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Abstract: Endometriosis is a chronic, estrogen-dependent gynecological disorder char-
acterized by the presence of endometrial-like tissue outside the uterine cavity. Despite
its prevalence and significant impact on women’s health, the underlying mechanisms
driving the invasive and migratory behavior of endometriotic cells remain incompletely
understood. Actin-binding proteins (ABPs) play a critical role in cytoskeletal dynamics, reg-
ulating processes such as cell migration, adhesion, and invasion, all of which are essential
for the progression of endometriosis. This review aims to summarize current knowledge on
the involvement of key ABPs in the development and pathophysiology of endometriosis.
We discuss how these proteins influence cytoskeletal remodeling, focal adhesion formation,
and interactions with the extracellular matrix, contributing to the unique mechanical prop-
erties of endometriotic cells. Furthermore, we explore the putative potential of targeting
ABPs as a therapeutic strategy to mitigate the invasive phenotype of endometriotic lesions.
By elucidating the role of ABPs in endometriosis, this review provides a foundation for
future research and innovative treatment approaches.
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1. Introduction

Endometriosis is a chronic inflammatory disease with significant repercussions for
reproductive and overall health. According to World Health Organization (WHO), this
problem affects up to 10% (190 million) of females of reproductive age [1]. In endometriosis,
cells similar to the lining of the uterus are found in other locations. The primary sites of
endometrial lesions are the ovaries, fallopian tubes, pelvic peritoneum, and uterosacral
ligaments. Less frequent sites include the gastrointestinal tract, urinary tract, soft tissues,
and areas outside the pelvic region [2]. There are several theories on how endometrio-
sis lesions may be formed, including retrograde menstruation, cellular metaplasia, the
involvement of stem cells, hematogenous or lymphatic spread, and embryogenetic theory
with Miillerian rest induction [3]. Depending on the mechanism, the cells may require the
ability to migrate and adapt to a new microenvironment. Available reports indicate that the
epithelial-mesenchymal transition (EMT) plays a leading role here, similar to the metastasis
of cancer cells [4]. Growth factors such as transforming growth factor 3 (TGF-f3) or epithe-
lial growth factor (EGF) induce EMT through the activation of Wnt and Notch signaling
pathways. It activates the downstream transcription factors, such as Snail, zinc finger E-box
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binding homeobox (ZEB), suppressor of mothers against decapentaplegic (SMAD), and
Twist [5]. As a result, epithelial cadherin (E-cadherin) is degraded, which leads to plasma
membrane disintegration and disrupts the interactions with 3-catenin. Simultaneously, the
expression of the EMT markers, neural cadherin (N-cadherin) and vimentin, rise [6]. Avail-
able scientific reports indicate a correlation between endometriosis and the EMT process,
showing a decrease in the expression of E-cadherin, desmoplakin, occludin, and claudin,
alongside an increase in the expression of N-cadherin, vimentin, and fibronectin compared
to normal endometrium [7]. In addition, changes in the activity of matrix metallopro-
teinases (MMPs) occur, which promotes cell migration followed by adhesion. The growth
and development of endometrial cells at ectopic sites can occur through multiple pathways,
including Wnt/ 3-catenin, (nuclear factor kappa-light-chain-enhancer of activated B cells)
(NF-kB), mitogen-activated protein kinase (MAPK)/MAPK/ERK (MEK)/extracellular
signal-regulated kinase (ERK), phosphoinositide 3-kinase (PI3K)/Akt/mammalian target
of rapamycin (mTOR), Ras homolog family member (Rho)/Rho-associated protein kinase
(ROCK), reactive oxygen species (ROS), and cytokines and the underlying mechanisms of
pathophysiology include proliferation, migration, invasion, fibrosis, angiogenesis, oxidative
stress, and inflammation [8]. These processes are accompanied by a rapid reorganization
of the cytoskeleton, growth of migratory protrusions, and formation of stable focal con-
tacts. Cytoskeletal rearrangement is controlled by the interaction of various actin-binding
proteins (ABPs) with the actin cytoskeleton, and is crucial for cell specialization, cell—cell
communication, and adhesion, maintaining cell shape, as well as in the development of
specialized migratory structures (lamellipodia and filopodia) (Figure 1) [9]. Numerous
reports point to the changes in the expression of various ABPs in endometriosis lesions
compared to normal endometrium [10,11]. Despite multiple theories and proposed molec-
ular pathways, the precise mechanism behind endometriosis development remains elusive.
Consequently, therapeutic options are currently limited to symptomatic treatments, in-
cluding pain management, hormonal therapy, and surgical resection. However, even after
successful lesion removal, recurrence rates range from 6% to 67% among patients, varying
based on the criteria used in the study [12].
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Figure 1. The roles of ABPs in the cell. F-actin- green, ABPs-yellow.

This review aims to provide a comprehensive summary of the roles of ABPs in en-
dometriosis. Additionally, it delves into future research directions that could enhance our
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understanding of endometriosis development, and identify potential therapeutic, diagnos-
tic, and preventive targets.

To compile the relevant literature, we conducted a systematic search in the PubMed
database using the keywords “[name of ABP] + endometriosis”. We included only articles
published in English and focused primarily on studies conducted on human samples.
Studies involving other species were excluded, except for one study on baboons and
those that incorporated mouse models as complementary experimental systems alongside
human data. Furthermore, publications containing unscientific claims without support in
the scientific literature were also excluded.

2. ABPs in Endometriosis

ABPs are crucial regulators of cytoskeletal dynamics, and their dysregulation has been
implicated in numerous conditions, including endometriosis. In mammals, over 50 ABPs
have been identified [13], but only a subset has been linked to the formation or progression
of endometriotic lesions.

This section discusses all ABPs that have been reported in the literature to play a role
in the pathophysiology of endometriosis.

2.1. Alpha-Actinin

Alpha-actinins are part of the spectrin gene superfamily. They are ABPs with various
functions across different cell types. In non-muscle cells, the cytoskeletal isoform is found
along microfilaments and adherens junctions, playing a role in binding actin to membranes.
Alpha-actinin-1 (ACTN1) is a protein that crosslinks filamentous actin (F-actin) and anchors
it to intracellular structures. Toniyan et al. found that ACTN1 was significantly upregulated
in ectopic versus eutopic endometrium [14]. These changes were confirmed at both ACTN1
protein and ACTN1 mRNA levels, with increases of 75% and 130% compared to normal
endometrium, respectively. It is worth noting that this study was a single patient case study
with rare cervical endometriosis. However, similar results were shown by the same team in
a larger-scale study, including 12 controls and 15 endometriosis cases with different lesion
localizations (5 adenomyosis, 4 external genital endometriosis, 4 extragenital endometriosis,
and 2 umbilical endometriosis). The authors confirmed that ACTN1 protein and ACTN1
mRNA levels were elevated in all endometriosis samples compared to controls, especially in
umbilical endometriosis, where the increase reached 273% and 266% for protein and mRNA
levels, respectively. Interestingly, ACTN1 expression appeared to increase progressively
with increasing distance from the normal endometrium [15]. These results highlight the
potential of ACTN1 as a molecular target in endometriosis. The binding of ACTN1 is crucial
during the formation of stress fibers and cell movement, which are processes that contribute
to the ectopic implantation and persistence of endometriotic lesions [16,17]. Notably,
ACTNT1 has also been implicated in pathologies such as tumorigenesis and drug resistance
in multiple cancer types [18-20]. Additionally, the activity of ACTN1 is influenced by
factors such as phosphorylation of the tyrosine residue by focal adhesion kinase (FAK), and
increased intracellular calcium concentration, which blocks its interactions with F-actin [21].
Currently, there are no reports on the impact of ACTN1 expression on the migratory
potential of endometriosis cells, but some evidence suggests its role in the development
of endometriosis. Study by Slater et al. showed a complete knockout of ACTN after
immunohistochemical staining of endometriosis samples (10 patients), while a positive
signal was found in normal uterine epithelium (6 patients) [10]. Similar observations were
made for endometrioid cancer samples. The authors suggest that the loss of expression of
ACTN and other ABPs favors tissue breakdown and facilitates cell migration. However,
the specific ACTN isoform was not specified in this study. Simultaneously, studies showed
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no significant difference in the expression of alpha-actinin-4 (ACTN4) between ectopic and
eutopic endometrium in both studies by Toniyan et al. [14,15].

2.2. Calponin

Calponin (CNN), a cytoskeletal protein predominantly expressed in smooth muscle cells,
has also been identified in non-muscle cells such as fibroblasts, endothelial cells, and various
cancer cells, where it plays a critical role in cytoskeletal dynamics, cell motility, adhesion, and
migration. Recent research has highlighted its involvement in endometriosis, particularly in
the stromal remodeling and smooth muscle metaplasia characteristic of this disease [22].

Studies have demonstrated that calponin-1 (CNNT1) is significantly upregulated in
ovarian endometriotic lesions compared to eutopic endometrium, at both CNN1 mRNA and
CNN1 protein levels. Its expression is primarily localized in the stroma of endometriotic
lesions, with some variability attributed to biological and histological differences among
the patients. Furthermore, CNN1 has been identified as a downstream target of the TGFf31
signaling pathway, which is hyperactivated in ovarian endometriosis. This suggests a
regulatory role of CNNT1 in processes such as stromal remodeling and smooth muscle
metaplasia, pivotal to the progression of endometriotic lesions [23].

Additional insights into CNN'’s role have been provided by studies on superficial peri-
toneal endometriosis. Ibrahim et al. observed a distinct spatial distribution of CNN within
lesions. Its expression was elevated in the central compartment, populated predominantly
by myofibroblasts of contractile phenotype, compared to the peripheral compartment,
which was primarily composed of collagen I-producing cells exhibiting a secretory phe-
notype. This spatial variability underscores the functional heterogeneity of stromal cells
within endometriotic lesions. CNN’s presence in myofibroblasts and smooth muscle-like
cells underscores its role in tissue remodeling, which may facilitate microtrauma and the
implantation of retrograde endometrium, leading to new lesion formation. The study
further supports the connection between metaplasia of myofibroblasts, CNN expression
and TGF(1 activity [24].

These findings suggest that CNN could help characterize cell phenotypes across differ-
ent stages of myofibroblastic metaplasia. Additionally, its expression in myofibroblasts and
smooth muscle-like cells highlights its involvement in tissue remodeling, a process that
may contribute to microtrauma and promote the implantation of retrograde endometrial
fragments, ultimately leading to the formation of new lesions. Although these findings sug-
gest potential therapeutic targets, further research is needed to develop specific treatment
strategies targeting CNN in the context of endometriosis.

2.3. Cofilin-1

Cofilins (CFLs) regulate actin dynamics, promoting actin branching and cytoskeleton
reorganization. Cofilin-1 (CFL1) is crucial for processes like tumor progression, cell motility,
adhesion, invasion, and angiogenesis. In the human uterine endometrium, CFL colocalizes
with G-actin on the apical side of luminal epithelial cells during the proliferative phase,
and shifts to the basolateral compartment during the secretory phase [11].

Morris et al. used a baboon model to study CFL localization in endometriosis. They
found that CFL’s expression pattern in the proliferative phase was similar in both healthy
and endometriosis groups. During the secretory phase, CFL translocated in healthy en-
dometrium but not in endometriosis-affected endometrium [11]. It may explain the dif-
ficulties in embryo implantation and high infertility rates connected with endometriosis.
Similar patterns were seen with slingshot (SSH1), a phosphatase regulating CFL activity,
indicating new targets for endometriosis-related infertility research [11].
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Xu et al. found that CFL1 is overexpressed in eutopic endometrium of patients
with ovarian endometriosis, contributing to increased proliferation, adhesion, invasion,
angiogenesis, and decreased apoptosis. The authors also showed that silencing CFL1
mitigated these effects [25]. It was further supported by Chen et al., who also confirmed
CFL1 upregulation in the endometrium of women with endometriosis compared to the
samples of disease-free patients [26].

One of the proteins interacting with CFL1 is LIM domain kinase 1 (LIMK1). Liu et al.
indicate that estradiol mediates the phosphorylation of CFL1 via LIMK]1, influencing cell
invasion and proliferation in endometriosis patients. They observed abnormally high
expression of LIMK1 and CFL1, which was closely associated with increased invasive-
ness and proliferation of eutopic endometrial stromal cells from endometriosis patients
compared to those from the endometrium of control group. Silencing LIMK1 using RNAi
significantly reduced estradiol-induced CFL1 phosphorylation [27]. These findings align
with previous studies, demonstrating that ectopic endometrial stromal cells exhibit higher
LIMK1 expression than their eutopic counterparts. Furthermore, overexpression of LIMK1
in eutopic endometrial stromal cells led to an increase in migration, invasion, proliferation,
and elevated levels of adhesion, invasion, and angiogenesis markers, while LIMK1 knock-
down in ectopic endometrial stromal cells resulted in the opposite effects [28]. Another
protein related to CFL1 in endometriosis is platelet-derived growth factor (PDGF), which
induces cell proliferation. Wang et al. found that PDGF increased CFL1 expression in
eutopic endometrium stromal cells and significantly promoted their proliferation in a time-
and dose-dependent manner. Silencing CFL1 significantly reduced PDGF’s proliferative
effect, supporting the hypothesis of CFL1’s role in endometriosis-related infertility [29].
Lee et al. reported that PDGF-A mRNA levels were significantly lower in the eutopic
endometrium of endometriosis patients than in the control group during the secretory
phase [30]. These findings suggest that PDGF may influence CFL1 levels and maybe even
translocation capacity, thus, also the process of embryo implantation and fertility. CFL1
activity is also influenced by testis-specific protein kinase 1 (TESK1), which phosphorylates
CFL1 at Ser3, blocking its actin-severing abilities and affecting actin dynamics [31]. Yotova
et al. found the long intergenic noncoding RNA 01,133 (LINC01133) knockdown in the 12Z
endometriosis cell line upregulated TESK1 and increased CFL phosphorylation [32].

2.4. Ezrin—Radixin-Moesin Family

The ezrin-radixin-moesin (ERM) family consists of three closely related proteins:
ezrin (EZR), radixin (RDX), and moesin (MSN). These proteins primarily crosslink integral
plasma membrane proteins or scaffolding proteins to F-actin. Beyond their expression, the
activity of ERM proteins, regulated by phosphorylation and dephosphorylation cycles, is
crucial as it allows them to switch between open (active) and closed (inactive) conforma-
tions. Slater et al. reported that in normal endometrial tissue, EZR-positive regions were
predominantly localized in the apical, lateral, and basal parts of glandular epithelium. In
contrast, in endometriosis samples, EZR labeling was nearly absent, suggesting a complete
loss of its expression. However, the study relied solely on immunohistochemical labeling
without quantitative protein analysis [10]. In turn, Ornek et al. demonstrated EZR and phos-
phoezrin (pEZR) expression across all analyzed tissues, including normal endometrium
from endometriosis-free individuals and paired eutopic and ectopic endometrium from
endometriosis patients. EZR showed stronger signals in eutopic and ectopic endometrium
compared to controls, primarily in glandular cells, while pEZR was mostly detected in
stromal cells, with restricted localization to the apical surface in glandular epithelium.
Quantitative analysis confirmed a progressive increase in EZR and pEZR levels from con-
trols to eutopic and ectopic samples, correlating with enhanced cellular invasiveness [33].
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Similarly, Chen et al. observed EZR expression in both glandular and stromal cells of
ovarian lesions, with intensity progressively increasing between controls, eutopic, and
ectopic endometrium. In stromal cells isolated from ectopic endometrium, inhibiting EZR
phosphorylation using NSC305787 significantly reduced pEZR levels without affecting
total EZR levels. This inhibition impaired the formation of actin-rich migratory protrusions,
reduced F-actin levels, and decreased migratory and invasive potential [34]. NSC305787
inhibits EZR phosphorylation mediated by protein kinase C iota (PKCt), a member of the
protein kinase C family of serine/threonine kinases.

Positive EZR labeling in glandular epithelium and pEZR in stromal cells was further
confirmed in studies by Peloggia et al., who found no differences in EZR or pEZR expres-
sion and localization between endometriosis tissue samples from different sites or phases of
the menstrual cycle [35]. Jiang et al. reported a gradual increase in EZR mRNA expression
from control to eutopic and ectopic endometrium groups, with no significant differences
between samples collected during the proliferative and secretory phases of the menstrual
cycle. Additionally, siRNA-mediated downregulation of EZR in stromal cells isolated from
ectopic endometrium significantly reduced their migratory potential compared to controls
transfected with non-specific siRNA [36]. Bernacchioni et al. highlighted the association be-
tween EZR and sphingosine-1-phosphate receptor 3 (S1PR3), a G protein-coupled receptor
associated with angiogenesis and endothelial function. SIPR3 expression was upregulated
in endometriosis lesions compared to control endometrium and positively correlated with
EMT and fibrosis markers. The application of an EZR inhibitor (NSC668394) abolished the
effects of SIPR3 activation, emphasizing the importance of EZR activity in EMT. Studies
using the 12Z cell line, derived from endometriotic glandular cells, confirmed that EZR
activation is critical for EMT, as inhibiting EZR phosphorylation significantly reduced EMT
marker expression [37]. NSC668394 is another commercially available compound that
inhibits ezrin T567 phosphorylation mediated by PKCt.

Yotova et al. demonstrated that stromal cells isolated from ectopic endometrium
exhibited elevated phosphorylation of all ERM proteins compared to those from eutopic en-
dometrium and controls. This higher ERM activity was associated with a more contracted
cellular morphology and reduced migratory potential, suggesting that ERM phospho-
rylation may anchor ectopic cells and stabilize lesions at their implantation sites. They
further showed that the rapidly accelerated fibrosarcoma-1 (Raf-1)/Rho-associated coiled-
coil kinase 2 (ROCKII) pathway modulates cytoskeletal reorganization and motility in
endometriotic stromal cells, where low Raf-1 levels correlated with hyperactivation of
ROCKII and increased ERM phosphorylation [38]. Interestingly, Moggio et al. observed
contrasting results in mesenchymal cells isolated from ectopic endometrium, where a lower
pEZR-to-EZR ratio following sorafenib treatment correlated with reduced migratory but
not invasive properties. Sorafenib, a multi-tyrosine kinase inhibitor targeting Raf kinases,
led to decreased EZR phosphorylation in mesenchymal cells from control, eutopic, and
ectopic endometrium, suggesting distinct mechanisms of ERM regulation [39].

The roles of RDX and MSN in endometriosis are even less well understood. Zhang
et al. showed that extracellular matrix protein 1 (ECM1) knockdown in hREM15A, an immor-
talized stromal cell line resembling eutopic stromal cells from women with endometriosis,
significantly decreased RDX expression, likely through the RhoC/ROCK1 pathway, lead-
ing to reduced migratory potential. However, the lack of validation in primary stromal
cells remains a limitation [40]. Ametzazurra et al. further showed that MSN levels in
endometrial fluid differed significantly between disease-free controls and patients with
early or advanced endometriosis, proposing its potential diagnostic value. MSN is also
significantly upregulated in exosomes and vaginal secretions from endometriosis patients
compared to disease-free controls [41]. Abdula et al. demonstrated that exosomes produced
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by endometriotic stromal cells enhanced normal stromal cell migration, increased tubular
structure formation by endothelial cells, and elevated inflammatory cytokine production in
ovarian epithelial cells. These effects were mediated by MSN, suggesting that exosomal
MSN severely impacts surrounding normal cells [42].

Together these reports highlight that ERM proteins play a crucial role in the migration
and adhesion of ectopic endometrial cells. Enhanced activation of EZR, particularly in
stromal cells, is a relatively consistent observation in endometriosis tissue samples. The
findings on MSN are also intriguing, as it can be transported via exosomes and influence
the behavior of normal cells surrounding endometriotic lesions. Moreover, studies suggest
the potential diagnostic value of ERM proteins in endometriosis.

2.5. Fascin

Fascin-1 (FSCNT) is a critical regulator of cytoskeleton that facilitates the bundling
of microfilaments into tight, parallel structures essential for the formation of actin-rich
migratory protrusions. These structures are pivotal for cell motility and invasion [43,44].
Upregulated FSCN1 expression has been implicated in cancer metastasis, making it a
promising therapeutic target in aggressive malignancies [45—-48].

Emerging evidence highlights FSCN1’s role in endometriosis, particularly in driving
the invasive behavior of ectopic endometrial cells. Luo et al. demonstrated that FSCN1
is upregulated in ectopic endometrium compared to eutopic samples. Treatment of en-
dometriotic cells with an autophagy activator suppressed proliferation, migration, and
invasiveness, accompanied by shorter actin-rich protrusions. However, exogenous upregu-
lation of FSCN1 reversed these effects, confirming its integral role in filopodia formation
and its association with enhanced cellular invasiveness in endometriotic lesions [49].

Further studies by Adammek et al. corroborate these findings, demonstrating that
FSCNT1 significantly influences cytoskeletal organization and cellular motility in endometri-
otic cells. Overexpression of miR-145, a regulatory microRNA, resulted in a significant
downregulation of FSCN1 at the mRNA level, leading to decreased invasiveness and motil-
ity in both the 12Z endometriotic cell line and primary stromal cells derived from patients.
Alongside FSCN1, miR-145 modulates a network of other targets, including pluripotency
markers (SRY-box transcription factor 2 (SOX2), Kruppel-like factor 4 (KLF4)) and cell
adhesion molecules (e.g., junctional adhesion molecule A (JAM-A)), which collectively con-
tribute to the growth, invasiveness, and persistence of endometriotic lesions [50]. Similarly,
Wang et al. identified FSCN1 as a direct target of miR-145, reinforcing its regulatory role in
endometriosis pathogenesis [51].

These findings highlight FSCN1 as a pivotal mediator of the invasive phenotype in
endometriosis, associating its expression with cytoskeletal dynamics, cell motility, and the
persistence of ectopic lesions. Targeting FSCN1 or its regulatory pathways, such as miR-145
modulation, offers a promising avenue for therapeutic intervention in endometriosis.

2.6. Myosins and Caldesmon

Myosins (MYOs) are a family of actin-binding motor proteins that play critical roles
in various cellular processes, including intracellular transport, cell division, adhesion, and
motility. In muscle cells, MYOs are essential for contraction, forming the thick filaments of the
sarcomere and generating force through cyclic interactions with actin filaments powered by
adenosine triphosphate (ATP) hydrolysis. In non-muscle cells, they contribute to cytoskeletal
organization and dynamic cellular changes, processes integral to tissue remodeling [52].

In the context of endometriosis, MYOs play a significant role due to their involvement
in cellular dynamics within endometriotic lesions. These lesions often contain not only
glandular epithelial and stromal cells but also populations of myofibroblasts and smooth
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muscle-like cells, which express smooth muscle markers such as smooth muscle myosin
heavy chain (SM-MHC), desmin, smooth muscle actin (SMA), and caldesmon (CALD).
These markers highlight the contractile and fibrotic features of endometriotic lesions and
their involvement in pathological tissue remodeling [22].

Barcena de Arellano et al. demonstrated that smooth muscle-like cells associated with
endometriosis exhibit markers indicative of contractile capabilities, including SM-MHC,
SMA, desmin, and CALD [53]. These cells also express receptors for vasopressin and
oxytocin, suggesting their potential to contract in response to hormonal stimulation. Such
contractions could activate nociceptors in the peritoneum, contributing to pelvic pain, a
hallmark symptom of endometriosis [53-55]. This finding underscores the potential of
targeting smooth muscle contractility as a therapeutic strategy to alleviate pain. Simi-
larly, Wang et al. confirmed strong positive signals for SM-MHC, desmin, and «-SMA in
ovarian endometriosis tissue samples [56]. Additionally, van Kaam et al. demonstrated
that deeply infiltrating endometriosis lesions are characterized by fibromuscular tissue
containing myofibroblasts expressing smooth muscle markers such as x-SMA, desmin, and
SM-MHC [57]. Their findings support the idea that smooth muscle-like cells in deeply
infiltrating lesions primarily arise from the transdifferentiation of local fibroblasts in re-
sponse to ectopic endometrial tissue, rather than from metaplasia of the endometrial cells
themselves. A nude mouse model provided further evidence, showing x-SMA expression
induced in host fibroblasts surrounding human endometrial implants. This process mimics
stromal reactions observed in wound healing and fibrocontractive diseases, characterized
by extracellular matrix deposition and collagen production.

The genetic aspects of MYO involvement in endometriosis have also been explored.
Lou et al. identified MYH8 missense mutations in two out of 152 genomic DNA samples
from Han Chinese women with ovarian endometriosis [58]. These mutations were absent
in controls and predicted to be pathogenic. However, their clinical significance remains
unclear due to the lack of functional studies and validation in endometriotic tissue, as well
as the small sample size of cases harboring MYH8 mutations. Interestingly, MYH11, encod-
ing SM-MHC, was identified as significantly overexpressed in peritoneal endometriosis
lesions compared to eutopic endometrium, as reported in multiple studies [59,60]. This
upregulation has been associated with tissue remodeling and the differentiation of smooth
muscle-like cells. In contrast, MYH14, another MYO isoform, was found to be underex-
pressed in peritoneal lesions, suggesting a shift in cytoskeletal dynamics and contractile
properties. h-CALD, a marker for fully differentiated smooth muscle cells, was also con-
firmed in peritoneal lesions, aiding in distinguishing between smooth muscle hyperplasia
and metaplasia.

In adenomyosis, increased levels of SM-MHC, desmin, and oxytocin receptor expres-
sion have been observed, reflecting the presence of fully differentiated smooth muscle
cells [61]. These markers are strongly associated with fibrosis, suggesting that SM-MHC
contributes to ECM remodeling, driven in part by TGF-f released from activated platelets.
This highlights the role of smooth muscle differentiation in fibrotic processes, which are
shared features of both adenomyosis and endometriosis [61].

Furthermore, MYO6, a unique MYO that moves cargo toward the minus ends of
actin filaments, has been implicated in endometriosis pathology. MYO6 was found to
be upregulated in endometriotic lesions, suggesting its potential as a biomarker for the
disease. Its expression correlated with immune cell infiltration, particularly activated
natural killer (NK) cells and M2 macrophages, which are key components of the immune
microenvironment in endometriosis [62].

The available literature shows that MYOs play crucial roles in the pathophysiology
of endometriosis, contributing to tissue remodeling, fibrosis, and the contractile prop-
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erties of endometriotic lesions. Their expression closely correlates with the presence of
myofibroblasts and smooth muscle-like cells, which are found in different localization of
endometriotic lesions. Targeting MYOs-related pathways and smooth muscle contractility
represents a promising avenue for therapeutic intervention, particularly for managing
fibrosis and pain in endometriosis.

2.7. Talin

Talin (TLN) is a key cytoskeletal protein that crosslinks integrins and the actin cy-
toskeleton, facilitating cell adhesion and signal transduction. It plays a crucial role in
forming and stabilizing focal adhesions, which are essential for cell migration and mechan-
otransduction [63,64].

Tang et al. demonstrated that TLNT1 is significantly upregulated in eutopic and ectopic
endometrial samples from patients with ovarian endometriotic cysts compared to endometrial
tissue from women without endometriosis. The highest levels of TLN1 expression were
observed in ectopic endometrium, both at the TLNI mRNA and TLN1 protein levels. Notably,
the authors cultured stromal cells isolated from ectopic endometrium and found that TLN1
downregulation via siRNA led to a significant reduction in the cells” adhesion, migration, and
invasion abilities, while proliferation and apoptosis remained unaffected [65].

In contrast, Slater et al. reported a complete absence of TLN expression in endometri-
otic tissue samples from various localizations. Immunohistochemical analysis showed
TLN expression in both the basal and apical regions of uterine epithelial cells in control
endometrium from individuals without endometriosis, whereas TLN was undetectable in
endometriosis samples. The authors noted minimal variability within each group despite
assessing multiple samples (6 controls and 10 endometriosis) [10].

Lee et al. provided mechanistic insights, demonstrating that prostaglandin E2 (PGE;)
receptors, EP2 and EP4 regulate TLN expression and interactions [66]. Elevated PGE; levels in
the peritoneal fluid of women with endometriosis have been previously reported [67]. Selective
pharmacological inhibition of EP2 and EP4 reduced TLN expression and disrupted its interac-
tions with other proteins, such as integrins. This, in turn, impaired the adhesion of epithelial
and stromal cells derived from endometriotic cysts to extracellular matrix proteins [66].

Ma and Jiang proposed a distinct role for TLN1 in the pathogenesis of endometrio-
sis, highlighting its involvement in the differentiation of regulatory T cells (Tregs) [68].
Disrupted Treg homeostasis, commonly observed in women with endometriosis, is as-
sociated with increased systemic and local inflammation in both ectopic and eutopic
endometrium [69]. These findings suggest that TLN1 may influence the inflammatory
microenvironment of endometriosis by modulating Treg function and differentiation. Mech-
anistically, TLN1 plays a crucial role in the immunological synapse, where it regulates inte-
grin activation, particularly o431 and lymphocyte function-associated antigen 1 (LFA-1),
which are essential for Treg adhesion and migration [70]. By stabilizing integrin-mediated
signaling cascades, TLN1 influences Treg activation and their ability to suppress inflamma-
tion [71]. Furthermore, its interaction with intracellular signaling pathways, such as the
Ras-related protein 1 (Rapl)-guanosine triphosphate (GTP)-dependent axis, further regu-
lates T cell activation and differentiation [72]. These mechanisms support the hypothesis
that TLN1 contributes to the altered immune response observed in endometriosis.

The current literature reports discrepancies regarding TLN expression in endometrio-
sis, which may reflect variability based on lesion type or localization. Nevertheless, the
evidence underscores the critical relationship between inflammatory response, TLN, inte-
grins, and cellular adhesion, highlighting TLN’s multifaceted role in the pathophysiology
of endometriosis.
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2.8. Tensins

Tensins (TNSs) are cytoskeletal proteins that crosslink the actin cytoskeleton and inte-
grin receptors, facilitating cell adhesion, migration, and interaction with the extracellular
matrix. They are integral to maintaining cellular architecture and regulating physiological
processes such as tissue remodeling and cellular motility. The TNS family consists of four
members: tensin-1 (TNS1), tensin-2 (TNS2), tensin-3 (TNS3), and tensin-4 (TNS4), all of
which are widely expressed in normal and pathological tissues [73].

TNS1, a cytoplasmic protein located in focal adhesions, plays a critical role in main-
taining transmembrane junctions between the cytoskeleton and the extracellular matrix.
Cells deficient in TNS1 exhibit significantly reduced migratory capacity, underscoring its
role in cell motility [74]. In the female reproductive system, TNS1 has been implicated
in processes such as implantation and oogenesis [75]. Moreover, its expression has been
detected in the stromal compartment of the endometrium [76].

A study by Rahmawati et al. explored the role of TNS1 in endometriosis, particularly
its response to gonadotropin-releasing hormone agonist (GnRHa) therapy, a commonly
used treatment for endometriosis [77]. Tissue and serum samples were collected from
women with endometriosis who were either untreated or treated with GnRHa. The analysis
demonstrated a significant decrease in TNSI mRNA and TNSI protein levels in endometri-
otic tissue following GnRHa therapy. Immunohistochemistry demonstrated strong TNS1
expression in epithelial and stromal cells of untreated endometriotic tissue, whereas treated
samples exhibited markedly reduced expression. Additionally, serum TNS1 concentra-
tions decreased by 53% after GnRHa treatment. These findings suggest that TNS1 may
serve as both a therapeutic target and a biomarker for monitoring treatment efficacy in
endometriosis [77].

The relevance of TNS1 in endometriosis was further addressed in a commentary by
Barra and Ferrero, who highlighted the importance of understanding the molecular mech-
anisms underlying TNS1’s role in ectopic endometrial cell adhesion and migration [78].
While the study by Rahmawati et al. confirmed the involvement of TNS1 in endometriosis
pathology, the authors did not explore its specific contribution to the molecular pathways
governing adhesion and migration. Additionally, the commentary noted methodologi-
cal limitations, such as the exclusive focus on ovarian endometriosis, with no data on
other types of lesions like peritoneal or deep infiltrating endometriosis. Furthermore, the
specific GnRHa compounds used in the study were not disclosed, despite their varying
pharmacokinetic and pharmacodynamic properties [77].

In their response, Rahmawati et al. clarified that their study was limited to patients
with ovarian endometriosis and employed a single type of GnRHa. They acknowledged
the need for future research to investigate TNS1 expression across different endometriosis
phenotypes and to further elucidate its role in disease progression [79].

The evidence presented in the available studies highlights the critical role of TNS1 in
cell adhesion and migration, processes that are central to the development and progression
of endometriosis. The significant reduction in TNS1 expression following GnRHa therapy
underscores its potential as a biomarker for treatment response and a molecular target for
therapeutic interventions. Given its role in regulating integrin-mediated signaling and
cytoskeletal organization, TNS1 may contribute to the establishment and stabilization of
ectopic lesions. Targeting TNSI or its downstream pathways could impair focal adhesion
dynamics, reducing the ability of endometriotic cells to adhere, migrate, and invade
surrounding tissues. However, further research is needed to characterize TNS1’s role
in other subtypes of endometriosis and to clarify its mechanistic contributions to disease
pathophysiology. These findings suggest that TNS1 may offer valuable insights into the
pathogenesis and management of endometriosis.
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2.9. Transgelin

Transgelin (TAGLN) plays a crucial role in regulating cytoskeletal dynamics, cellular
contractility, and smooth muscle cell differentiation. It is also associated with processes
such as migration and proliferation in various cell types [80].

The available literature indicates that TAGLN is significantly upregulated in ectopic
endometrium compared to eutopic endometrium of endometriosis patients [81]. A study
analyzing 40 matched samples of ectopic and eutopic endometrium from patients with peri-
toneal or ovarian endometriosis, along with 15 controls without endometriosis, found no
difference in TAGLN mRINA expression between the eutopic endometrium of endometriosis
patients and controls. However, TAGLN mRNA expression was significantly higher in ec-
topic endometrium compared to eutopic endometrium of controls. A limitation of this study
was its focus on transcriptome-level analysis, without assessing protein expression [81].

Similarly, another study observed that TAGLN expression was significantly higher in
endometriosis lesions compared to normal eutopic endometrium from endometriosis-free
controls. However, no statistically significant differences in TAGLN levels were found
between paired eutopic and ovarian endometriosis samples [82]. Furthermore, Kyama
et al. demonstrated that TAGLN was differentially expressed in endometriotic lesions
obtained from peritoneal sites compared to normal peritoneum [83]. Their study identified
TAGLN as a specific protein expressed in peritoneal endometriotic lesions but absent in
normal peritoneum, highlighting its potential role in the pathogenesis of endometriosis. A
common limitation of these studies is their reliance on material isolated from whole tissue
samples, without distinguishing between specific cell types. Consequently, it remains
unclear whether the observed changes occur in epithelial, stromal, smooth muscle, or
endothelial cells, all of which are present in endometriotic lesions.

In contrast, Stephens et al. reported a 4.5-fold decrease in the protein level of transgelin-2
(TAGLN?2) in eutopic endometrium of endometriosis patients compared to healthy controls,
using MALDI-TOF [84]. However, immunohistochemistry did not show significant differences
in the intensity or localization of TAGLN2 between the groups. Immunostaining confirmed
the presence of TAGLN?2 in all tested samples, with the most intense staining in the luminal
and glandular epithelium. Strong staining of the apical surface of cell membranes, with less
intense basolateral and cytoplasmic staining, was observed in all patient samples. Minimal
TAGLN2 expression was detected in stromal cells, while endothelial cells lining the blood
vessels stained intensely, and leukocytes showed a positive signal as well [84].

TAGLN also appears to play a pivotal role in endometriosis pathogenesis as part of
the signaling pathway activated by Fusobacterium nucleatum infection. This Gram-negative
anaerobic bacterium was detected in the uterine tissues of 64% of women with endometrio-
sis, compared to only 7% of controls. Fusobacterium infection triggers macrophage infiltra-
tion, increased TGF-f3 production, and subsequent upregulation of transgelin in human
and mouse endometria. This leads to enhanced migration, adhesion, and proliferation of
endometrial cells, which are crucial processes for the formation and maintenance of en-
dometriotic lesions. In a mouse model of endometriosis, Fusobacterium infection promoted
lesion development, while antibiotic treatment reduced Tagln expression and significantly
decreased lesion number and weight [85,86].

2.10. Tropomyosin and Tropomodulin

The tropomyosin (TPM) family consists of proteins that bind along actin filaments
in both muscle and non-muscle cells, playing a critical role in cytoskeletal stabilization.
In muscle cells, TPM regulates contraction by controlling MYO access to actin binding
sites. In non-muscle cells, it stabilizes actin filaments and regulates their interactions with
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other proteins, impacting essential processes such as cell shape maintenance, motility, and
intracellular transport [87].

Tropomodulins (TMODs) are regulatory proteins essential for the stabilization and
organization of the actin cytoskeleton. They specifically cap the pointed (minus) ends of
actin filaments, preventing further elongation or depolymerization, which contributes to
cytoskeletal stability. Together, the TMOD-TPM complex plays a key role in forming and
stabilizing dynamic actin structures such as filopodia, lamellipodia, and the cortical actin
network, which are critical for cell motility and function [88].

Demir et al. demonstrated that ABPs, including TPM and annexin-1 (ANXA1), may
contribute to the ectopic implantation of retrograde menstrual endometrium into the
peritoneum. Normally, the peritoneum is lined with mesothelial cells that inhibit ectopic
endometrium adhesion as it prefers to interact with ECM components. However, the
study showed that menstrual secretion-conditioned medium induced EMT in isolated
human omental mesothelial cells, which may lead to cell retraction and exposure of the
submesothelial ECM, thus facilitate ectopic implantation. Tropomyosin-a4 (TPM4) and
ANXA1 were identified as ABPs with altered phosphorylation patterns in mesothelial cells
exposed to the conditioned medium compared to untreated controls [89].

Gajbhiye et al. showed elevated serum levels of antibodies against tropomyosin 3
(TPM3) and tropomodulin 3 (TMOD3) in patients with endometriosis compared to con-
trols [90]. Serological tests using anti-TPM3 and anti-TMOD3 antibodies demonstrated
higher sensitivity, specificity, and accuracy in diagnosing early stages of endometriosis
(stages I and II) compared to the commonly used marker CA125. The authors highlighted
the potential of these antibodies as biomarkers for early detection of minimal-mild en-
dometriosis and that they may be involved in endometriosis-associated infertility [90].
The findings were further supported by a larger study conducted by the same first author
yielding consistent results [91]. Similar findings were reported by Menzhinskaya et al.,
who studied serum from patients with ovarian cysts and deep infiltrative endometriosis
and compared it to endometriosis-free controls. Elevated levels of IgM to TPM3 and IgG to
TMOD3 were observed in patients with ovarian cysts, while only IgM to TPM3 was ele-
vated in deep infiltrative endometriosis patients. Anti-TPM3 antibodies showed the highest
diagnostic value compared to other tested antibodies, with sensitivity and specificity of
73.6% and 81.5%, respectively [92].

However, it is unfortunate that these studies did not investigate the expression and
localization of TPM3 and TMOD?3 in endometriotic cysts and normal endometrium. It
is possible that the observed autoimmune response in endometriosis patients is either a
consequence of or a contributing factor to changes in the expression or activity of these
proteins in endometrial tissues. This gap in research leaves an important avenue for future
studies to explore.

2.11. Vinculin

Vinculin (VCL), a focal adhesion protein, connects actin filaments to integrins in the
cell membrane, facilitating the transmission of mechanical force and signaling pathways.
Wau et al. demonstrated that eutopic and ectopic endometrial stromal cells from patients
with endometriosis exhibit higher VCL expression, increased actin polymerization, elevated
levels of small GTPases (predominantly ras homolog family member A (RHOA), but also
ras-related C3 botulinum toxin substrate 1 (RAC1) and cell division cycle 42 (CDC42)),
and enhanced migratory abilities compared to endometrial stromal cells from women
without endometriosis. However, several limitations in their analysis should be noted.
Fluorescence intensity was not quantified, meaning the conclusions are based solely on
visual observations rather than precise measurements. Furthermore, Western blot analyses
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lacked standard deviation markers and statistical significance annotations, raising concerns
about whether the conclusions were drawn from a single measurement or if statistical
analysis was omitted entirely. Lastly, the study did not specify whether the groups consisted
of single or multiple samples, leaving the robustness of the findings uncertain [93].

Similarly, Borschel et al. observed that a reduced number of VCL plaques correlates
with limited migratory abilities of endometrial cells. The authors studied the impact of
miRNA-142-3p upregulation on St-T1b cells (an immortalized human endometrial stromal
cell line) and endometrial stromal cells isolated from eutopic or ectopic endometrium of
various endometriosis localizations. Their results demonstrated that miR-142-3p in St-T1b
cells reduced the number and size of VCL-containing focal adhesion plaques and signifi-
cantly decreased VCL fluorescence intensity compared to controls, alongside a concurrent
reduction in cellular migratory abilities. Although VCL is not a direct target of miR-142-3p,
its downregulation in focal adhesions results from its effects on the cytoskeleton and inte-
grins. miR-142-3p regulates proteins such as Integrin alpha V (ITGAV), Wiskott-Aldrich
syndrome like (WASL), RAC1, and Rho GTPases, which are essential for the formation and
stabilization of focal adhesion complexes involving VCL [94]. However, interpreting the
observed correlation between the reduced number of VCL-containing focal adhesions and
diminished cell migratory capacity requires caution. While VCL staining was performed on
ST-T1b cells, the migration assay results were based on stromal cells, without clarification
on whether these were primary cells or the immortalized cell line. Furthermore, it is worth
questioning how well the telomerase-immortalized St-T1b cell line, derived from women
without diagnosed endometriosis, models the behavior of stromal cells in eutopic or ectopic
endometrium of endometriosis patients [95].

Wu et al. confirmed that in endometrial stromal cells isolated from ovarian cysts,
VCL expression decreases in pro-inflammatory conditions stimulated with interleukin-13
(IL-1B). Concurrently, an increase in the migratory ability of the cells was observed. The re-
lationship between VCL expression and the migratory capacity of stromal endometrial cells
was further supported by findings in cells treated with both IL-1§3 and lipoxin A4 (LXA4),
an anti-inflammatory mediator. In this group, VCL expression was higher compared to
cells treated with IL-1f3 alone, which corresponded to reduced migratory abilities. These
results suggest that VCL may play a role in limiting cell motility by stabilizing adhesion at
inflammatory sites, potentially preventing the further spread of endometrial lesions [96].
The study was conducted on samples obtained from six different patients with clinically
confirmed endometriosis. After isolation, the researchers verified the correct expression
pattern of markers and the proper morphology of endometrial stromal cells. Additionally,
changes in expression were validated at both the VCL mRNA and VCL protein levels. Un-
fortunately, the authors of the study did not include endometrial stromal cells from healthy
women to compare the effects of the studied compounds and differences in VCL levels.

The available studies show inconsistencies regarding the impact of VCL expression on
the migratory abilities of endometriotic stromal cells. However, they collectively indicate
that VCL may play a significant role in the development of endometriosis, with external
factors such as inflammation and the expression of microRNAs influencing VCL expression
in endometrial cells. For this reason, exploring this area further appears to be a promising
direction for future research.

3. Other ABPs

In this section, we highlight additional ABPs that, while not extensively studied, have
been reported to play a role in endometriosis.
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3.1. Plastins

Plastins (PLS) are a family of ABPs that organize F-actin into complex networks.
Among them, T-plastin (PLS3) specifically crosslinks actin filaments into tight bundles and
is expressed in various cell types, including epithelial and mesenchymal cells. Its role in
actin filament organization makes it vital for cellular processes such as migration, adhesion,
and cytoskeletal remodeling. Notably, PLS3 expression is elevated in the endometrium
during the secretory phase in women with minimal or mild endometriosis compared to
disease-free controls. Proteomic analyses have identified PLS3 as a potential biomarker,
demonstrating 100% sensitivity and 100% specificity for diagnosing minimal to mild
endometriosis [97]. These findings suggest PLS3 potential role in the pathogenesis and
diagnosis of endometriosis.

3.2. Wiskott-Aldrich Syndrome Protein

The Wiskott—-Aldrich Syndrome Protein (WASP) family plays a crucial role in actin
cytoskeleton remodeling by activating the actin-related protein 2/3 (Arp2/3) complex,
a key regulator of cellular processes such as migration and invasion [98]. Among its
members, WASP family member 1 (WASF1) has been implicated in the progression of
endometriosis. Wakatsuki et al. demonstrated that 173-estradiol significantly upregulates
WASF1 expression, enhancing the migration of immortalized human endometrial stromal
cells. In contrast, estetrol (E4), an estrogen receptor modulator, downregulates WASF1
expression and inhibits migration. WASF1 knockdown further suppressed migration,
highlighting its role in facilitating lesion development. These findings propose E4 as a
potential therapeutic agent for endometriosis, particularly in combination with progestins,
as it may reverse endometriotic changes by modulating WASF1 expression [99].

These observations emphasize the importance of further investigating other ABPs to
uncover their functional roles in endometriosis pathophysiology and explore their potential
as therapeutic targets or diagnostic biomarkers.

4. Angiogenin

Although angiogenin (ANG) is not formally classified as an ABP, actin plays a crucial
role in its biological functions. ANG binds to actin in smooth muscle and endothelial cells,
forming complexes that activate proteolytic cascades. These cascades degrade laminin and
fibronectin in the basement membrane, enabling endothelial cells to penetrate and migrate
into perivascular tissues—a key step in angiogenesis [100]. Angiogenesis is essential for
the establishment and expansion of endometriotic lesions [101].

Numerous studies have reported elevated ANG levels in the serum and/or peritoneal
fluid of endometriosis patients compared to controls [102-104]. Singh et al. found signifi-
cantly higher ANG levels in the serum and follicular fluid of endometriosis patients [102],
while Bourlev et al. observed elevated levels in serum and peritoneal fluid in advanced
endometriosis cases, with no significant reduction post-surgical resection [103]. Steff et al.
reported that ANG levels were higher during the follicular phase but showed no differences
in the luteal phase. ANG levels correlated positively with disease severity and the number
of poorly vascularized (white) lesions, but negatively with necrotic (black) lesions, showing
no correlation with hypervascularized (red) lesions. These findings suggest ANG's role
in vascularizing white lesions [104]. Similarly, Suzumori et al. reported higher peritoneal
fluid ANG levels in endometriosis patients, with no differences across menstrual phases or
between patients with and without red lesions [105].

In contrast, Gogacz et al. found that ANG levels in peritoneal fluid and blood were
not reliable markers for endometriosis. Controls with idiopathic infertility showed higher



Cells 2025, 14, 360

15 of 30

ANG levels in peritoneal fluid compared to endometriosis patients, with no significant
differences in blood levels [106].

At the cellular level, Kim et al. observed that ANG mRNA expression was downregulated
in ectopic endometrium of endometriosis patients during the mid-secretory phase. In healthy
controls, ANG expression increased between proliferative and secretory phases, aligning with
the implantation window, whereas this pattern was absent in endometriosis patients [107]. Fu
et al. demonstrated higher expression in stromal cells from ectopic endometrium compared
to eutopic endometrium at both ANG mRNA and ANG protein levels. Ectopic stromal cells
also secreted more ANG, which stimulated human umbilical vein endothelial cells (HUVECs)
to form more tubular structures. Immunohistochemical analysis showed colocalization of
ANG-positive regions with CD31-positive endothelial cells in ectopic endometrium, indicating
its role in vascularization of endometriotic tissue [108].

Further evidence of angiogenesis-stimulating conditions in ectopic endometrium
comes from studies on ANG'’s inhibitor, Ribonuclease/Angiogenin Inhibitor 1 (RNH1). Im-
munohistochemical analysis identified significantly lower RNH1 levels in eutopic glandular
epithelium of endometriosis patients compared to controls, indicating reduced inhibition
of angiogenesis. However, protein quantification via Western blot was inconclusive [84].

In summary, endometriosis patients often exhibit elevated ANG levels in serum and
peritoneal fluid, likely driven by hypoxia and angiogenic stimulation, particularly in poorly
vascularized white lesions. Additionally, the lack of cyclical changes in ANG expression
between proliferative and secretory phases in eutopic endometrium may impair embryo
implantation and contribute to infertility. These findings highlight ANG'’s critical role in
endometriosis pathogenesis and associated symptoms.

5. Summary

ABPs are essential regulators of cellular homeostasis. Through their interactions with
the actin cytoskeleton, ABPs play critical roles in processes such as cell division, migration,
and apoptosis. Alterations in ABPs expression, activity, or intracellular localization can lead
to actin cytoskeleton reorganization, which ultimately governs cellular behavior. Given
these roles, the involvement of ABPs in the progression of endometriosis is highly plausible,
as highlighted by available research.

Existing studies suggest several key mechanisms through which ABPs contribute
to the development and progression of endometriosis. These include enhancing cellular
migration (ACTN1, ERM, FSCN1) and adhesion (TLN, TNS, VCL), promoting fibroblast-
to-myofibroblast transition (CNN, MYO, CALD, TAGLN), and facilitating the formation
of vascular networks essential for the growth and survival of ectopic endometrial lesions
(ANG). Given the criticality of these processes to the pathophysiology of endometriosis,
ABPs represent promising therapeutic targets for managing the disease and its associated
symptoms, such as pain and infertility (Figure 2, Table 1).

However, significant challenges arise when analyzing the existing literature due to
methodological inconsistencies and a lack of systematic approach. The diversity of study
designs and experimental models leads to variability in findings. For example, many
studies rely on tissue samples from patients with endometriosis, often comparing ectopic
endometrium (from lesions) to eutopic endometrium (from the same patient or disease-free
controls). Some studies use matched samples, while others include control tissues from
women with unrelated gynecological conditions. In other cases, immortalized cell lines,
such as the 127 line derived from endometrial glands, are used. While cell lines offer
practical advantages for preliminary research, they fail to capture the heterogeneity of en-
dometriotic lesions and the critical interactions between cells and their microenvironment.
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Figure 2. ABPs as a goal of therapy:.

Table 1. Summary of the involvement of ABP proteins in endometriosis. WB—Western blot, IHC—
immunohistochemistry, PCR—polymerase chain reaction.

Protein Control Group Study Group Conclusions Comments Reference
ACTNL1 is significantly
. . . . upregulated in ectopic This is a single patient
Eutopic endometrium from Ectopic endometrium . - .
. . L endometrium. Thereisno  study. ACTN1 was studied
endometriosis patient from endometriosis C . . [14]
(n=1) patient (1 = 1) significant difference in at mRNA (PCR) and
ACTNA4 level protein level (WB).
between samples.
ACTNI is significantly
> Zﬁiﬁlﬁfjﬁvﬁﬁﬁg ACTN1 was investigated at
3] expression levels’ increasin, both the mRNA (PCR) and
Y Eutopic endometrium from Ectopic endometrium P . & rotein levels (WB). The
< p P proportionally to the P
= endometriosis-free controls from different distance from ettopic study also encompassed [15]
g (n=6) localizations (n = 15) ndometrial ti up cases of rare endometriosis
I Thire greilolsigrfisﬁcea{nt localizations, including
2 differences in ACTN4 levels umbilical endometrioss.
= betw
< etween groups.
The isoform of ACTN was
ACTN is deexpressed in not specified in Fhe study.
Eutopic endometrium from . . ectopic endometrium. In ACTN EXpression was
. Ectopic endometrium . Lo assessed exclusively at the
endometriosis-free controls - eutopic endometrium its -
. ) . from different . . protein level (IHC). The [10]
in proliferative or - expression occurs in the . .
. localizations (n = 10) . article does not provide
midsecretory phases (1 = 6) apical part of the ffici h o
landular epithelium sufficient characterization
& ’ of the study and
control groups.
The study includes
Eutopic endometrium from Ectopic endometrium CNNT1 is significantly ani:ites?ssnlgeogil;?\i%nll}i\ll
endometriosis patients from ovarian lesions upregulated in ectopic \aTysis. . . [23]
(n=7) (rn=6) endometrium staining was confirmed in
> : most, but not all ectopic
Z endometrium samples.
9
= CNN was studied only at
g Peritoneum from CNN is upregulated in the protein level (THC).
2, - . . . O X The samples were collected
= endometriosis-free controls Ectopic endometrium endometriosis ectopic in different phases of
o (n = 10) or endometriosis from peritoneal lesions endometrium. Its level is p [24]

patients but distant from
endometriotic lesion (1 = 5)

(n=23)

the highest in the central
compartment of the lesion.

menstrual cycle, which did
not affect the CNN
expression in
endometriosis lesions.
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Table 1. Cont.

Protein

Control Group

Study Group

Conclusions

Comments

Reference

Cofilin (CFL)

Eutopic endometrium from
endometriosis-free baboons
(Papio anubis) in
proliferative and secretory
phase (1 = 6)

Eutopic endometrium
from baboons (Papio
anubis) with induced

endometriosis in
proliferative secretory
phase (n = 3)

During the secretory phase,
CFL changes cellular
localization in
endometrium of controls
but not in study group. It
may explain the difficulties
in the embryo implantation
and high infertility rates
connected with
endometriosis.

The results have yet to be
validated through studies
on human tissues.
CFL was analyzed at both
the mRNA (PCR) and the
protein level (IHC).

[11]

Stromal cells isolated from
eutopic endometrium of
endometriosis-free controls

Stromal cells isolated
from ovarian
endometriosis lesions
(n=30)

CFL1 is upregulated in
stromal cells from ectopic
endometrium.
CFL1 silencing in ectopic
endometrial stromal cells
limits cell proliferation,
adhesion, invasion,
angiogenesis, and
stimulates apoptosis.

All tissue samples were
collected in secretory phase
confirmed thorough
histological evaluation. The
purity of primary cultures
was confirmed using
markers (vimentin, CD10,
cytokeratin, factor VIII and
leukocyte
common antigen).

[25]

Eutopic endometrium of
endometriosis-free controls
in secretory phase (n = 10)

Eutopic endometrium of
endometriosis patients in
secretory phase (n = 10)

CFL1 is upregulated in
eutopic endometrium of
endometriosis patients.

CFL1 was analyzed at the
mRNA level. The secretory
phase was confirmed
through histological
evaluation.

[26]

Stromal cells isolated from
eutopic endometrium of
endometriosis patients in

secretory phase (n = 20)

Stromal cells isolated
from eutopic
endometrium of
endometriosis patients in
secretory phase treated
with estradiol (n = 20)

Estradiol mediates the
phosphorylation of CFL1
via LIM domain kinase 1.

All stromal tissue samples
were collected in secretory
phase confirmed thorough
histological evaluation. The
purity of primary cultures
was confirmed using
markers (vimentin, CD10,
cytokeratin, factor VIII and
leukocyte
common antigen).

[27]

Stromal cells isolated from
eutopic endometrium of

endometriosis patients in
secretory phase (n = 15)

Stromal cells isolated
from eutopic
endometrium of
endometriosis patients in
secretory phase after
cofilin-1 silencing and/or
platelet-derived growth
factor treatment (n = 15)

Silencing of CFL1
significantly reduces
proliferative effect of

platelet-derived
growth factor.

All stromal tissue samples
were collected in secretory
phase confirmed thorough
histological evaluation. The
purity of primary cultures
was confirmed using
markers (vimentin, CD10,
cytokeratin, factor VIII and
leukocyte
common antigen).

[29]

12Z cell line (endometriotic
epithelial cells)

12Z cell line after long
intergenic noncoding
RNA 01,133 knockdown

Knockdown of long
intergenic noncoding RNA
01,133 causes increased CFL

phosphorylation.

The isoform of CFL was not
specified. Phosphorylation
of CFL at Ser-3 is crucial
regulatory mechanism.

[32]

Ezrin (EZR) Radixin (RDX)
Moesin (MSN) (ERM)

Eutopic endometrium of
endometriosis-free controls
in proliferative or
midsecretory phases (1 = 6)

Ectopic endometrium
from different
localizations (n = 10)

Endometriotic lesions are
characterized by a complete
loss of EZR expression.

EZR expression was
assessed exclusively at the
protein level (IHC). The
article does not provide
sufficient characterization
of the study and
control groups.

[10]

Eutopic endometrium of
endometriosis-free controls
in proliferative phase
n=12)

Ectopic and eutopic
endometrial tissues from
endometriosis patients
with lesions in various
localizations during the
proliferative phase
(n=13)

A progressive increase in
EZR and pEZR levels
occurs from controls to
eutopic and ectopic
samples, correlating with
enhanced cellular
invasiveness.

In tissue samples, EZR was
analyzed exclusively at the
protein level (IHC). Further
studies involved the
isolation of stromal cells,
which were subsequently
used as material for
Western blot analysis and
invasion assays.

[33]
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Protein Control Group Study Group Conclusions Comments Reference
EZR expression increases
progressively from controls
. . to eutopic 'fmd ectopic The study involved both
Ectopic and eutopic endometrium and is .
1 - tissue samples and the
. . endometrial tissues from present in both glandular . - L
Eutopic endometrium of - - e isolation of endometriotic
L endometriosis patients and stromal cells. Inhibiting
endometriosis-free controls . . . L stromal cells. EZR
. . . with ovarian lesions EZR phosphorylation in - . [34]
in proliferative phase . . . . phosphorylation, essential
during the proliferative stromal cells from ectopic . .
(n =30) - for its activity, was
phase (n =49, n =32, endometrium reduced . . .
- . . inhibited in the study using
respectively) PEZR levels, impaired NSC305787
migratory structures, and ’
decreased cellular
migration and invasion.
The study did not include
) . There are no differences in any control samples.
Ectopic endometrium . Differences were assessed
. EZR or pEZR expression .
from women with R between various types of
. and localization between . :
B endometriosis across endometriosis tssue endometriotic lesions [35]
various localizations and . . collected during different o
samples from different sites
menstrual cycle phases or phases of the phases of the menstrual
(n=57) me}ristrual cvele cycle. EZR and pEZR were
yele. analyzed exclusively at the
protein level (IHC).
EZR expression gradually
. . mncreases from contrgl to EZR levels in tissue
Ectopic and eutopic eutopic and ectopic
. . - . samples were assessed
Eutopic endometrium of endometrium from endometrium, regardless of .
S . exclusively at the mRNA
< endometriosis-free controls women with menstrual cycle phase. EZR level. while the stromal [36]
Ao in proliferative or secretory endometriosis in downregulation in stromal ! :
> _ - . . nature of the isolated cells
VE phase (n =15) proliferative or secretory cells from ectopic was confirmed through
£y phase (n = 14) endometrium significantly . . roug
B~ vimentin labeling.
8 Z reduces
& E migratory potential.
il EZR and
e g sphingosine-1-phosphate
é S receptor 3 are functionally
S .
= Sphingosine-1-phosphate m.terconn.ected through
. . L their roles in cell signaling,
Ectopic endometrium receptor 3 expression is S
. . - . cytoskeletal organization,
Eutopic endometrium of from different upregulated in Lo
.. N .. R and cellular migration,
endometriosis-free controls localizations (1 = 23) endometriosis lesions, articularly in processes 137]
in proliferative phase 12Z cell line which correlates with EMT pa ymp .
.. " . like cancer metastasis,
(n=10) (endometriotic and fibrosis markers. Its . . .
. X . inflammation, and tissue
epithelial cells) effects are abolished by the remodelin
EZR inhibitor NSC668394. . &
Studies were partially
conducted on 12Z cell line
and are yet to be evaluated
in primary cultures.
Elevated ERM protein
phosphorylation in stromal
Stromal cells isolated cells from ectopic .
. ) . The purity of the stromal
Stromal cells isolated from from the eutopic and endometrium, regulated by
. . . - cell culture was evaluated
eutopic endometrium of ectopic endometrium of  the Raf-1/ROCKII pathway, by immunofluorescence
endometriosis-free controls ovarian lesions in is associated with arz;l sis usine anfibodies [38]
in proliferative phase endometriosis patients contracted morphology, Z ainst V?mentin
(n=14) (n=16,n=8, reduced migratory £ains !
. - P cytokeratin7, and CDA45.
respectively) potential, and stabilization
of lesions at
implantation sites.
Stromal cells isolated from Stromal cells isolated Sorafenib treatment reduces
cutopic endometrium from from the eutopic and the pEZR-to-EZR ratio, Isolated stromal cells were
P ectopic endometrium correlating with decreased well-characterized using [39]

endometriosis-free controls
(n=2)

from endometriosis
patients (n = 4)

migratory but not
invasive properties.

multiple cellular markers.
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Myosin (MYO) and
caldesmon (CALD)

(n=10)

different menstrual cycle
phases (n = 60)

response to hormonal
stimulation, potentially
triggering nociceptors and
contributing to pelvic pain
in endometriosis.

disease itself. This
approach could provide a
foundation for developing
symptomatic
treatment strategies.
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Table 1. Cont.
Control Group Study Group Conclusions Comments Reference
The study also included
. . . tissue samples; however,
hEM15A (1Tnmortahze.d hEMI5A with ECM1 downregulatlop RDX was analyzed using
stromal cell line resembling . decreases RDX expression S
. extracellular matrix . an in vitro cellular model. [40]
eutopic stromal cells from rotein 1 downregulation via the These observations have yet
women with endometriosis)  © & RhoC/ROCKI1 pathway. . s havey
to be confirmed in primary
cell cultures.
Endometrial fluid provides
< non-;‘\]zzlsliljslseai?cﬁe for This study expands the list
@ g Endometrial fluid from Endometrial fluid from . p¢ of potential diagnostic
g . - . proteomic analysis, . P
o endometriosis-free controls endometriosis patients . . M markers by identifying [41]
£u enabling the identification . ;
x = (n=32) (n =46) . i . 31 differentially expressed
T Z of disease-specific proteins A )
s & . : proteins, including MSN.
e g associated with
[t endometriosis.
N .8
=29 This study provides
i) S 1 cells £ . Exosomes from luable insichts i
£= tromal cells from eutopic . valuable insights into the
g . . endometriotic stromal cells, X
N endometrium and vaginal . impact of extracellular
= . mediated by MSN, promote . -
secretion from vesicles on the behavior of
. Stromal cells from normal stromal cell . .
endometriosis-free controls . L N . various cell types involved
) ovarian endometriotic migration, endothelial . -
(n=10); . . . . in endometriosis
. - . lesions and vaginal fluid  tubular structure formation, . [42]
Ovarian epithelium isolated o . . development. The vesicles
o from endometriosis and inflammatory cytokine .
form endometriosis-free X L. R were well-characterized,
. : patients (n = 6) production in ovarian .
controls (n—not given); L e and the use of diverse
o . epithelial cells, significantly .
Human umbilical vein affecting surroundin methodologies enhances
endothelial cells (HUVECs) & & the reliability of
normal cells. -
the findings.
FSCN1 is upregulated in
ectopic endometrium,
. . playing a key role in The conclusions were
. . Ectopic endometrium . . . .
Eutopic endometrium of : . filopodia formation and partially based on data
- from ovarian lesions . . .
endometriosis-free controls (1 = 20); enhanced invasiveness, as from a cell line model;
(n—not given); PR its exogenous upregulation further validation in [49]
= : CRL-7566 cells with . . .
Z CRL-7566 cell line autopha rotein 5 reverses the suppressive primary cell cultures is
% (endometriotic cell line) phagy pro: effects of autophagy necessary to strengthen
[ downregulation .. X . .o
= activation on proliferation, the findings.
é migration,
Lr:u and invasiveness.
Stromal cells isolated Overexpression of miR-145 The studies were partiall
Stromal cells isolated from from eutopic (n = 3) or downregulates FSCN1 p Yy
. . : . performed on 12Z cell line
eutopic (n = 3) or ectopic ectopic (n = 4) leading to decreased
. . . . o and need to be further
(n = 4) endometrium; endometrium after invasiveness and motility validated in more [50]
12Z cell line (endometriotic miR-145 upregulation. in both the 127 heterogeneous
epithelial cells) 12Z cell line after miR-145  endometriotic cell line and . 5
. . primary cultures.
upregulation. primary stromal cells.
Smooth muscle-like cellsin  The study focuses more on
endometriosis express understanding the
contractile markers and development of
Peritoneum and ectopic receptors for vasopressin endometriosis-associated
Peritoneum of endometrium of and oxytocin, suggesting symptoms rather than the
endometriosis-free controls ~ endometriosis patients in their ability to contract in mechanisms underlying the [53]
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Table 1. Cont.

Control Group

Study Group

Conclusions

Comments

Myosin (MYO) and
caldesmon (CALD)

Eutopic endometrium of
endometriosis-free controls
(n =50)

Eutopic and ectopic
endometrium from
ovarian lesions of
endometriosis patients
(n =50)

Ovarian endometriotic
lesions exhibit strong
positive expression
SM-MHC, desmin, and
a-smooth muscle MYO.

Although the study does
not focus specifically on the
role of MYO in
endometriosis, it supports
observations made by other
researchers. It incorporates
a broader range of
materials, including cell
lines and an in vivo mouse
model, primarily to
investigate
Serine /threonine-protein
kinase Pim-2 (Proviral
Integrations of Moloney
virus 2).

Eutopic endometrium of
endometriosis-free controls
(n=2)

Ectopic endometrium
from deep infiltrating
endometriosis lesions
(n=20);
Nude mouse model with
induced endometriosis
(n=38)

Deeply infiltrating
endometriosis lesions are
characterized by
fibromuscular tissue with
myofibroblasts expressing
smooth muscle markers
such as a- smooth muscle
MYO, desmin, and
SM-MHC. The study
suggests that these cells
arise from the
transdifferentiation of local
fibroblasts in response to
ectopic endometrium.

An estradiol release capsule
was used to regulate the
cycle of the mice,
maintaining stable
physiological estrogen
levels and eliminating
interspecies differences
with the human
menstrual cycle.
Implantation of ectopic
endometrium did not occur
in one of the eight mice,
reducing the final sample
size of the study group
to seven.

Genomic DNA extracted
from granulocytes of Han
Chinese endometriosis-free
controls (n = 485)

Genomic DNA extracted
from granulocytes of Han
Chinese women
diagnosed with ovarian
endometriosis (n = 152)

The study identified two
novel MYHS8 mutations in
patients with ovarian
endometriosis, suggesting a
potential role of these
mutations in the
pathogenesis of
endometriosis through
mechanisms involving cell
migration and invasion.

The use of
granulocyte-derived
genomic DNA provided a
non-invasive approach for
genetic analysis, but the
lack of functional studies
and validation in
endometriotic tissue
remains a limitation of
the study.

Gene expression data from
normal endometrial tissues
from GEO datasets
GSE25628, GSE5108, and
GSE7305

Gene expression data
from endometriotic
tissues in GEO datasets
GSE25628, GSE5108,
and GSE7305

A total of 119 differentially
expressed genes and 5 hub
genes were identified,
including smooth
muscle MYO.

The study used a robust
bioinformatics approach
but lacked experimental
validation of the identified
genes and pathways,
limiting direct
clinical applicability.

Eutopic endometrium and
peritoneum from patients
with peritoneal
endometriosis (n = 17 and
n = 22, respectively)

Ectopic endometrium
from peritoneal lesions
(n=18)

Significant differences in
gene expression related to
cytoskeletal remodeling
and smooth muscle
contraction were observed.
MYH11 was one of the most
significantly overexpressed
genes in peritoneal lesions,
while MYH14 was one of
the most suppressed.
CALD acts as a key marker
to distinguish hyperplasia
from metaplasia.

The study highlights
distinct gene expression
patterns and tissue
remodeling in peritoneal
endometriosis but lacks
functional studies to
validate the identified
pathways and
molecular mechanisms.

Eutopic endometrium of
endometriosis-free controls
(n =20)

Eutopic and ectopic
endometrium from
adenomyotic lesions
(n=234)

The study highlights the
involvement of SM-MHC in
adenomyotic lesions,
supporting its role in
fibrogenesis and
tissue remodeling.

The study employs various
staining techniques
and experiments.
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Protein Control Group Study Group Conclusions Comments Reference
% g MYO6 ion i
=< . Gene expression data . Sxpressionis The study is limited to
ou Gene expression data from from endometriosis increased in endometriosis bioinformatic analvsis and
E = normal endometrial tissues atients in GEO and correlates with lacks functional va}lli dation [62]
bt g in GEO databases (GSE7305 deﬁabases (GSE7305 immune cell infiltration, of MYO6 in
28 and GSE1169) and GSE1169) suggesting its role in experimental models
§ % endometriosis pathology. P ’
(o]
Futopic and ovarian TLNT1 is significantly TLNT1 was assessed at
. . P . upregulated in mRNA (PCR) and protein
Eutopic endometrium of ectopic endometrium . -
. endometriosis, while its (IHC) levels.
endometriosis-free controls samples from . :
. . . I . . downregulation in TLN1 downregulation had [65]
in proliferative phase endometriosis patients in .o
. : endometriotic stromal cells no effect on the
(n=15) the proliferative phase . . .
(1 = 26) reduces cellular adhesion,  proliferation or cell death of
migration, and invasion. endometriotic stromal cells.
TLN expression was absent The 1sof.o%‘m c.)f TLN was
in endometriotic tissues not specified n the study.
Eutopic endometrium of Ectonic endometrium from various localizations, asszsl,g,lj de;}:;eusssil‘?; Waatsthe
endometriosis-free controls fI; om different while control endometrium rotein level (IHC})I The [10]
in proliferative or o showed consistent TLN pro -
midsecretory phases (1 = 6) localizations (n = 10) expression in both basal art.lc.le does not pr.0V1c.1e
and apical regions of sufficient characterization
uterine epithelial cells. of the study and
> control groups.
é The study utilizes
k= well-characterized
E Inhibition of E2 and F4 endometriotic cell lines,
12Z (endometriotic 127 and 22B cells treated resulted in decreased TLN \;(?ilriaetre\j(fgfetgie;giztile};zI:(S)
epithelial cells) and 22B with specific E2 or expression, disrupted in mice: however. the [66]
(endometriotic stromal F4 iI;hibitors interactions with integrins, findin ’s still re {1ire
cells) cell lines and impaired cell adhesion - <q
to ECM components confirmation using more
’ heterogeneous primary cell
lines derived from
patient samples.
The authors carried out
. extensive experiments
diffonentiaron of resiatery  Ulizing various sources of
Peritoneal fluid from Peritoneal fluid from material, including tissue
endometriosis-free controls endometriosis patients T Ceus’ Whose samples; however, TLN1 [68]
B - dysregulation is commonly . lel
(n =20) (n =20) observed in women with expression was solely
endometriosis analyzed in monocytes
’ derived from
peritoneal fluid.
TNS1 was thoroughly
o . investigated using multiple
. hesary, methods at both the mRNA
& Ectopic endometrium significantly reduces TNS1 (PC(IIQI){EH?N%OET?Sf;’eIS
Z. Ectopic endometrium and and serum samples of expression in endometriotic The St;l d é arked .a
£ serum samples from ovarian endometriosis tissues and serum, . cudy spars
& ovarian endometriosis patients treated with highlighting its potential as discussion regarding the [77-791
2 . - . . clinical relevance of the
é patients (n = 30) gonadotropin-releasing a therapeutic target and findines. prompting the
hormone agonist (7 =29)  biomarker for monitoring 88, promping
treatment efficacy in authors to acknowledge the
on dometriosisy need to expand the research
’ to include patients with
lesions in other locations.
—~ Matched samples of TAGLN mRNA expression
E Futopic endometrium from eutopic and ectopic does not differ between the Zétl(t;}fel\lmvl\’{?\sllirizyezle(% Corﬁl)y
Q pic endo endometrium from eutopic endometrium of . '
< endometriosis-free controls .. . . L. K Further studies are
e (11 = 15; two biopsies per endometriosis patients in ~ endometriosis patients and necessary to validate these
g _atiént—onerzn thf the proliferative or controls but is significantly findings let the protein level [81]
TC)O rolfferative and one in the secretory phase, with upregulated in ectopic and e§ lore thg functional
2 p secretory phase) varying lesion endometrium, suggesting rolz of TAGLN in
g yP ’ localizations. its potential involvement in T
= endometriotic tissue.

(n =40)

lesion formation.
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Protein Control Group Study Group Conclusions Comments Reference
TAGLN expression is
significantly elevated in
endometriotic lesions The study incorporated a
Matched samples of compared to eutopic comprehensive proteomic
Eutopic endometrium from eutopic and ectopic endometrium from analysis; however, the
endometriosis-free control endometrium from endometriosis-free controls,  conclusions are limited by [82]
n=1) endometriosis patients but no significant the small sample size in
(n=28) differences were observed both the control and
between paired eutopic and study groups.
ovarian
endometriosis samples.

Further studies are needed
> . . . to determine the cellular
Z
— Eutopic endometrium, TAGLN is 2 spec1.f1c protein origin of TAGLN
Q . . present in peritoneal . s
< ectopic endometrium L . expression within
= . . . . endometriotic lesions but o .

Z Eutopic endometrium from from peritoneal lesions, . endometriotic lesions, as
c . . absent in normal ..
= endometriosis-free controls and macroscopically . .. current findings are based [83]
9 _ . peritoneum, suggesting its . .
50 (n=3) normal peritoneum from S . on whole tissue analysis
2 S . potential involvement in . -
=] endometriosis patients . without distinguishing
s the pathogenesis of 1
= (n=23). . between epithelial, stromal,
endometriosis.
smooth muscle, or
endothelial cells.
M A.LDI-TOF. ang}ysm The study highlights the
indicated a significant need for complementar
reduction in TAGLN2 A plel y
. R . validation techniques, as
protein levels in the eutopic di .
. . iscrepancies between
. . . . endometrium of patients . P
Eutopic endometrium from Eutopic endometrium . L proteomic quantification
L L with endometriosis . . . ,
endometriosis-free controls from endometriosis and immunohistochemistry [84]
- ) _ compared to healthy . X
n=4) patients (n = 4) raise questions about the
controls, but .
immunohistochemistry did functional relevance of
. y TAGLN 2 in endometriosis
not confirm these . o
. . . and its specific
differences in staining R
. . . cellular distribution.
intensity or localization.
The altered
phosphorylation patterns of
TPM4 and ANXAlin
Human omental mesothelial cells exposed to .
. i . The study incorporates a
mesothelial cells cultured conditioned medium . .
Human omental . . . . . comprehensive proteomic
. in conditioned medium highlight a possible R [89]
mesothelial cells ; . - analysis utilizing
derived from mechanism by which ;
. multiple methods.
menstrual effluent cytoskeletal remodeling
contributes to
endometriosis
o pathogenesis.
£
~0 Elevated serum levels of
= anti-TPM3 and
27 anti-TMOD3 antibodies in
g Serum from s .
£3 Serum from o . endometriosis patients
] .. endometriosis patients . .
] endometriosis-free controls (n = 40) suggest their potential as Tisste expression and
£ & (n=30) N . more sensitive and specific oue exp
SR) . . Eutopic endometrium . localization of TPM3 and [90]
Q. & Eutopic endometrium from - biomarkers for early-stage .
o0 . from endometriosis . . . TMOD3 were not studied.
= E endometriosis-free controls . . diagnosis, outperforming
. _ patients in secretory .
in secretory phase (n = 27) CA125 and potentially
phase (n = 18) S
linking them to
endometriosis-
associated infertility.

The concurrent The authors admit that
measurement of antibodies  further validation is needed
against TMOD3 and TPM3 to assess its clinical utility

Serum from Serum from . . . .
- L . isoforms may be used as a in detecting endometriosis
endometriosis-free controls endometriosis patients . - - [91]
noninvasive biomarker

(n = 104)

(n=133)

panel for diagnosing
minimal-mild
endometriosis.

before laparoscopy and
monitoring disease
progression and
treatment response.
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heterogeneous primary cell
lines to confirm the role of

23 of 30
Table 1. Cont.
Protein Control Group Study Group Conclusions Comments Reference
= Elevated IgM to TPM3 and
& 8 ng to TM.OD3 fn serum of As the study focuses on
— patients with ovarian cysts, . ..
S S 1 potential endometriosis
£ E along with increased IgM to bi K dd
= S £ S £ TPM3 in deep infiltrati iomarkers and does not
Zc erum from erum from in deep infiltrative . :
c = L L. . LT include tissue samples, the
&3 endometriosis-free controls endometriosis patients endometriosis, suggest . 7 [92]
25 _ _ . . expression and localization
223 (n=27) (n=74) their potential role as of TPM3 and TMOD3 in
£ & biomarkers. Anti-TPM3 .
S g . . tissues were not
o & antibodies demonstrate the : :
o9 hich : . invel(Q9stigated.
& B ighest diagnostic value for
endometriosis detection.
This study has several
Increased VCL expression limitations, including the
in stromal cells from lack of fluorescence
Endometrial stromal cells ~ Endometrial stromal cells endometriosis patients is intensity measurements,
from isolated from eutopic and associated with enhanced issues with statistical [93]
endometriosis-free controls ectopic endometrium migratory capacity, analysis and data
suggesting its potential role presentation, and the
in disease progression. absence of information
regarding sample size.
miR-142-3p reduces the Studies were partiall
St-T1b cell line St-T1b cell line with number and size of P Y
=) . . . . . conducted on the
9 (telomerase-immortalized =~ miR-142-3p upregulation, VCL-containing focal immortalized St-T1b
> human endometrial endometrial stromal cells adhesions, significantly .
~ ) . cell line.
k= stromal cells), isolated from eutopic and  decreases VCL fluorescence . . .
= . . i . . . . There is no information on [95]
2 endometrial stromal cells ectopic endometrium of intensity, and impairs
g . - - . . eer s whether the stromal nature
8 isolated from eutopic and endometriosis patients migratory abilities in St-T1b .
- . : . . o of the cells was confirmed
ectopic endometrium of with miR-142-3p cells, suggesting its . oo
. . . . . . using specific
endometriosis patients upregulation potential role in regulating .
. e marker labeling.
cell adhesion and motility.
Endometrial stromal cells
isolated from ovarian The study includes
Endometrial stromal cells endometriosis lesions VCL may play a role in validation of endometrial
isolated from ovarian treated with limiting cell motility by stromal cell markers and [96]
endometriosis lesions interleukin-13 stabilizing adhesion at assesses VCL expression at
(n=6) or interleukin-1f3 and inflammatory sites. both the mRNA and
lipoxin A4 protein levels.
or lipoxin A4 (n = 6)
PLS3 is upregulated in the
—~ secretory phase Further validation in larger,
A endometrium of women independent cohorts is
&~ Eutopic endometrium from  Eutopic endometrium of with minimal to mild P .
~ Lo .o . . - necessary to confirm its
K= endometriosis-free controls ~ endometriosis patients in  endometriosis and has been .. - [97]
g=) . . i . clinical utility and
7] in secretory phase (n = 10) secretory phase (n = 19) identified as a potential . . . .
= . . o investigate its functional
~ biomarker with 100% A .
o Cpe role in disease pathogenesis
sensitivity and specificity
for disease detection.
Since this study was
WASP family member 1 conducted on an
- plays a key role in immortalized human
© endometrial stromal cell endometrial stromal cell
§ Immortalized human migration, as its expression line, the findings require
mmortalized human endometrial stromal cells is upregulate validation in more
< I talized h dometrial st 1 cell: is upregulated by lidation i [99]
= endometrial stromal cells treated with 17§ estradiol
&
=

Syndrome Protein (WASP)

estetrol downregulates
WASP family member 1
and inhibits migration.

WASP family member 1 in
endometriosis pathogenesis
and its potential as a
therapeutic target.

Another limitation lies in the variability of control groups and the lack of standard-

ization in experimental methodologies. Some studies analyze ABP expression in ectopic
endometrial lesions relative to surrounding tissues, such as the peritoneum, rather than
normal endometrium. In studies using primary cell cultures, stromal cells from endometrial



Cells 2025, 14, 360

24 of 30

lesions are often the focus, but the validation of stromal cell identity varies. While some
studies rigorously confirm cell markers, others rely solely on morphological assessments.
Furthermore, significant variability exists in the aspects of ABP biology investigated—some
studies assess mRINA expression, others focus on protein levels, post-translational mod-
ifications (e.g., phosphorylation), or intracellular localization. Without a comprehensive
evaluation of these factors, drawing conclusions about the role of specific ABPs in en-
dometriosis progression remains challenging.

These methodological inconsistencies have led to conflicting findings. For example,
TLN has been reported to exhibit both significant upregulation in endometriotic lesions
compared to normal endometrium [65] and complete loss of expression in other studies [10].
Such discrepancies highlight the need for systematic approaches to elucidate the role of
ABPs in endometriosis.

Additionally, research demonstrates variability in ABP behavior depending on the
localization of endometriotic lesions. For instance, ovarian, peritoneal, and other ectopic
sites may exhibit distinct molecular profiles. Genomic differences between cells from en-
dometriosis and normal endometrium further complicate the analysis. While some studies
explore ABPs as therapeutic targets, others focus on their potential as diagnostic markers,
often analyzing ABP or anti-ABPs antibodies levels in peripheral blood or peritoneal fluid.
Such diversity in study objectives, materials, and methods underscores the need for more
standardized research approaches.

6. Future Perspective

After conducting a thorough literature review, we identified five key recommen-
dations to guide future studies. To enhance our understanding of the role of ABPs in
endometriosis, it is essential for future research to adopt more systematic and compre-
hensive approaches. Given the crucial role of inflammation in the pathophysiology of
endometriosis, further studies should explore how ABPs interact with inflammatory trig-
gers, including cytokines, growth factors, and immune cells, which are known to affect
cytoskeletal remodeling [109,110]. Our recommendations are as follows:

1.  Standardized Sample Selection: Control and experimental groups should be well-
defined and matched based on parameters such as age, menstrual cycle phase, and
hormonal treatment history. Ideally, studies should include three types of samples:
ectopic endometrium, eutopic endometrium from women with endometriosis, and
eutopic endometrium from disease-free individuals. This approach could help eluci-
date differences in endometrium between women with and without endometriosis
and provide insights into the mechanisms initiating the disease.

2. Comprehensive Analysis of ABP Function: Studies should evaluate ABP expression at
multiple levels, including mRNA, protein, post-translational modifications, and intra-
cellular localization. Integrating these data will provide a more holistic understanding
of ABP involvement in endometriosis progression.

3.  Interplay Between ABPs and Inflammatory Processes: Inflammation is a central fac-
tor driving the pathogenesis of endometriosis, and inflammatory mediators such as
IL-1p, TNF-«, and TGF-$3 are known to influence cytoskeletal remodeling. Future
studies should investigate how these cytokines regulate ABP function and whether
changes in ABP expression contribute to immune evasion, lesion stability, or fibrosis in
endometriosis. Furthermore, co-culture models incorporating immune cells or inflam-
matory mediators should be considered to better mimic the in vivo microenvironment
of endometriotic lesions.

4. Balanced Use of Models: While immortalized cell lines, such as 12Z, are valuable
for preliminary, high-throughput studies, their limitations (lack of heterogeneity and
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absence of microenvironmental interactions) must be acknowledged. Findings from
cell lines should be further validated using primary cells or tissue samples to ensure
biological relevance.

5. Validation of Primary Cell Cultures: In studies using primary cell cultures, the identity
of isolated cells should be rigorously validated using characteristic markers. This
ensures consistency and reliability in interpreting results.

6.  Exploration of Diagnostic and Therapeutic Potential: Future research should investi-
gate the dual roles of ABPs as both diagnostic markers and therapeutic targets. For
diagnostic applications, blood and peritoneal fluid may offer non-invasive sources for
identifying ABP-based biomarkers. For therapeutic purposes, targeting specific ABPs
involved in key processes, such as migration, adhesion, or angiogenesis, could yield
novel strategies for managing endometriosis and its symptoms.

By addressing these gaps, future research has the potential to uncover the precise
mechanisms by which ABPs contribute to the progression of endometriosis. We strongly
believe that this knowledge could pave the way for novel therapeutic approaches, improved
diagnostic tools, and a deeper understanding of the disease’s pathophysiology.

Author Contributions: Conceptualization, W.A., KK. and M.L; resources, data curation, writing—
original draft preparation, W.A. and M.IL; writing—review and editing, W.A., M.I. and M.G_; visual-
ization, W.A. and M.I; supervision K.K. and M.G. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was supported by Emerging Field “Cells as EXperimental platforms and bioFAC-
Tories (CExFact)”—The “Excellence Initiative—Research University” program Nicolaus Copernicus
University in Torun, and German Research Foundation (Deutsche Forschungsgemeinschaft, DFG),
grant number KL2900/3-1.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: WA and MI are members of the Emerging Field “Cells as EXperimental platforms
and bioFACTories (CExFact)”—The “Excellence Initiative—Research University” program. The work
was carried out as part of a research internship.

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

References

1.  Endometriosis. Available online: https://www.who.int/news-room/fact-sheets/detail /endometriosis (accessed on 22 Jan-
uary 2025).

2. Lee, H.].; Park, YM.; Jee, B.C.; Kim, Y.B.; Suh, C.S. Various Anatomic Locations of Surgically Proven Endometriosis: A Single-
Center Experience. Obstet. Gynecol. Sci. 2015, 58, 53. [CrossRef] [PubMed]

3. Wang, Y.; Nicholes, K.; Shih, I.-M. The Origin and Pathogenesis of Endometriosis. Annu. Rev. Pathol. Mech. Dis. 2020, 15, 71-95.
[CrossRef] [PubMed]

4. Xiong, W.; Zhang, L.; Liu, H,; Li, N.; Du, Y,; He, H.; Zhang, Z.; Liu, Y. Ey-mediated EMT by Activation of B-catenin/Snail
Signalling during the Development of Ovarian Endometriosis. J. Cell. Mol. Med. 2019, 23, 8035-8045. [CrossRef]

5. Shankar, J.; Nabi, LR. Actin Cytoskeleton Regulation of Epithelial Mesenchymal Transition in Metastatic Cancer Cells. PLoS ONE
2015, 10, e0119954. [CrossRef]

6. Busuioc, C.; Birla, R.D.; Ultimescu, F; Dutulescu, S.; Panaitescu, E.; Berindan-Neagoe, I. Abberant Immunohistochemical
Expression of OCT3/4 and EMT Related Markers, Vimentin and E-Cadherin, Is Correlated with Adverse Histopathological
Features in Colorectal Adenocarcinoma. Chirurgia 2022, 117, 544. [CrossRef] [PubMed]

7. Zubrzycka, A.; Migdalska-Sek, M.; Jedrzejczyk, S.; Brzeziariska-Lasota, E. Circulating miRNAs Related to Epithelial-Mesenchymal

Transitions (EMT) as the New Molecular Markers in Endometriosis. Curr. Issues Mol. Biol. 2021, 43, 900-916. [CrossRef]


https://www.who.int/news-room/fact-sheets/detail/endometriosis
https://doi.org/10.5468/ogs.2015.58.1.53
https://www.ncbi.nlm.nih.gov/pubmed/25629019
https://doi.org/10.1146/annurev-pathmechdis-012419-032654
https://www.ncbi.nlm.nih.gov/pubmed/31479615
https://doi.org/10.1111/jcmm.14668
https://doi.org/10.1371/journal.pone.0119954
https://doi.org/10.21614/chirurgia.2782
https://www.ncbi.nlm.nih.gov/pubmed/36318684
https://doi.org/10.3390/cimb43020064

Cells 2025, 14, 360 26 of 30

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Hung, SSW.; Zhang, R.; Tan, Z.; Chung, ].PW.; Zhang, T.; Wang, C.C. Pharmaceuticals Targeting Signaling Pathways of
Endometriosis as Potential New Medical Treatment: A Review. Med. Res. Rev. 2021, 41, 2489-2564. [CrossRef]

Izdebska, M.; Zieliriska, W.; Hatas-Wisniewska, M.; Grzanka, A. Involvement of Actin and Actin-Binding Proteins in Carcinogen-
esis. Cells 2020, 9, 2245. [CrossRef]

Slater, M.; Cooper, M.; Murphy, C.R. The Cytoskeletal Proteins «-Actinin, Ezrin, and Talin Are De-Expressed in Endometriosis
and Endometrioid Carcinoma Compared with Normal Uterine Epithelium. Appl. Immunohistochem. Mol. Morphol. 2007, 15,
170-174. [CrossRef]

Morris, K.; Thnatovych, I; Ionetz, E.; Reed, J.; Braundmeier, A.; Strakova, Z. Cofilin and Slingshot Localization in the Epithelium
of Uterine Endometrium Changes During the Menstrual Cycle and in Endometriosis. Reprod. Sci. 2011, 18, 1014-1024. [CrossRef]
Bozdag, G. Recurrence of Endometriosis: Risk Factors, Mechanisms and Biomarkers. Womens Health 2015, 11, 693-699. [CrossRef]
[PubMed]

Pollard, T.D. Actin and Actin-Binding Proteins. Cold Spring Harb. Perspect. Biol. 2016, 8, a018226. [CrossRef] [PubMed]
Toniyan, K.A.; Gorbacheva, E.Y.; Boyarintsev, V.V.; Ogneva, 1.V. Endometriosis of the Cervix: A Rare Clinical Case with the
Possibility of Comparing the Eutopic and Ectopic Endometrium at the Cellular Level. Int. . Mol. Sci. 2023, 24, 2184. [CrossRef]
Toniyan, K.A.; Povorova, V.V.; Gorbacheva, E.Y.; Boyarintsev, V.V.,; Ogneva, I.V. Organization of the Cytoskeleton in Ectopic Foci
of the Endometrium with Rare Localization. Biomedicines 2021, 9, 998. [CrossRef]

Hamill, K.J.; Hiroyasu, S.; Colburn, Z.T.; Ventrella, R.V.; Hopkinson, S.B.; Skalli, O.; Jones, ].C.R. Alpha Actinin-1 Regulates
Cell-Matrix Adhesion Organization in Keratinocytes: Consequences for Skin Cell Motility. J. Investig. Dermatol. 2015, 135,
1043-1052. [CrossRef] [PubMed]

Kovac, B.; Mikeld, T.P,; Vallenius, T. Increased «-Actinin-1 Destabilizes E-Cadherin-Based Adhesions and Associates with Poor
Prognosis in Basal-like Breast Cancer. PLoS ONE 2018, 13, e0196986. [CrossRef]

Cui, L,; Lu, Y.;; Zheng, ].; Guo, B.; Zhao, X. ACTN1 Promotes HNSCC Tumorigenesis and Cisplatin Resistance by Enhancing
MYH9-Dependent Degradation of GSK-3f3 and Integrin B1-Mediated Phosphorylation of FAK. J. Exp. Clin. Cancer Res. 2023, 42,
335. [CrossRef]

Chen, Q.; Zhou, X.-W.; Zhang, A.-].; He, K. ACTN1 Supports Tumor Growth by Inhibiting Hippo Signaling in Hepatocellular
Carcinoma. J. Exp. Clin. Cancer Res. 2021, 40, 23. [CrossRef]

Xie, G.-F.; Zhao, L.-D.; Chen, Q.; Tang, D.-X.; Chen, Q.-Y.; Lu, H.-F; Cai, ].-R.; Chen, Z. High ACTNT1 Is Associated with Poor
Prognosis, and ACTN1 Silencing Suppresses Cell Proliferation and Metastasis in Oral Squamous Cell Carcinoma. Drug Des. Dev.
Ther. 2020, 14, 1717-1727. [CrossRef]

Craig, D.H.; Haimovich, B.; Basson, M.D. x-Actinin-1 Phosphorylation Modulates Pressure-Induced Colon Cancer Cell Adhesion
through Regulation of Focal Adhesion Kinase-Src Interaction. Am. J. Physiol.-Cell Physiol. 2007, 293, C1862-C1874. [CrossRef]
Jensen, M.H.; Morris, E.J.; Gallant, C.M.; Morgan, K.G.; Weitz, D.A.; Moore, ].R. Mechanism of Calponin Stabilization of
Cross-Linked Actin Networks. Biophys. J. 2014, 106, 793-800. [CrossRef] [PubMed]

Vehmas, A.P; Muth-Pawlak, D.; Huhtinen, K.; Saloniemi-Heinonen, T.; Jaakkola, K.; Laajala, T.D.; Kaprio, H.; Suvitie, PA;
Aittokallio, T.; Siitari, H.; et al. Ovarian Endometriosis Signatures Established through Discovery and Directed Mass Spectrometry
Analysis. J. Proteome Res. 2014, 13, 4983-4994. [CrossRef]

Ibrahim, M.G.; Sillem, M.; Plendl, J.; Taube, E.T.; Schiiring, A.; Gotte, M.; Chiantera, V.; Sehouli, J.; Mechsner, S. Arrangement
of Myofibroblastic and Smooth Muscle-like Cells in Superficial Peritoneal Endometriosis and a Possible Role of Transforming
Growth Factor Beta 1 (TGF(1) in Myofibroblastic Metaplasia. Arch. Gynecol. Obstet. 2019, 299, 489-499. [CrossRef] [PubMed]
Xu, Y.-L.; Wang, D.-B.; Liu, Q.-F,; Chen, Y.-H.; Yang, Z. Silencing of Cofilin-1 Gene Attenuates Biological Behaviours of Stromal
Cells Derived from Eutopic Endometria of Women with Endometriosis. Hum. Reprod. 2010, 25, 2480-2488. [CrossRef]

Chen, Q.; Zhang, C.; Chen, Y.; Lou, J.; Wang, D. Identification of Endometriosis-related Genes by Representational Difference
Analysis of CDNA. Aust. N. Z. ]. Obstet. Gynaecol. 2012, 52, 140-145. [CrossRef] [PubMed]

Liu, J.; Zhang, Z.; Liu, J.; Wang, D. LIM Kinase 1 Mediates Estradiol Effects on the Phosphorylation of Cofilinl in Eutopic
Endometrial Stromal Cells During the Invasion and Proliferation of Endometriosis. Reprod. Sci. 2019, 26, 1499-1505. [CrossRef]
Zhang, Z.; Chen, P.; Guo, C.; Meng, X.; Wang, D. Effect of LIM Kinase 1 Overexpression on Behaviour of Endometriosis-Derived
Stromal Cells. Cell Tissue Res. 2015, 359, 885-893. [CrossRef]

Wang, D.; Xu, Y; Chen, P.; Chen, Y.; Li, Y. Silencing Cofilin-1 Blocks PDGF -induced Proliferation in Eutopic Endometrium of
Endometriosis Patients. Cell Biol. Int. 2013, 37, 799-804. [CrossRef]

Lee, S.; Kim, S.; Lee, Y.; Hong, S.; Chae, H.; Kim, C.; Kang, B.; Choi, Y. Expression of Epidermal Growth Factor, Fibroblast Growth
Factor-2, and Platelet-derived Growth factor-A in the Eutopic Endometrium of Women with Endometriosis. J. Obstet. Gynaecol.
Res. 2007, 33, 242-247. [CrossRef]

Wang, L.; Buckley, A.E,; Spurney, R.F. Regulation of Cofilin Phosphorylation in Glomerular Podocytes by Testis Specific Kinase 1
(TESK1). Sci. Rep. 2018, 8, 12286. [CrossRef]


https://doi.org/10.1002/med.21802
https://doi.org/10.3390/cells9102245
https://doi.org/10.1097/01.pai.0000194762.78889.26
https://doi.org/10.1177/1933719111401663
https://doi.org/10.2217/whe.15.56
https://www.ncbi.nlm.nih.gov/pubmed/26439119
https://doi.org/10.1101/cshperspect.a018226
https://www.ncbi.nlm.nih.gov/pubmed/26988969
https://doi.org/10.3390/ijms24032184
https://doi.org/10.3390/biomedicines9080998
https://doi.org/10.1038/jid.2014.505
https://www.ncbi.nlm.nih.gov/pubmed/25431851
https://doi.org/10.1371/journal.pone.0196986
https://doi.org/10.1186/s13046-023-02904-w
https://doi.org/10.1186/s13046-020-01821-6
https://doi.org/10.2147/DDDT.S244516
https://doi.org/10.1152/ajpcell.00118.2007
https://doi.org/10.1016/j.bpj.2013.12.042
https://www.ncbi.nlm.nih.gov/pubmed/24559982
https://doi.org/10.1021/pr500384n
https://doi.org/10.1007/s00404-018-4995-y
https://www.ncbi.nlm.nih.gov/pubmed/30523440
https://doi.org/10.1093/humrep/deq197
https://doi.org/10.1111/j.1479-828X.2011.01405.x
https://www.ncbi.nlm.nih.gov/pubmed/22276910
https://doi.org/10.1177/1933719119828076
https://doi.org/10.1007/s00441-014-2068-5
https://doi.org/10.1002/cbin.10093
https://doi.org/10.1111/j.1447-0756.2007.00518.x
https://doi.org/10.1038/s41598-018-30115-3

Cells 2025, 14, 360 27 of 30

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Yotova, I.; Hudson, Q.].; Pauler, EM.; Proestling, K.; Haslinger, I.; Kuessel, L.; Perricos, A.; Husslein, H.; Wenzl, R. LINC01133
Inhibits Invasion and Promotes Proliferation in an Endometriosis Epithelial Cell Line. Int. J. Mol. Sci. 2021, 22, 8385. [CrossRef]
[PubMed]

Ornek, T.; Fadiel, A.; Tan, O.; Naftolin, F; Arici, A. Regulation and Activation of Ezrin Protein in Endometriosis. Hum. Reprod.
2008, 23, 2104-2112. [CrossRef] [PubMed]

Chen, C;; Ye, C; Xia, J.; Zhou, Y.; Wu, R. Ezrin T567 Phosphorylation Regulates Migration and Invasion of Ectopic Endometrial
Stromal Cells by Changing Actin Cytoskeleton. Life Sci. 2020, 254, 117681. [CrossRef]

Peloggia, A.; Andres, M.P.; Abrao, M.S. Expression of Ezrin Protein and Phosphorylated Ezrin in Pelvic Endometriotic Lesions.
Clinics 2022, 77, 100074. [CrossRef]

Jiang, Q.-Y,; Xia, J.-M.; Ding, H.-G.; Fei, X.-W.; Lin, J.; Wu, R.-J. RNAi-Mediated Blocking of Ezrin Reduces Migration of Ectopic
Endometrial Cells in Endometriosis. Mol. Hum. Reprod. 2012, 18, 435-441. [CrossRef]

Bernacchioni, C.; Rossi, M.; Vannuzzi, V.; Prisinzano, M.; Seidita, I.; Raeispour, M.; Muccilli, A.; Castiglione, F.; Bruni, P.; Petraglia,
F.; et al. Sphingosine-1-Phosphate Receptor 3 Is a Non-Hormonal Target to Counteract Endometriosis-Associated Fibrosis. Fertil.
Steril. 2024, 121, 631-641. [CrossRef]

Yotova, I; Quan, P; Gaba, A.; Leditznig, N.; Pateisky, P.; Kurz, C.; Tschugguel, W. Raf-1 Levels Determine the Migration Rate of
Primary Endometrial Stromal Cells of Patients with Endometriosis. J. Cell. Mol. Med. 2012, 16, 2127-2139. [CrossRef]

Moggio, A.; Pittatore, G.; Cassoni, P.; Marchino, G.L.; Revelli, A.; Bussolati, B. Sorafenib Inhibits Growth, Migration, and
Angiogenic Potential of Ectopic Endometrial Mesenchymal Stem Cells Derived from Patients with Endometriosis. Fertil. Steril.
2012, 98, 1521-1530.€2. [CrossRef] [PubMed]

Zhang, C; Cheng, H.; Ye, X.; Cui, H.; Li, Y;; Zhu, H.; Chang, X. ECM1 Promotes Migration and Invasion in Endometriosis. Reprod.
Biol. 2024, 24, 100826. [CrossRef]

Ametzazurra, A.; Matorras, R.; Garcia-Velasco, J.A.; Prieto, B.; Simon, L.; Martinez, A.; Nagore, D. Endometrial Fluid Is a Specific
and Non-Invasive Biological Sample for Protein Biomarker Identification in Endometriosis. Hum. Reprod. 2008, 24, 954-965.
[CrossRef]

Abudula, M.; Fan, X.; Zhang, J.; Li, J.; Zhou, X.; Chen, Y. Ectopic Endometrial Cell-Derived Exosomal Moesin Induces Eutopic
Endometrial Cell Migration, Enhances Angiogenesis and Cytosolic Inflammation in Lesions Contributes to Endometriosis
Progression. Front. Cell Dev. Biol. 2022, 10, 824075. [CrossRef]

Liu, H,; Zhang, Y.; Li, L.; Cao, ].; Guo, Y.; Wu, Y.; Gao, W. Fascin Actin-Bundling Protein 1 in Human Cancer: Promising Biomarker
or Therapeutic Target? Mol. Ther.-Oncolytics 2021, 20, 240-264. [CrossRef] [PubMed]

Beghein, E.; Devriese, D.; Van Hoey, E.; Gettemans, ]. Cortactin and Fascin-1 Regulate Extracellular Vesicle Release by Controlling
Endosomal Trafficking or Invadopodia Formation and Function. Sci. Rep. 2018, 8, 15606. [CrossRef] [PubMed]

Ou, C; Sun, Z,; He, X,; Li, X; Fan, S.; Zheng, X.; Peng, Q.; Li, G.; Li, X.; Ma, J. Targeting YAP1/LINC00152/FSCN1 Signaling Axis
Prevents the Progression of Colorectal Cancer. Adv. Sci. 2020, 7, 1901380. [CrossRef]

Chen, Y,; Tian, T,; Li, Z.-Y,; Wang, C.-Y.; Deng, R.; Deng, W.-Y.; Yang, A.; Chen, Y.-F; Li, H. FSCN1 Is an Effective Marker of
Poor Prognosis and a Potential Therapeutic Target in Human Tongue Squamous Cell Carcinoma. Cell Death Dis. 2019, 10, 356.
[CrossRef]

Acharya, S.; Yao, J.; Li, P; Zhang, C.; Lowery, E].; Zhang, Q.; Guo, H.; Qu, J.; Yang, F; Wistuba, L.I; et al. Sphingosine Kinase 1
Signaling Promotes Metastasis of Triple-Negative Breast Cancer. Cancer Res. 2019, 79, 4211-4226. [CrossRef] [PubMed]

Turpin, A.; Delliaux, C.; Parent, P.; Chevalier, H.; Escudero-Iriarte, C.; Bonardi, F.; Vanpouille, N.; Flourens, A.; Querol, J.; Carnot,
A.; et al. Fascin-1 Expression Is Associated with Neuroendocrine Prostate Cancer and Directly Suppressed by Androgen Receptor.
Br. . Cancer 2023, 129, 1903-1914. [CrossRef]

Luo, X.; Cheng, W.; Wang, S.; Chen, Z.; Tan, ]. Autophagy Suppresses Invasiveness of Endometrial Cells through Reduction of
Fascin-1. BioMed Res. Int. 2018, 2018, 8615435. [CrossRef]

Adammek, M.; Greve, B.; Késsens, N.; Schneider, C.; Briiggemann, K.; Schiiring, A.N.; Starzinski-Powitz, A.; Kiesel, L.; Gotte,
M. MicroRNA miR-145 Inhibits Proliferation, Invasiveness, and Stem Cell Phenotype of an in Vitro Endometriosis Model by
Targeting Multiple Cytoskeletal Elements and Pluripotency Factors. Fertil. Steril. 2013, 99, 1346-1355.e5. [CrossRef]

Wang, L.; Xing, Q.; Feng, T.; He, M.; Yu, W.; Chen, H. SNP Rs710886 A>G in Long Noncoding RNA PCAT1 Is Associated with the
Risk of Endometriosis by Modulating Expression of Multiple Stemness-related Genes via microRNA-145 Signaling Pathway:. J.
Cell. Biochem. 2020, 121, 1703-1715. [CrossRef]

Kokate, S.B.; Ciuba, K.; Tran, V.D.; Kumari, R.; Tojkander, S.; Engel, U.; Kogan, K.; Kumar, S.; Lappalainen, P. Caldesmon Controls
Stress Fiber Force-Balance through Dynamic Cross-Linking of Myosin II and Actin-Tropomyosin Filaments. Nat. Commun. 2022,
13, 6032. [CrossRef] [PubMed]

Barcena De Arellano, M.L.; Gericke, J.; Reichelt, U.; Okuducu, A.E; Ebert, A.D.; Chiantera, V.; Schneider, A.; Mechsner, S.
Immunohistochemical Characterization of Endometriosis-Associated Smooth Muscle Cells in Human Peritoneal Endometriotic
Lesions. Hum. Reprod. 2011, 26, 2721-2730. [CrossRef]


https://doi.org/10.3390/ijms22168385
https://www.ncbi.nlm.nih.gov/pubmed/34445100
https://doi.org/10.1093/humrep/den215
https://www.ncbi.nlm.nih.gov/pubmed/18552365
https://doi.org/10.1016/j.lfs.2020.117681
https://doi.org/10.1016/j.clinsp.2022.100074
https://doi.org/10.1093/molehr/gas019
https://doi.org/10.1016/j.fertnstert.2023.12.007
https://doi.org/10.1111/j.1582-4934.2011.01520.x
https://doi.org/10.1016/j.fertnstert.2012.08.003
https://www.ncbi.nlm.nih.gov/pubmed/22981172
https://doi.org/10.1016/j.repbio.2023.100826
https://doi.org/10.1093/humrep/den450
https://doi.org/10.3389/fcell.2022.824075
https://doi.org/10.1016/j.omto.2020.12.014
https://www.ncbi.nlm.nih.gov/pubmed/33614909
https://doi.org/10.1038/s41598-018-33868-z
https://www.ncbi.nlm.nih.gov/pubmed/30353022
https://doi.org/10.1002/advs.201901380
https://doi.org/10.1038/s41419-019-1574-5
https://doi.org/10.1158/0008-5472.CAN-18-3803
https://www.ncbi.nlm.nih.gov/pubmed/31239273
https://doi.org/10.1038/s41416-023-02449-x
https://doi.org/10.1155/2018/8615435
https://doi.org/10.1016/j.fertnstert.2012.11.055
https://doi.org/10.1002/jcb.29406
https://doi.org/10.1038/s41467-022-33688-w
https://www.ncbi.nlm.nih.gov/pubmed/36229430
https://doi.org/10.1093/humrep/der253

Cells 2025, 14, 360 28 of 30

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.
74.

75.

76.

77.

78.

Mechsner, S.; Grum, B.; Gericke, C.; Loddenkemper, C.; Dudenhausen, J.W.; Ebert, A.D. Possible Roles of Oxytocin Receptor and
Vasopressin-1« Receptor in the Pathomechanism of Dysperistalsis and Dysmenorrhea in Patients with Adenomyosis Uteri. Fertil.
Steril. 2010, 94, 2541-2546. [CrossRef]

Odagiri, K.; Konno, R.; Fujiwara, H.; Netsu, S.; Yang, C.; Suzuki, M. Smooth Muscle Metaplasia and Innervation in Interstitium of
Endometriotic Lesions Related to Pain. Fertil. Steril. 2009, 92, 1525-1531. [CrossRef] [PubMed]

Wang, M; Fan, R;; Jiang, J.; Sun, F; Sun, Y,; Wang, Q.; Jiang, A.; Yu, Z.; Yang, T. PIM2 Promotes the Development of Ovarian
Endometriosis by Enhancing Glycolysis and Fibrosis. Reprod. Sci. 2023, 30, 2692-2702. [CrossRef]

Van Kaam, K.J.A.E; Schouten, J.P.; Nap, A.W.; Dunselman, G.A.J.; Groothuis, P.G. Fibromuscular Differentiation in Deeply
Infiltrating Endometriosis Is a Reaction of Resident Fibroblasts to the Presence of Ectopic Endometrium. Hum. Reprod. 2008, 23,
2692-2700. [CrossRef] [PubMed]

Lou, J.; Zou, Y.; Luo, Y,; Zhang, Z.-Y; Liu, E-Y,; Tan, ].; Zeng, X.; Wan, L.; Huang, O.-P. Novel MYH8 Mutations in 152 Han
Chinese Samples with Ovarian Endometriosis. Gynecol. Endocrinol. 2020, 36, 632—635. [CrossRef]

Sohler, F; Sommer, A.; Wachter, D.L.; Agaimy, A.; Fischer, O.M.; Renner, S.P.; Burghaus, S.; Fasching, P.A.; Beckmann, M.W.;
Fuhrmann, U.; et al. Tissue Remodeling and Nonendometrium-Like Menstrual Cycling Are Hallmarks of Peritoneal Endometriosis
Lesions. Reprod. Sci. 2013, 20, 85-102. [CrossRef]

Wang, T.; Jiang, R.; Yao, Y; Qian, L.; Zhao, Y.; Huang, X. Identification of Endometriosis-Associated Genes and Pathways Based
on Bioinformatic Analysis. Medicine 2021, 100, €26530. [CrossRef]

Liu, X.; Shen, M.; Qi, Q.; Zhang, H.; Guo, S.-W. Corroborating Evidence for Platelet-Induced Epithelial-Mesenchymal Transition
and Fibroblast-to-Myofibroblast Transdifferentiation in the Development of Adenomyosis. Hum. Reprod. 2016, 31, 734-749.
[CrossRef]

Wang, X.; Zheng, Q.; Sun, M.; Liu, L.; Zhang, H.; Ying, W. Signatures of Necroptosis-Related Genes as Diagnostic Markers of
Endometriosis and Their Correlation with Immune Infiltration. BMC Women’s Health 2023, 23, 535. [CrossRef]

Wang, H.; Said, R.; Nguyen-Vigouroux, C.; Henriot, V.; Gebhardt, P; Pernier, J.; Grosse, R.; Le Clainche, C. Talin and Vinculin
Combine Their Activities to Trigger Actin Assembly. Nat. Commun. 2024, 15, 9497. [CrossRef] [PubMed]

Rangarajan, E.S.; Bois, J.L.; Hansen, S.B.; Izard, T. High-Resolution Snapshots of the Talin Auto-Inhibitory States Suggest Roles in
Cell Adhesion and Signaling. Nat. Commun. 2024, 15, 9270. [CrossRef]

Tang, X,; Li, Q.; Li, L.; Jiang, J. Expression of Talin-1 in Endometriosis and Its Possible Role in Pathogenesis. Reprod. Biol.
Endocrinol. 2021, 19, 42. [CrossRef] [PubMed]

Lee, J.; Banu, S.K.; Burghardt, R.C.; Starzinski-Powitz, A.; Arosh, J.A. Selective Inhibition of Prostaglandin E2 Receptors EP2
and EP4 Inhibits Adhesion of Human Endometriotic Epithelial and Stromal Cells Through Suppression of Integrin-Mediated
Mechanisms1. Biol. Reprod. 2013, 88, 1-11. [CrossRef]

Dawood, M.Y.; Khan-Dawood, ES.; Wilson, L. Peritoneal Fluid Prostaglandins and Prostanoids in Women with Endometriosis,
Chronic Pelvic Inflammatory Disease, and Pelvic Pain. Am. ]. Obstet. Gynecol. 1984, 148, 391-395. [CrossRef] [PubMed]

Ma, J.; Jiang, J. ATG8 Inhibited Endometriosis Formation by Regulating Treg Cells Differentiation via Integrin A431 and Talin-1
Interaction. Reprod. BioMed. Online 2024, 48, 103646. [CrossRef]

Knez, J.; Kovaci¢, B.; Goropevsek, A. The Role of Regulatory T-Cells in the Development of Endometriosis. Hum. Reprod. 2024, 39,
1367-1380. [CrossRef]

Walling, B.L.; Kim, M. LFA-1 in T Cell Migration and Differentiation. Front. Immunol. 2018, 9, 952. [CrossRef]

Sun, H.; Lagarrigue, F.; Ginsberg, M.H. The Connection Between Rap1 and Talin1 in the Activation of Integrins in Blood Cells.
Front. Cell Dev. Biol. 2022, 10, 908622. [CrossRef]

Lagarrigue, F.; Kim, C.; Ginsberg, M.H. The Rap1-RIAM-Talin Axis of Integrin Activation and Blood Cell Function. Blood 2016,
128, 479-487. [CrossRef] [PubMed]

Niziot, M.; Pryczynicz, A. The Role of Tensins in Malignant Neoplasms. Arch. Med. Sci. 2023, 19, 1382-1397. [CrossRef]

Chen, H.; Duncan, I.C.; Bozorgchami, H.; Lo, S.H. Tensinl and a Previously Undocumented Family Member, Tensin2, Positively
Regulate Cell Migration. Proc. Natl. Acad. Sci. USA 2002, 99, 733-738. [CrossRef] [PubMed]

Cha, L].; Lee, ].H.; Cho, K.S,; Lee, S.B. Drosophila Tensin Plays an Essential Role in Cell Migration and Planar Polarity Formation
during Oogenesis by Mediating Integrin-Dependent Extracellular Signals to Actin Organization. Biochem. Biophys. Res. Commun.
2017, 484, 702-709. [CrossRef]

Kiflemariam, S.; Ljungstrom, V.; Pontén, F.; Sjoblom, T. Tumor Vessel Up-Regulation of INSR Revealed by Single-Cell Expression
Analysis of the Tyrosine Kinome and Phosphatome in Human Cancers. Am. J. Pathol. 2015, 185, 1600-1609. [CrossRef] [PubMed]
Rahmawati, E.; Yang, W.V,; Lei, Y.; Maurya, PK.; Chen, H.; Tzeng, C. Gonadotropin-releasing Hormone Agonist Induces
Downregulation of Tensin 1 in Women with Endometriosis. Acta Obstet. Gynecol. Scand. 2019, 98, 222-231. [CrossRef]

Barra, E; Ferrero, S. Adhesion Proteins: Suitable Therapeutic Targets or Biomarkers of Therapy Response for Endometriosis? Acta
Obstet. Gynecol. Scand. 2019, 98, 810-811. [CrossRef]


https://doi.org/10.1016/j.fertnstert.2010.03.015
https://doi.org/10.1016/j.fertnstert.2008.08.101
https://www.ncbi.nlm.nih.gov/pubmed/18930216
https://doi.org/10.1007/s43032-023-01208-w
https://doi.org/10.1093/humrep/den153
https://www.ncbi.nlm.nih.gov/pubmed/18716038
https://doi.org/10.1080/09513590.2020.1751107
https://doi.org/10.1177/1933719112451147
https://doi.org/10.1097/MD.0000000000026530
https://doi.org/10.1093/humrep/dew018
https://doi.org/10.1186/s12905-023-02668-7
https://doi.org/10.1038/s41467-024-53859-1
https://www.ncbi.nlm.nih.gov/pubmed/39489770
https://doi.org/10.1038/s41467-024-52581-2
https://doi.org/10.1186/s12958-021-00725-0
https://www.ncbi.nlm.nih.gov/pubmed/33750407
https://doi.org/10.1095/biolreprod.112.100883
https://doi.org/10.1016/0002-9378(84)90713-0
https://www.ncbi.nlm.nih.gov/pubmed/6364810
https://doi.org/10.1016/j.rbmo.2023.103646
https://doi.org/10.1093/humrep/deae103
https://doi.org/10.3389/fimmu.2018.00952
https://doi.org/10.3389/fcell.2022.908622
https://doi.org/10.1182/blood-2015-12-638700
https://www.ncbi.nlm.nih.gov/pubmed/27207789
https://doi.org/10.5114/aoms/127085
https://doi.org/10.1073/pnas.022518699
https://www.ncbi.nlm.nih.gov/pubmed/11792844
https://doi.org/10.1016/j.bbrc.2017.01.183
https://doi.org/10.1016/j.ajpath.2015.02.019
https://www.ncbi.nlm.nih.gov/pubmed/25864925
https://doi.org/10.1111/aogs.13481
https://doi.org/10.1111/aogs.13533

Cells 2025, 14, 360 29 of 30

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Rahmawati, E.; Yang, W.V.; Tzeng, C. Reply to: Adhesion Proteins: Suitable Therapeutic Targets or Biomarkers of Therapy
Response for Endometriosis? Acta Obstet. Gynecol. Scand. 2019, 98, 812. [CrossRef]

Gu, X.; Chen, S.; Wang, Z.; Bu, Q.; An, S. LZTS3/TAGLN Suppresses Cancer Progression in Human Colorectal Adenocarcinoma
Through Regulating Cell Proliferation, Migration, and Actin Cytoskeleton. Arch. Med. Res. 2023, 54, 102894. [CrossRef]

Dos Santos Hidalgo, G.; Meola, J.; Rosa E Silva, J.C.; Paro De Paz, C.C.; Ferriani, R.A. TAGLN Expression Is Deregulated in
Endometriosis and May Be Involved in Cell Invasion, Migration, and Differentiation. Fertil. Steril. 2011, 96, 700-703. [CrossRef]
Marianowski, P.; Szymusik, I.; Malejczyk, J.; Hibner, M.; Wielgos, M. Proteomic Analysis of Eutopic and Ectopic Endometriotic
Tissues Based on Isobaric Peptide Tags for Relative and Absolute Quantification (TRAQ) Method. Neuro Endocrinol. Lett. 2013,
34,717-721. [PubMed]

Kyama, C.M.; T’Jampens, D.; Mihalyi, A.; Simsa, P.; Debrock, S.; Waelkens, E.; Landuyt, B.; Meuleman, C.; Fulop, V.; Mwenda,
J.M.; et al. ProteinChip Technology Is a Useful Method in the Pathogenesis and Diagnosis of Endometriosis: A Preliminary Study.
Fertil. Steril. 2006, 86, 203-209. [CrossRef] [PubMed]

Stephens, A.N.; Hannan, N.J.; Rainczuk, A.; Meehan, K.L.; Chen, J.; Nicholls, PX.; Rombauts, L.J.E,; Stanton, P.G.; Robertson,
D.M.; Salamonsen, L.A. Post-Translational Modifications and Protein-Specific Isoforms in Endometriosis Revealed by 2D DIGE. J.
Proteome Res. 2010, 9, 2438-2449. [CrossRef]

Muraoka, A.; Suzuki, M.; Hamaguchi, T.; Watanabe, S.; Iijima, K.; Murofushi, Y.; Shinjo, K.; Osuka, S.; Hariyama, Y.; Ito, M.;
et al. Fusobacterium Infection Facilitates the Development of Endometriosis through the Phenotypic Transition of Endometrial
Fibroblasts. Sci. Transl. Med. 2023, 15, eadd1531. [CrossRef]

Hou, H.-T,; Lin, T.-C.; Wu, M.-H.; Tsai, S.-J. Feel so Bac: Is Fusobacterium the Suspect Causing Endometriosis? Trends Mol. Med.
2023, 29, 780-782. [CrossRef]

Lees, ].G.; Bach, C.T.T.; O'Neill, G.M. Interior Decoration: Tropomyosin in Actin Dynamics and Cell Migration. Cell Adhes. Migr.
2011, 5, 181-186. [CrossRef] [PubMed]

Kumari, R;; Jiu, Y.; Carman, PJ.; Tojkander, S.; Kogan, K.; Varjosalo, M.; Gunning, PW.; Dominguez, R.; Lappalainen, P.
Tropomodulins Control the Balance between Protrusive and Contractile Structures by Stabilizing Actin-Tropomyosin Filaments.
Curr. Biol. 2020, 30, 767-778.e5. [CrossRef]

Demir, A.Y.; Demol, H.; Puype, M.; De Goeij, A EP.M.; Dunselman, G.A.].; Herrler, A.; Evers, J.L.H.; Vandekerckhove, J.;
Groothuis, P.G. Proteome Analysis of Human Mesothelial Cells during Epithelial to Mesenchymal Transitions Induced by Shed
Menstrual Effluent. Proteomics 2004, 4, 2608-2623. [CrossRef]

Gajbhiye, R.; Sonawani, A.; Khan, S.; Suryawanshi, A.; Kadam, S.; Warty, N.; Raut, V.; Khole, V. Identification and Validation of
Novel Serum Markers for Early Diagnosis of Endometriosis. Hum. Reprod. 2012, 27, 408-417. [CrossRef]

Gajbhiye, R.; Bendigeri, T.; Ghuge, A.; Bhusane, K; Begum, S.; Warty, N.; Sawant, R.; Padte, K.; Humane, A.; Dasmahapatra, P;
et al. Panel of Autoimmune Markers for Noninvasive Diagnosis of Minimal-Mild Endometriosis: A Multicenter Study. Reprod.
Sci. 2017, 24, 413-420. [CrossRef]

Menzhinskaya, 1.V.; Pavlovich, 5.V.; Melkumyan, A.G.; Chuprynin, V.D.; Yarotskaya, E.L.; Sukhikh, G.T. Potential Significance
of Serum Autoantibodies to Endometrial Antigens, x-Enolase and Hormones in Non-Invasive Diagnosis and Pathogenesis of
Endometriosis. Int. ]. Mol. Sci. 2023, 24, 15578. [CrossRef] [PubMed]

Wu, Z.-Y; Yang, X.-M.; Cheng, M.-].; Zhang, R.; Ye, J.; Yi, H.; Ao, J.-P.; Zhang, Z.-G.; Xu, C.-]. Dysregulated Cell Mechanical
Properties of Endometrial Stromal Cells from Endometriosis Patients. Int. ]. Clin. Exp. Pathol. 2014, 7, 648-655. [PubMed]
Borschel, C.S.; Stejskalova, A.; Schifer, S.D.; Kiesel, L.; Gotte, M. miR-142-3p Reduces the Size, Migration, and Contractility
of Endometrial and Endometriotic Stromal Cells by Targeting Integrin- and Rho GTPase-Related Pathways That Regulate
Cytoskeletal Function. Biomedicines 2020, 8, 291. [CrossRef]

Samalecos, A.; Reimann, K.; Wittmann, S.; Schulte, H.M.; Brosens, ].J.; Bamberger, A.-M.; Gellersen, B. Characterization of a Novel
Telomerase-Immortalized Human Endometrial Stromal Cell Line, St-T1b. Reprod. Biol. Endocrinol. 2009, 7, 76. [CrossRef]

Wu, R; Yang, H.; Zhou, W.; Zhang, L.; Bai, ].; Lin, D.; Ng, T.; Dai, S.; Chen, Q.; Chen, Q. Effect of Interleukin-1 and Lipoxin A4 in
Human Endometriotic Stromal Cells: Proteomic Analysis. J. Obstet. Gynaecol. Res. 2017, 43, 308-319. [CrossRef] [PubMed]
Kyama, C.M.; Mihalyi, A.; Gevaert, O.; Waelkens, E.; Simsa, P.; Van De Plas, R.; Meuleman, C.; De Moor, B.; D’Hooghe, TM.
Evaluation of Endometrial Biomarkers for Semi-Invasive Diagnosis of Endometriosis. Fertil. Steril. 2011, 95, 1338-1343.e3.
[CrossRef]

Biber, G.; Ben-Shmuel, A.; Noy, E.; Joseph, N.; Puthenveetil, A.; Reiss, N.; Levy, O.; Lazar, I; Feiglin, A.; Ofran, Y.; et al. Targeting
the Actin Nucleation Promoting Factor WASp Provides a Therapeutic Approach for Hematopoietic Malignancies. Nat. Commun.
2021, 12, 5581. [CrossRef]

Wakatsuki, A.; Lin, Y.; Kojima, S.; Matsushita, H.; Takeuchi, K.; Umezawa, K. Inhibitory Effects of Estetrol on the Invasion and
Migration of Immortalized Human Endometrial Stromal Cells. Endocr. |. 2024, 71, 199-206. [CrossRef]

100. Gao, X.; Xu, Z. Mechanisms of Action of Angiogenin. Acta Biochim. Biophys. Sin. 2008, 40, 619-624. [CrossRef]


https://doi.org/10.1111/aogs.13566
https://doi.org/10.1016/j.arcmed.2023.102894
https://doi.org/10.1016/j.fertnstert.2011.06.052
https://www.ncbi.nlm.nih.gov/pubmed/24464013
https://doi.org/10.1016/j.fertnstert.2005.12.024
https://www.ncbi.nlm.nih.gov/pubmed/16716317
https://doi.org/10.1021/pr901131p
https://doi.org/10.1126/scitranslmed.add1531
https://doi.org/10.1016/j.molmed.2023.08.003
https://doi.org/10.4161/cam.5.2.14438
https://www.ncbi.nlm.nih.gov/pubmed/21173575
https://doi.org/10.1016/j.cub.2019.12.049
https://doi.org/10.1002/pmic.200300827
https://doi.org/10.1093/humrep/der410
https://doi.org/10.1177/1933719116657190
https://doi.org/10.3390/ijms242115578
https://www.ncbi.nlm.nih.gov/pubmed/37958566
https://www.ncbi.nlm.nih.gov/pubmed/24551285
https://doi.org/10.3390/biomedicines8080291
https://doi.org/10.1186/1477-7827-7-76
https://doi.org/10.1111/jog.13201
https://www.ncbi.nlm.nih.gov/pubmed/27987338
https://doi.org/10.1016/j.fertnstert.2010.06.084
https://doi.org/10.1038/s41467-021-25842-7
https://doi.org/10.1507/endocrj.EJ23-0397
https://doi.org/10.1111/j.1745-7270.2008.00442.x

Cells 2025, 14, 360 30 of 30

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Bo, C.; Wang, Y. Angiogenesis Signaling in Endometriosis: Molecules, Diagnosis and Treatment (Review). Mol. Med. Rep. 2024,
29, 43. [CrossRef]

Singh, A.K.; Dutta, M.; Chattopadhyay, R.; Chakravarty, B.; Chaudhury, K. Intrafollicular Interleukin-8, Interleukin-12, and
Adrenomedullin Are the Promising Prognostic Markers of Oocyte and Embryo Quality in Women with Endometriosis. J. Assist.
Reprod. Genet. 2016, 33, 1363-1372. [CrossRef] [PubMed]

Bourlev, V,; Iljasova, N.; Adamyan, L.; Larsson, A.; Olovsson, M. Signs of Reduced Angiogenic Activity after Surgical Removal of
Deeply Infiltrating Endometriosis. Fertil. Steril. 2010, 94, 52-57. [CrossRef] [PubMed]

Steff, A.; Gagné, D.; Pagé, M.; Rioux, A.; Hugo, P.; Gosselin, D. Serum Concentrations of Insulin-like Growth Factor-1, Soluble
Tumor Necrosis Factor Receptor-1 and Angiogenin in Endometriosis Patients. Am. J. Rep. Immunol. 2004, 51, 166-173. [CrossRef]
Suzumori, N.; Zhao, X.X.; Suzumori, K. Elevated Angiogenin Levels in the Peritoneal Fluid of Women with Endometriosis
Correlate with the Extent of the Disorder. Fertil. Steril. 2004, 82, 93-96. [CrossRef]

Gogacz, M.; Galczynski, K.; Romanek-Piva, K.; Winkler, I.; Rechberger, T.; Adamiak-Godlewska, A. Concentration of Selected
Angiogenic Factors in Serum and Peritoneal Fluid of Women with Endometriosis. Ginekol. Pol. 2015, 86, 188-192. [CrossRef]
[PubMed]

Kim, S.H.; Choi, YM.; Chae, H.D.; Kim, C.H.; Kang, B.M. Decreased Expression of Angiogenin in the Eutopic Endometrium from
Women with Advanced Stage Endometriosis. J. Korean Med. Sci. 2008, 23, 802. [CrossRef]

Fu, ].-L.; Hsiao, K.-Y.; Lee, H.-C.; Li, W.-N.; Chang, N.; Wu, M.-H.; Tsai, S.-]. Suppression of COUP-TFII Upregulates Angiogenin
and Promotes Angiogenesis in Endometriosis. Hum. Reprod. 2018, 33, 1517-1527. [CrossRef]

Xing, J.; Wang, Y.; Peng, A.; Li, J.; Niu, X.; Zhang, K. The Role of Actin Cytoskeleton CFL1 and ADF/Cofilin Superfamily in
Inflammatory Response. Front. Mol. Biosci. 2024, 11, 1408287. [CrossRef]

Ronzier, E.; Laurenson, A.J.; Manickam, R.; Liu, S.; Saintilma, I.M.; Schrock, D.C.; Hammer, ].A.; Rotty, ].D. The Actin Cytoskeleton
Responds to Inflammatory Cues and Alters Macrophage Activation. Cells 2022, 11, 1806. [CrossRef]

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/10.3892/mmr.2024.13167
https://doi.org/10.1007/s10815-016-0782-5
https://www.ncbi.nlm.nih.gov/pubmed/27491770
https://doi.org/10.1016/j.fertnstert.2009.02.019
https://www.ncbi.nlm.nih.gov/pubmed/19324337
https://doi.org/10.1046/j.8755-8920.2003.00138.x
https://doi.org/10.1016/j.fertnstert.2003.11.043
https://doi.org/10.17772/gp/2061
https://www.ncbi.nlm.nih.gov/pubmed/25920308
https://doi.org/10.3346/jkms.2008.23.5.802
https://doi.org/10.1093/humrep/dey220
https://doi.org/10.3389/fmolb.2024.1408287
https://doi.org/10.3390/cells11111806

	Introduction 
	ABPs in Endometriosis 
	Alpha-Actinin 
	Calponin 
	Cofilin-1 
	Ezrin–Radixin–Moesin Family 
	Fascin 
	Myosins and Caldesmon 
	Talin 
	Tensins 
	Transgelin 
	Tropomyosin and Tropomodulin 
	Vinculin 

	Other ABPs 
	Plastins 
	Wiskott–Aldrich Syndrome Protein 

	Angiogenin 
	Summary 
	Future Perspective 
	References

