact with EPI, similar to human blastocytes [99,100]. However, it cannot attach to the
unstimulated endometrial cells. STAT signaling, driven by IL-6 and its receptors in the EPI,
is crucial for blastoid development. LIF enhances blastoid formation, while inhibition of
GP130 or Hippo kinases (MST1/2) leads to trophospheres that cannot attach. EPI signals
are essential for pTE maturation and enabling attachment. Transcriptome analysis suggests
the molecular mediators of blastocyst-endometrium interactions. A polar-like TE state,
regulated by EPI, governs the implantation timing [100].

The development of endometrial assembloids comprising hormone-responsive apical-
out endometrial organoids (AO-EMO) and human embryonic stem cell-derived blastoids
has allowed for the study of the embryo-endometrial interface in vitro [101–103]. The AO-
EMO model closely mimics the architecture of the endometrium, with dense stromal cells
and a self-organized endothelial network surrounding the apical surface epithelium. When
cocultured with blastoids, the system effectively recapitulated the key stages of implanta-
tion, including apposition, adhesion, and invasion [101]. The epithelium directs polarized
and proper adhesion, and its absence leads to disordered blastoid adhesion. Stromal cells
further support adhesion and invasion by modulating the epithelial barrier. Syncytial
differentiation at the trophoblast-endometrium interface is a key factor in breaching the ep-
ithelial barrier and promoting stromal invasion, with the degree of syncytial differentiation
potentially influencing the site of trophoblast adhesion and overall implantation success.
These findings emphasize the critical roles of the endometrial epithelium and stromal cells
in implantation, with syncytial differentiation emerging as a key determinant of successful
adhesion and invasion [103].

3.4. Genetic Manipulation

A significant advantage of endometrial organoids is their amenability to genetic
manipulation. Techniques like CRISPR/Cas9-mediated gene editing and viral vector-
based transduction have been employed to introduce specific genetic modifications, allow-
ing researchers to investigate the roles of individual genes in endometrial function and
implantation processes [104]. However, the efficiency of CRISPR/Cas9 is not absolute;
some cells may not undergo the intended genomic edits, and there is a potential risk of
off-target effects [105]. To address these challenges, researchers can utilize endometrial
cells derived from genetically engineered mice to study the functions of specific genes.
Using Axin2-rtTA;tetO-H2BJGFP mice, FACS-sorted Axin2+ cells showed significantly
higher organoid-forming efficiency than Axin2− cells, which rarely formed organoids
and failed to survive beyond a few passages. Axin2+-derived organoids resembled the in
situ endometrium, expressing markers of ciliated, glandular, and epithelial cells, while
Axin2− organoids showed poor growth and non-responsiveness to WNT signaling. Mutant
organoids from Axin2-rtTA;tetO-Cre;R26-Pik3ca; Ctnnb1fl(ex3)/+ endometrial cells exhibited
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both WNT signaling activation (driven by the Ctnnb1fl(ex3)/+ allele, which stabilizes Ctnnb1
in Axin2-expressing cells) and oncogenic Pik3ca expression (controlled by the R26-Pik3ca
allele in the same Axin2-expressing cells). These organoids exhibited higher formation
efficiency and included larger, irregular, and branched tumoroid structures compared with
the controls [106]. Endometrial organoids derived from Esr1 null epithelial cells (Esr1
null organoids) developed a multilayered stratified squamous epithelium with basal cells,
while wild-type (WT) organoids formed a single layer of columnar epithelium. Interest-
ingly, co-culturing Esr1 null organoids with WT uterine stromal cells inhibited basal cell
development. Additionally, estrogen treatment in both organoid-stromal co-cultures and
Pgr-Cre Esr1 conditional knockout mice enhanced the expression of basal epithelial cell
markers. These findings indicate that ESR1 regulates uterine epithelial lineage plasticity
and homeostasis, with ESR1-mediated paracrine factors from the stroma playing a pivotal
role in maintaining the luminal-to-basal differentiation balance [72]. Therefore, endometrial
organoids serve as versatile tools for genetic manipulation, enabling the investigation of
gene-specific roles in uterine function.

4. Omics Technologies
Omics provides a powerful framework for understanding the complex molecular

and cellular mechanisms underlying implantation, offering insights into gene expression,
epigenetic modifications, and signaling pathways [107]. Here are the key aspects in which
omics technologies have advanced our understanding of implantation (Figure 4):

Biomolecules 2025, 15, x FOR PEER REVIEW 14 of 25 
 

wild-type (WT) organoids formed a single layer of columnar epithelium. Interestingly, co-
culturing Esr1 null organoids with WT uterine stromal cells inhibited basal cell develop-
ment. Additionally, estrogen treatment in both organoid-stromal co-cultures and Pgr-Cre 
Esr1 conditional knockout mice enhanced the expression of basal epithelial cell markers. 
These findings indicate that ESR1 regulates uterine epithelial lineage plasticity and home-
ostasis, with ESR1-mediated paracrine factors from the stroma playing a pivotal role in 
maintaining the luminal-to-basal differentiation balance [72]. Therefore, endometrial or-
ganoids serve as versatile tools for genetic manipulation, enabling the investigation of 
gene-specific roles in uterine function. 

4. Omics Technologies 
Omics provides a powerful framework for understanding the complex molecular 

and cellular mechanisms underlying implantation, offering insights into gene expression, 
epigenetic modifications, and signaling pathways [107]. Here are the key aspects in which 
omics technologies have advanced our understanding of implantation (Figure 4): 

 

Figure 4. Multi-omics approaches in uterine research. Various omics approaches, including tran-
scriptomics and epigenomics, are illustrated along with the types of data they generate. 

4.1. Transcriptomics 

Bulk RNA sequencing (RNA-seq) has become the gold standard for profiling gene 
expression. By comparing receptive and non-receptive endometrium or successful and 
failed implantation, bulk RNA-seq can identify differentially expressed genes, such as 
those involved in endometrial receptivity and trophoblast invasion [108]. Moreover, it fa-
cilitates the discovery of novel non-coding RNAs and alternative splicing events that in-
fluence implantation [109]. Bulk RNA-seq measures the average gene expression across a 
heterogeneous population of cells, which can obscure the contributions of specific cell 
types [110]. As the uterus consists of various cell types (e.g., epithelial, stromal, and im-
mune cells), Bulk RNA-seq is unable to discern gene expression changes unique to specific 
cell populations and capture spatial dynamics during implantation, decidualization, and 
placentation, which are critical for understanding the underlying molecular mechanisms. 
To overcome the limitations of bulk RNA-seq, researchers have increasingly used single-

Figure 4. Multi-omics approaches in uterine research. Various omics approaches, including transcrip-
tomics and epigenomics, are illustrated along with the types of data they generate.

4.1. Transcriptomics

Bulk RNA sequencing (RNA-seq) has become the gold standard for profiling gene
expression. By comparing receptive and non-receptive endometrium or successful and
failed implantation, bulk RNA-seq can identify differentially expressed genes, such as
those involved in endometrial receptivity and trophoblast invasion [108]. Moreover, it
facilitates the discovery of novel non-coding RNAs and alternative splicing events that
influence implantation [109]. Bulk RNA-seq measures the average gene expression across
a heterogeneous population of cells, which can obscure the contributions of specific cell
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types [110]. As the uterus consists of various cell types (e.g., epithelial, stromal, and immune
cells), Bulk RNA-seq is unable to discern gene expression changes unique to specific
cell populations and capture spatial dynamics during implantation, decidualization, and
placentation, which are critical for understanding the underlying molecular mechanisms.
To overcome the limitations of bulk RNA-seq, researchers have increasingly used single-cell
RNA sequencing (scRNA-seq) and spatial transcriptomics, which have revolutionized our
understanding of implantation at both cellular and spatial levels [27,111,112].

4.1.1. scRNA-seq

The human endometrium exhibits a complex and dynamic cellular composition that
is poorly understood. scRNA-seq enables the analysis of gene expression at single-cell
resolution, revealing cellular heterogeneity and identifying specific cell populations within
the endometrium [113]. Several studies using scRNA-seq have provided important insights
into the cellular composition of the human endometrium [114–116]. Since the endometrium
exhibits significant heterogeneity both between individuals and within the same individ-
ual, a large sample size is required to reflect dynamic changes over time (throughout the
menstrual cycle) and across various tissue microenvironments. A recent study created a
single-cell reference atlas (termed HECA) by integrating six published scRNA-seq datasets
with their newly generated single-cell seq dataset. HECA resolves long-standing challenges
by establishing consensus definitions for endometrial cell types and by identifying pre-
viously unreported populations. The functional layer reveals intricate stromal-epithelial
interactions mediated by transforming growth factor beta (TGFβ) signaling. In the basalis
layer, signaling between fibroblasts and epithelial populations expressing progenitor mark-
ers is crucial for endometrial regeneration [27].

In humans, studying implantation directly in vivo is not feasible due to ethical and
practical limitations. In contrast, mouse models allow researchers to study implanta-
tion across well-defined time points, from the pre-receptive stage to post-implantation
stage [117]. Using scRNA-seq to compare mouse uteri on gestation day (GD) 2.5 (pre-
receptive stage) and GD 3.5 (receptive stage), researchers identified global gene expression
changes in the luminal and glandular epithelium associated with uterine receptivity. In
the luminal epithelium, the differentially expressed genes (DEGs) were significantly en-
riched in processes like cell death, proliferation, and protein metabolism, and hub genes
included polyadenylate-binding protein 1 (Pabpc1), E1A Binding Protein P300 (Ep300),
and Stat3. In the glandular epithelium, the DEGs were enriched in transport and protein
metabolism, revealing the critical pathways driving uterine receptivity [118]. Using scRNA-
seq on implantation sites (IS) and inter-implantation sites (IIS) in GD 4.5 mouse uteri, a
transcriptomic atlas was generated to uncover global gene expression changes associated
with implantation across different cell types. The overall proportions of most cell types
were unchanged, except for lymphatic endothelial cells (LECs) and B cells. Notably, the
proportion of proliferating LECs (LECp) significantly decreased at IS, while proliferating
stromal and vascular endothelial cells significantly increased, indicating dynamic cellular
changes during implantation [119,120]. Using published E4.5 mouse blastocyst scRNA-seq
data, predicted ligand–receptor interactions between uterine LE and mural trophectoderm
(mTE) revealed several key pathways, including Ras, Ras-associated protein 1 (Rap1),
phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT), mitogen-activated protein
kinase (MAPK), and WNT signaling, as well as cytokine interactions and actin regula-
tion, revealing their roles in implantation [119]. By combining scRNA-seq and mouse
models, researchers can dissect the cellular and molecular dynamics of implantation with
unprecedented resolution.
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4.1.2. Spatial Transcriptomics

Spatial transcriptomics enables the visualization of gene expression patterns in their
native locations, providing insights into the tissue architecture and cellular interactions.
However, due to the limited single-cell resolution of many spatial methods, integration with
single-cell or single-nucleus transcriptomes is necessary to accurately distinguish individual
cell types and subpopulations [121]. By integrating single-cell, single-nucleus, and spatial
transcriptional profiling, analyses of the cellular states and spatial organization of human
endometrial cells during the proliferative and secretory phases of the menstrual cycle in
women of reproductive age revealed that WNT and NOTCH signaling are key drivers
of ciliated and secretory epithelial differentiation [111]. A study integrating scRNA-seq
data of the WOI endometrium with published spatial transcriptomic data of the secretory
endometrium identified significant time-associated molecules from stromal and epithelial
cells that interact with immune cells. Notable interactions included stromal-immune
pairs (CXCL12-CXCR3/4, ANXA1-FPR1/3, HLA-C-FAM3C, C3-ITGB2/ITGAM, CD55-
ADGRE5) and epithelial-immune pairs (TGFB2-TGFBR1/2, SPP1-CD44, ANXA1-FPR1/3,
CDH1-ITGB1/ITGAE, CD55-ADGRE5), revealing their co-expression and roles in the
WOI [122].

Spatial transcriptomics and scRNA-seq were used to analyze the transcriptome pro-
files with spatial information at the embryo implantation site (GD 7.5) in mice, revealing
11 distinct domains with unique gene signatures. These include the mesometrial and
anti-mesometrial myometrium, mesometrial decidua enriched with natural killer cells,
vascular sinus zone, fetal–maternal interface, primary, transition, and secondary decidual
zones, undifferentiated stroma, uterine glands, and embryos. Single-cell RNA signatures
clarified the cell-type composition within these regions. Functional annotations reveal
distinct metabolic, immune, and cellular behaviors regulated by region-specific endocrine
and paracrine signals, providing valuable insights into the molecular mechanisms underly-
ing pregnancy [123]. To understand regional changes during early pregnancy, researchers
have utilized spatial transcriptomics combined with scRNA-seq to create a detailed spa-
tiotemporal atlas of mouse implantation sites during the decidualization process (GD
5.5–GD 9.5). Functional decidual hubs were identified, consisting of decidual stromal cells,
immune cells, uterine endothelial cells, and trophoblasts, which displayed dynamic spatial
and temporal changes in early pregnancy. The generated data are accessible through the
Mouse Embryo Implantation Site Spatiotemporal Atlas (MEISSTA) interactive data portal
(https://meissta.com/, accessed on 20 January 2025) [124]. Taken together, the integration
of spatial transcriptomics with single-cell and single-nucleus transcriptomics provides a
comprehensive understanding of the spatial and temporal dynamics of endometrial biology.

4.2. Epigenomics

Epigenomics studies the complete set of epigenetic modifications of the genetic mate-
rial of a cell. Chromatin Immunoprecipitation Sequencing (ChIP-seq) is a powerful method
for identifying genome-wide DNA-binding sites for transcription factors and other proteins.
Epigenetic mechanisms, including histone post-translational modifications (PTMs), are
critical regulators of transcriptional changes during the endometrial cycle [125,126]. Global
levels of H3K9ac, H2A lysine 5 acetylation (H2AK5ac), H3K14ac, and H4K8ac increase
during the early proliferative phase, decline during the late proliferative phase, and rise
post-ovulation to support ESC decidualization and implantation. In the late secretory
phase, acetylation levels decrease with reduced hormone levels [125–127]. While global
histone methylation levels remain stable throughout the cycle [128], specific changes in
histone methylation have been observed in particular genes. H3K27me3 enrichment at
the HOXA10 promoter is higher during the proliferative phase than during the secretory
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phase, aligning with the dynamic expression of HOXA10, which is downregulated in
the proliferative phase and highly expressed in the secretory phase [129,130]. CUT and
RUN is a more streamlined and cost-effective alternative to ChIP-seq than other methods.
This technique offers several advantages over ChIP-seq, including a higher resolution,
reduced background noise, and lower sample input requirements. By leveraging a targeted
enzymatic cleavage approach, CUT and RUN eliminates the need for cross-linking and
sonication, simplifying the workflow and minimizing potential artifacts associated with
ChIP-seq [131].

Hi-ChIP is a protein-centric chromatin conformation method used to identify chro-
matin loops associated with protein-bound regions, which are vital for gene regulation [132].
By targeting chromatin interactions marked by H3K27Ac, a histone modification linked to
active enhancers, this technique can enrich for loops that connect enhancers to their target
promoters. This enables researchers to map functional genomic elements and understand
their roles in regulating gene expression [133,134].

ATAC-seq is a cutting-edge technique used to study chromatin accessibility. Using
ATAC-seq to map chromatin changes in undifferentiated and decidualizing human en-
dometrial stromal cells, 185,084 open DNA loci were identified, revealing that changes
in chromatin accessibility were associated with differential gene expression. Enriched
transcription factor motifs, including a basic leucine zipper within a triple motif (with
estrogen receptor and Pax domain sites), were found in Alu elements. While other trans-
posable elements were less represented, some contributed to the regulatory landscape
of decidualization [135]. Furthermore, single-cell ATAC-seq across the menstrual cycle
identified unique chromatin accessibility patterns in epithelial and stromal cells, indicating
that dynamic chromatin remodeling supports a receptive environment. Through an inte-
grated analysis of enriched transcription factor binding sites in dynamic chromatin regions,
ChIP-seq data, and gene expression profiles, the implantation window was found to coin-
cide with the pervasive co-option of transposable elements into the regulatory chromatin
landscape of decidualizing cells [136,137].

4.3. Other Omics

Other omics technologies, including proteomics, metabolomics, and microbiome anal-
yses, have also contributed to our understanding of implantation. Proteomic analysis of
endometrial tissues has provided insights into the signaling molecules and receptors that
are essential for embryo implantation [138]. Using isobaric tag for relative and absolute
quantitation (iTRAQ)-based proteomics, researchers identified 263 differentially expressed
proteins (DEPs), which are involved in protein translation, mitochondrial activity, oxi-
doreductase function, and fatty acid and amino acid metabolism, and are associated with
recurrent implantation failure (RIF) in women. Among them, tubulin polymerization-
promoting protein family member 3 (TPPP3), S100 calcium-binding protein A13 (S100A13),
17β-hydroxysteroid dehydrogenase 2 (HSD17B2), and alpha-2-glycoprotein 1, zinc binding
(AZGP1) were identified as potential biomarkers for endometrial receptivity [139]. A recent
review summarized the findings of proteomic analyses of the endometrium around the
time of embryo implantation, offering valuable insights into endometrial receptivity in
humans [140].

Metabolomics has also advanced our understanding of the role of the uterine envi-
ronment in implantation. Metabolomic analysis of the endometrium during the receptive
phase has identified 925 metabolites, predominantly lipids, with polyunsaturated fatty
acids (PUFAs) being the most abundant. Notably, women with endometriosis and recurrent
implantation failure exhibit reduced PUFA levels compared to those with male factors or
unexplained infertility, suggesting that PUFA deficiency might impair endometrial function
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in these conditions [141]. Using a microfluidic system, murine embryos were cultured in
endometrial epithelial cell-conditioned media (CM). The blastocyst formation rates were
significantly increased in the CM group compared to the control. Metabolomic analysis
revealed the upregulation of metabolites involved in arginine, proline, and pyrimidine
metabolism, suggesting that endometrial epithelium secretions positively influence embryo
development by modulating specific metabolic pathways [142].

The endometrial microbiome plays a significant role in embryo implantation and
in reproductive outcomes. Microbiome analysis of endometrial fluid has shown that
women with higher microbial diversity in the endometrium exhibit improved implantation
success [143]. In patients with RIF, the microbiota profile of endometrial biopsies differed
significantly from that of controls, with significantly lower Lactobacillus dominance and an
association with genera such as Prevotella, Streptococcus, and Dialister [144].

5. Conclusions
Implantation is a highly complex and essential process for establishing a successful

pregnancy, requiring intricate interplay between the receptive uterus and competent em-
bryo. Advances in molecular biology, omics technologies, innovative in vivo Cre/loxP
genetically engineered mouse models, and in vitro endometrial organoid models have
significantly enhanced our understanding of the molecular and cellular mechanisms gov-
erning implantation and uterine biology. These cutting-edge approaches not only deepen
our understanding of reproductive biology but also pave the way for novel strategies to
address infertility, improve pregnancy outcomes, and tackle uteroplacental disorders.
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