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Abstract: Placenta-specific trophoblast and tumor cells exhibit many common characteristics. Tro-
phoblast cells invade maternal tissues while being tolerated by the maternal immune system. Sim-
ilarly, tumor cells can invade surrounding tissues and escape the immune system. Importantly,
both trophoblast and tumor cells are supported by an abetting microenvironment, which influences
invasion, angiogenesis, and immune tolerance/evasion, among others. However, in contrast to
tumor cells, the metabolic, proliferative, migrative, and invasive states of trophoblast cells are under
tight regulatory control. In this review, we provide an overview of similarities and dissimilarities in
regulatory processes that drive trophoblast and tumor cell fate, particularly focusing on the role of
the abetting microenvironments.

Keywords: decidual microenvironment; tumor microenvironment; placenta; immune cells; prolifera-
tion; invasion; tumor cell; trophoblast

1. Introduction

The placenta is a transient fetal organ and develops from fetal tissues in a complex
interplay with the maternal uterine decidua, enabling unique functions such as: (1) the
protection of the fetus from the immune system of the mother, (2) the anchorage of the
conceptus, and (3) the provision of nutritional and gas exchange [1,2]. To accomplish this,
placenta-specific trophoblast cells establish the placental barrier, promote angiogenesis,
live in low-oxygen conditions, and invade maternal tissues—all while being tolerated by
the maternal immune system, although fetal cells are semi-allogeneic [1]. The decidual
microenvironment, in particular decidual immune cells, plays an important role in con-
trolling trophoblast invasion and regulating the immune balance at the fetal-maternal
interface [3,4]. Only a balanced activity between maternal and placental cells results in
normal trophoblast invasion and successful coexistence, and a disruption of this balance
could contribute to pathological conditions [3-6].

Interestingly, trophoblast and tumor cells share many striking characteristics [7,8],
and both are supported by an abetting microenvironment [9]. However, how tumor cells
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acquire or even hijack these advantageous characteristics—which in turn contribute to
tumorigenesis, tumor progression, and survival—is a matter of continuous investigation [7].
In contrast to tumor cells, the invasion of trophoblast cells into maternal tissues is precisely
controlled, and the invasive behavior declines once sufficient remodeling of the uterine
tissues has been achieved [4,8,10]. Therefore, the placenta has even been referred to as a
“well-behaved tumor” [10], a term we discuss in more detail in the conclusion.

The study of the fetal-maternal interface in physiological and pathological conditions
could facilitate the understanding of tumor biology and point towards new therapeutic
routes. In cancer, the suppression of the immune response in particular has severely im-
paired the design of effective anti-tumor therapeutic strategies, and even the emerging
immune checkpoint therapies are only effective in a small proportion of patients [11].
Hence, especially studying the interactions between trophoblasts and the decidual microen-
vironment could provide new perspectives (e.g., [12,13]). Here, we look beyond classic
tumor biology and review similarities and differences between the cells giving life and the
ones causing death, particularly focusing on their microenvironment.

1.1. The Placenta

The human placenta is a temporary organ of the developing embryo and fetus, that
is designed to persist for about nine months once established. During this short time of
existence, the placenta develops and grows while acting as the major organ of the fetus,
taking over the tasks of the lungs and kidneys and serving as the main endocrine organ of
the growing child [1]. The placenta is the only fetal organ that comes into direct contact
with maternal blood. Hence, within the placenta, the blood streams of mother and fetus
come into very close contact, only separated by a thin barrier comprising several layers of
placental cells. This placental barrier is mainly made of a specific epithelial layer called the
villous trophoblast, and it is the main site of exchange between both circulatory systems,
allowing for the transfer of nutrients and oxygen towards the fetal side and the transfer of
waste products and carbon dioxide towards the maternal side [1].

To allow maternal blood to enter the placenta, maternal vessels in the uterine wall need
to be transformed and opened towards the placenta by a second trophoblast subtype, the
extravillous trophoblast [14]. It was only recently shown that the invasion of extravillous
trophoblasts is much less specific than thought over the last six decades [14,15]. Extravillous
trophoblasts start their invasion from specific sites of proliferation (trophoblast cell columns)
and reach the connective tissues of the uterus [16]. From this position, they invade all
luminal structures of the uterine wall to which the placenta is attached, including uterine
arteries and veins [17-19], uterine glands [20], and uterine lymph vessels [18,19].

Looking at pregnancy pathologies with a putative involvement of the placenta, the
following pathologies and syndromes need to be listed: preeclampsia, intra-uterine growth
restriction of the fetus (IUGR), and placenta accreta spectrum (PAS) disorders. Preeclampsia
is most likely caused by a defect of villous trophoblast development and turnover, and
it results in maternal symptoms including hypertension and the failure of kidneys, liver,
and/or other major organs [21]. IUGR seems to be caused by a developmental failure of
the extravillous trophoblast that results in a reduced invasion capacity and thus reduced re-
modeling of maternal vessels in the uterus [21]. In contrast, PAS disorders are characterized
by an increased invasion capacity of extravillous trophoblasts [22].

Interestingly, a subset of preeclampsia (early-onset preeclampsia, comprising about
15% of all preeclampsia cases) is mostly associated with IUGR and thus comprises the
clinically most important cases because both mother and child have increased rates of
morbidity and mortality [21]. Precision medicine is already in place for this subgroup, as
predictive biomarkers have been identified and are used in clinical routine today to better
manage such cases and even offer first treatment options [23].
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1.2. Decidualization

The human endometrium is a complex network of cells that undergoes a transforma-
tion process called decidualization to prepare for implantation and pregnancy [24—27]. This
dynamic remodeling process transforms the endometrium into a microenvironment that is
able to accommodate pregnancy and the successful coexistence of fetal and maternal cells,
called the decidua [25]. In contrast to most other species, human decidualization begins in
the mid-secretory phase of each menstrual cycle in response to rising levels of progesterone
and estrogen and continues if a conceptus is present [24,26,28].

Decidualization includes the differentiation of endometrial stromal cells into decidual
stromal cells [29]. The latter are specialized secretory cells with rounded polyploid nuclei,
contain high amounts of glycogen and lipids, and synthesize a range of molecules such as
components of the extracellular matrix (ECM), prolactin, insulin-like growth factor binding
proteins, cytokines, and chemokines [29,30]. Decidual stromal cells are vital for the estab-
lishment of a nutritive and tolerant microenvironment for the growing placenta and affect
immune tolerance, remodeling of the ECM, and angiogenesis, among others [24,25,30,31].

Decidualization is accompanied by the recruitment of immune cells, including uterine
natural killer (uNK) cells, macrophages, T cells, and dendritic cells (DCs), which play key
roles in immune tolerance and the promotion of pregnancy [3,32,33]. In particular, uNK
cells represent a unique subtype of NK cells that exhibit weak cytotoxicity, facilitate the
remodeling of spiral arteries, and promote trophoblast invasion [33,34]. Additionally, fetal
extravillous trophoblasts become a vital part of the decidua when they start to invade
the maternal tissues during early pregnancy [1,3,35]. Eventually, decidual stromal cells,
immune cells, and extravillous trophoblasts build the interactive network required for suc-
cessful pregnancy [3]. However, as pregnancy progresses, the microenvironment exhibits
dynamic changes, including changes in immune cell proportions [3,36]. Indeed, defective
decidua formation may contribute to infertility and certain pathological conditions during
pregnancy [3,29,37].

1.3. Trophoblast Invasion

Trophoblast invasion starts as early as the fetal blastocyst implants into the maternal
uterus. Early attachment and implantation (i.e., invasion) into the maternal decidua
begin with the outer trophoblast layer of the blastocyst, called the trophectoderm, and
are completed around day 11 post conception (p.c.). The first differentiation of those
trophectoderm cells in direct contact with uterine epithelial cells results in the formation of
the multinucleated syncytiotrophoblast, which is an invasive tissue of the embryo at this
time. The further differentiation of the trophoblast layers takes place rapidly. Within the
first weeks of pregnancy (day 14 p.c.), mononucleated cells (cytotrophoblasts) differentiate
from the trophectoderm, detach as extravillous trophoblasts from the developing placenta,
and continue invading the maternal decidua, finally invading all potential sources of
nutrients (the decidual stroma, vessels, and glands) (Figure 1A) [1,35].

Invading extravillous trophoblasts fulfil two main functions during pregnancy:
(1) attaching the placenta to the uterus and (2) connecting the placenta with maternal tissues,
vessels, and glands for the exchange of nutrients and the drainage of waste/debris [17,38].
A fundamental characteristic of extravillous trophoblasts is that they stop proliferating as
soon as they begin to invade [1,39].

Factors secreted by extravillous trophoblasts may contribute to controlling their inva-
sion in an autocrine manner, as well as influence immune cell function within the decidua
in a paracrine way [40,41]. Probable ligand-receptor interactions between trophoblasts
and all other cell types within the decidua (such as immune cells, decidual stromal cells,
endothelial cells, perivascular cells, and glandular epithelial cells) were investigated in a
recent single cell RNA-seq study [9].
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Figure 1. Comparison between the decidual and the tumor microenvironment. Invasive trophoblasts
and tumor cells are both sustained by an abetting microenvironment. Intense crosstalk between
the extravillous trophoblast/tumor cells and the cells of their microenvironment, in particular
immune cells (e.g., via the secretion of molecules depicted as colored dots for certain cell types),
is essential for establishing and maintaining immune tolerance/suppression towards extravillous
trophoblast/tumor cells. Furthermore, cells of the microenvironment, including immune cells, are
involved in regulating invasion and angiogenesis in both settings. (A) On the left, extravillous
trophoblasts invade the uterine tissues of the mother, reaching the inner third of the myometrium.
The extravillous trophoblasts invade the decidual stroma, vessels, and glands—all potential sources
of nutrients. During the first trimester of pregnancy, the oxygen concentration within the villous part
of the placenta has been found to be below 20 mmHg. Trophoblasts proliferate in this low-oxygen
environment. From this physiologically low oxygen level (normoxia for the placenta at this stage of
pregnancy), extravillous trophoblasts invade normally oxygenated uterine tissues and thus follow an
oxygen gradient towards higher levels. (B) On the right, tumor cells can similarly invade surrounding
tissues and again follow an oxygen gradient towards higher oxygen levels. Similar to extravillous
trophoblasts, tumor cells proliferate in the peripheral zones around sites of low oxygen (real hypoxia),
while subsequent migration and invasion take place towards higher oxygen levels. Created with
BioRender.com (accessed on 23 April 2022).

The influence of numerous factors on trophoblast invasion has been investigated. In
addition to various proteases secreted by extravillous trophoblasts (such as the matrix
metalloproteinases (MMPs) MMP-2, MMP-3, and MMP-9), MMP-15 was also recently
discovered as a crucial factor for trophoblast invasion. Within the placenta, MMP-15
is restricted to the invasive extravillous trophoblast, and its in vitro silencing leads to
restricted trophoblast outgrowth, though it has demonstrated no influence on proliferation
or apoptosis [42,43]. Another important group of proteins relevant for trophoblast invasion
is the integrin family. Dependent on the composition of the various subunits, some integrins
promote adhesion while others facilitate invasion [44,45]. MMPs and integrins are key
players in both trophoblast and cancer invasion. Examples of MMPs playing significant
roles in both settings—trophoblast and tumor invasion—are MMP-2 and MMP-9, both
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known to be important facilitators of invasion [46-49]. In contrast, MMP-15 has no influence
on trophoblast apoptosis but does inhibit apoptosis in several tumor cell lines [50].

1.4. Tumor Microenvironment

Cancers are a complex and heterogeneous group of diseases that affect millions of
people. Yet, tumor cells exhibit certain advantageous characteristics called the hallmarks
of cancer, including growth and proliferative advantages, modified response to stress,
metabolic reprogramming, invasion and metastasis, stimulated angiogenesis, immune
evasion, and an abetting tumor microenvironment (TME) [51,52]. The TME is a complex
network of non-malignant stromal cells (including fibroblasts and endothelial cells), im-
mune cells, vessels, nerve fibers, ECM proteins, and secreted signaling molecules within
and around the tumor (Figure 1B) [53-55].

Tumor cells can sculpt the TME to support tumor survival, progression/metastasis,
and drug resistance [56,57]. Intercellular communication between the TME and tumor
cells is highly complicated and dynamic, occurring via direct cell-to-cell interactions, such
as membrane-tethered receptor-ligand binding or signaling through gap junctions and
tunneling nanotubes, and via indirect mechanisms, such as the secretion of cytokines,
chemokines, growth factors, exosomes, and metabolites [57,58]. Generally, the TME is a
highly complex ecosystem that exhibits profound heterogeneity within tumors, between
different malignancies, and between individual patients and that crucially affects tumor
biology [55,59—-64]. The TME may be envisioned as a combination of specialized niches that
can overlap as well as communicate, including the hypoxic, immune, acidic, innervated,
metabolic, and mechanical niches [55]. Advancing the understanding of the TME and its
crosstalk with tumor cells could promote the development of new and tailored therapeutic
regimens [55,57,65]. In particular, considering the profound complexity and heterogeneity
of tumors and their microenvironments, combination therapies hold promise [11,53,57].

2. Tumor and Decidual Microenvironment: How Much Do They Have in Common?

Trophoblast and tumor cells are both supported by an abetting microenvironment
(Figure 1) that influences/regulates invasion, angiogenesis, and immune tolerance/evasion,
among others. In both settings, the cells invade from low to high oxygen levels, show
very close interactions with vessels on their way through the tissue, and are tolerated
by/evade the immune system. This is facilitated by the intense crosstalk of the extravil-
lous trophoblast/tumor cells with the cells in their microenvironment (Figure 1). In the
subsequent sections, we offer an overview of similarities and dissimilarities in regulatory
processes driving trophoblast and tumor cell fate, with an emphasis on the role of the
abetting microenvironments.

2.1. Growth Suppression in Tumor and Decidual Microenvironment

One biological capability acquired during the multistep development of human tumors
is the hallmark of evading growth suppressors, representing the competence of cancer cells
to circumvent powerful programs that negatively regulate cell proliferation [52]. Many of
these programs depend on the actions of dozens of previously identified tumor-suppressor
genes. Amongst these, many have been characterized as bona fide tumor suppressors by gain-
or loss-of-function experiments in animal models, including the classical tumor suppressors
retinoblastoma (Rb)-associated proteins, tumor protein p53, and phosphatase and tensin
homolog (PTEN). While some of these factors transduce growth-inhibitory signals that largely
originate outside the cell, others receive inputs from intracellular operating systems based
on stress and abnormality sensors inside the cell. Extrinsic signals may originate from
fibroblasts in the TME. In this environment, it seems as if such signals help cancer cells to
evade various forms of growth suppression. Co-culture experiments have clearly shown
that normal connective tissue fibroblasts, but not cancer-associated fibroblasts, can inhibit
the growth of cancer cells in a mechanism that requires the contact of fibroblasts with cancer
cells [66]. Thus, normal fibroblasts may serve as extrinsic growth suppressors.
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As mentioned above, endometrial stromal cells in women of childbearing age are
subject to cyclic decidualization, including the transformation of these cells into secretory
decidual stromal cells. Their secretion products have a variety of functions including
the control of trophoblast invasion. Culture of differentiating trophoblasts with decidual
stromal cell-derived culture supernatant was shown to induce the phosphorylation of
Smad?2/3 [67], suggesting signaling through members of the transforming growth factor
(TGF)-B superfamily. TGF-f3 signaling is one of the most extensively studied tumor-
suppressor pathways in epithelial cell malignancies. In fact, most epithelial cells are
growth-inhibited by TGF-3, and the loss of this response has been suggested as a key event
in the progress towards malignancy [68]. Recent studies in normal epithelial cells showed
that TGF-B1 induced the expression of growth suppressor p12, which in turn inhibited
growth via the CDK2-catalyzed phosphorylation of Rb [69]. In contrast, deficiency in p12
expression resulted in partial resistance to TGF-{31-mediated inhibition of cell proliferation.
The molecular mechanisms driving trophoblast invasiveness are considered to be identical
to those of cancer cells, even though their proliferation, migration, and invasiveness in situ
are stringently controlled by decidua-derived TGF-{3 [70]. In contrast to normal extravillous
trophoblasts, hyperproliferative and hyperinvasive premalignant trophoblasts, as well as
malignant trophoblast-derived choriocarcinoma cell lines such as JAR and JEG-3, have been
shown to be TGF-[3-resistant. Notably, the loss of TGF-f3 response in malignant trophoblasts
was explained by the loss of expression of the SMAD3 gene. Moreover, differential mRNA
display of normal and premalignant trophoblasts revealed deregulation of numerous genes
in premalignant trophoblasts, with potential oncogenic and/or tumor-suppressor functions.
Amongst these, the loss of insulin-like growth factor binding protein 5 (IGFBP5) and insulin-
like growth factor 2 receptor (IGF2R) was suggested to enable unrestricted proliferation in
an IGF-1-rich microenvironment of the fetal-maternal interface [70,71].

However, whether decidual stromal cell-derived factors, such as TGF-f3 superfamily
members, can directly affect the classical tumor suppressors Rb, p53, and PTEN in human
trophoblasts has not yet been described in great detail. Most knowledge has been gained
from different mouse models, substantiating the fundamental role of tumor-suppressor
genes during placental development in mice. Initial morphological surveys suggested that
the deletion of Rb leads to extensive microanatomical changes in the mouse placenta, in-
cluding reductions in the total volume and vasculature of the placental labyrinth, increased
infiltration from the spongiotrophoblast layer to the labyrinth layer, and clustering of
labyrinthic trophoblast [72]. For the human placenta, immunohistochemistry revealed that
the retinoblastoma family members, p107 and Rb2/p130, are most abundantly expressed
during the first trimester of gestation and progressively decline to barely detectable levels
in the placenta in late gestation [73].

In addition to Rb, a growing body of evidence suggests that p53 plays fundamental
roles in placental development and physiology. Placental tissue from p53—/— mice at E14.5
have shown structural abnormalities, including mild-to-moderate labyrinth trophoblast
hyperplasia, collapsed vasculature, and nuclear enlargement of labyrinthic trophoblast
(polyploidy) [74]. In general, the stabilization of p53 inhibits cell proliferation through
the activation of its transcriptional target p21, which in concert with p16 maintains the Rb
protein in its hypophosphorylated and active state. An active Rb protein suppresses the
transcription factor E2F1-dependent expression of genes that regulate the progression of
the G1/S phase of the cell cycle, thereby irreversibly blocking cell cycle entry [75,76]. The
consequence of this process is cellular senescence, a state of irreversible, terminal arrest of
cell proliferation. A recent proteomics approach identified candidate proteins involved in
p53 high-molecular-weight complex formation that were suggested to be responsible for the
inactivation and stabilization of p53 in primary first trimester trophoblasts. Amongst the
binding partners, glucose-regulated protein 78 (GRP78) was demonstrated to be involved
in p53 stabilization and trophoblastic invasion since the decreased expression of membrane
GRP78 decreased p53 stability and increased the invasion of trophoblasts [77]. p53 is a
transcription factor that can upregulate MMP-2 and downregulate MMP-1, -9, and -13.



Biomedicines 2022, 10, 1065

7 of 35

Thus, the sequestration of p53 by GRP78 or many other binding partners may affect the
invasiveness of cells. In contrast to the observations in trophoblasts, metastatic cells show
increased levels of GRP78, which has been suggested to promote tumor metastasis through
the binding of «2-macroglobulin to GPR78 at the cell surface, thereby activating the PAK2
pathway [78]. Whether GRP78 binds to p53 and thereby affects MMP activity in tumor cells
has not been described so far. Recently, the E3 ligase TRIM72 was shown to directly interact
with p53 and promote its ubiquitination and proteasomal degradation, leading to reduced
apoptosis and enhanced migration in trophoblasts [79]. In addition to ubiquitination, a
complex array of post-translational modifications, including phosphorylation, sumoylation,
neddylation, acetylation, and methylation, affects the stabilization of p53 or its sequestration
by many binding partners to modulate p53 activity (comprehensively summarized in [80]).
Hence, a comparison of the post-translational modifications of p53 and its stability between
trophoblasts and metastatic cells represents an intriguing issue that could further contribute
to our understanding of differences between placentation and cancer.

PTEN, another tumor suppressor that has attracted increasing attention in tumor
research during the last two decades, plays a pivotal role in apoptosis, cell cycle arrest,
and possibly cell migration [81]. PTEN functions through converting phosphatidylinositol
triphosphate into phosphatidylinositol 4,5-bisphosphate, thereby negatively regulating the
Akt/PKB signaling pathway [82]. In normal human pregnancy, placental PTEN expression
decreases with progressing pregnancy and placental development [83]. Endometrial PTEN
expression is higher during the first trimester of pregnancy compared to any time in the
normal menstrual cycle, and it is directly regulated by the ovarian steroids, estradiol and
progesterone. While estradiol is suggested to downregulate PTEN activity by increasing
its phosphorylation, progesterone is likely to regulate the PTEN pool by decreasing its
phosphorylation and increasing its protein level [84]. Decidual PTEN expression is signifi-
cantly increased in cases of spontaneous abortion compared to controls [83]. Recent in vitro
studies with the trophoblast cell line HTR-8/SVneo suggested that PTEN is involved in the
regulation of trophoblast invasion [85]. Moreover, PTEN is part of the hypoxia-responsive
network in the placenta, including HIF1x and microRNA-20a as upstream regulators, and
it has been shown to be upregulated in trophoblast-derived choriocarcinoma JAR cells
cultured under 2% oxygen for 24 h [86,87].

Opverall, data from mouse models and in vitro experiments suggest an important role
for tumor-suppressor genes in regulating trophoblast cell expansion and invasion processes.
While a high level of cell proliferation is required for the rapid growth of embryonic and
placental tissues in the early stages of pregnancy, transition to cellular differentiation and
senescence is mandatory towards term. The disruption of this balanced regulation manifests
in the pathogenesis of gestational trophoblastic disease, characterized by abnormally
proliferating trophoblastic tissues, including partial and complete hydatidiform moles,
invasive moles, choriocarcinoma, and placental-site trophoblastic tumors [88].

2.2. Proliferative Signaling in Tumor and Decidual Microenvironment

During placental development, trophoblasts form clusters of highly proliferative
cells at the attachment site to the uterine wall (trophoblast cell columns), where they
proliferate for a limited time period [35]. At around mid-gestation, the pool of proliferative
cells seems to be mostly exhausted. All the non-proliferative daughter cells of this pool
undergo differentiation into extravillous trophoblasts and acquire an invasive phenotype
(Figure 1) [1,35]. At the sites of the trophoblast cell columns and in the course of the
rapid proliferation, trophoblasts engage in common proliferative signaling pathways to
sustain their growth in a tightly regulated manner, by which they are intrinsically and
extrinsically instructed to proliferate [89]. As in other healthy tissues, trophoblasts need a
mitogenic growth signal to initiate division [90]. The most notable growth factors guiding
trophoblast proliferation are epidermal growth factor (EGF), hepatocyte growth factor
(HGF), IGF, vascular endothelial growth factor (VEGF), placental growth factor (PIGF),
and TGF [91,92]. Most of the corresponding receptors are receptor tyrosine kinases (RTK),



Biomedicines 2022, 10, 1065

8 of 35

which activate downstream pathways such as Ras/Raf/MAPK or PI3K/AKT, resulting
in cell division [89]. Importantly, the RTKSs in trophoblast are activated after receptor
dimerization and ligand binding, thereby causing the phosphorylation of the receptor C-
terminal tail [91]. Some of the proteins participating in proliferation signaling are encoded
by proto-oncogenes (e.g., RAS), which are expressed at similar levels in transformed tumor
cells [89]. In the placenta, however, these proto-oncogenes are expressed with a cell-
type- and time-dependent specificity, confirming the high level of thoroughly regulated
proliferation [89,93].

The constituents of the decidual microenvironment participate in placentation and
trophoblast proliferation and invasion. Many growth factors and cytokines, such as EGF,
TGEF-3, and tumor necrosis factor alpha (TNF-«), that are secreted by decidual stromal cells
and ulNK cells regulate trophoblast function in a paracrine manner [24,94]. These factors
may also be secreted by the trophoblast and act in an autocrine manner [89] (Figure 1). In the
context of cell proliferation, uNK cells produce signaling molecules such as cytokines (e.g.,
TNE-o), growth factors (e.g., TGF-f3), angiogenic factors (e.g., VEGF and PIGF), and MMPs,
all of which contribute to the regulation of the proliferative capacity of trophoblasts [94].
Through MMP activation, the growth factors embedded in the ECM can be released and
activated [95].

Even though trophoblasts and transformed tumor cells share similar molecular cir-
cuitries regulating proliferation, there are major differences in the regulatory pathways.
Tumor cells hijack the proliferative signaling to sustain their unlimited growth [52], thus
avoiding the spatiotemporal regulation present in placental development [91]. In tumor
cells, the sustained proliferation is mostly intrinsically regulated by underlying mutations
in proto-oncogenes that encode members of the proliferative signaling pathways [52,96,97].
For example, gain-of-function mutations in the various subdomains of an RTK lead to
the constitutive activation of the RTK, typically in the absence of a ligand. Additionally,
the overexpression of RTKs, usually arising from the genomic amplification of the RTK
gene, leads to increased local concentrations of receptors [96-100]. Hence, tumor cells
uncouple their proliferative signaling from the extracellular proliferation instructions. Still,
tumor cells rely on their microenvironment to sustain their growth. Similar to the decidual
microenvironment, proteolytic enzymes are a major component of the TME, enabling the
release and activation of growth factors [101]. Tumor cells are also capable of modifying
their microenvironment, either by secreting factors or by direct cell-cell contact with the
purpose of attaining nutrients, proliferative stimuli, and immune evasion [53].

The knowledge coming from placental research can be used to identify the regulatory
modalities that could be used for cancer treatment. Interestingly, many targeted thera-
peutics already target a variety of proteins with different functions shared by trophoblast
and cancer cells (such as growth pathway signaling molecules or enzymes regulating
invasion (reviewed in [102])). A recent study suggested that the permissiveness of pla-
cental stroma to trophoblast invasion in mammals correlates with higher susceptibility to
malignancy [103]. Although based on in vitro models that compared the permissiveness
of human and bovine fibroblasts to trophoblast invasion, this study illustrated the impor-
tance of the microenvironment for tumor growth, proliferation, and invasion, which could
be traced back to the placenta’s distinct invasive properties in mammals. However, this
hypothesis is still under investigation [104].

2.3. Angiogenesis in Tumor and Decidual Microenvironment

The growth and development of a tissue, an organ, or an organism require an ade-
quately formed vasculature to ensure oxygen and nutrient supply. Angiogenesis is the
formation of new blood vessels from a pre-existing vasculature. It is a multistage process
tightly regulated by pro- and anti-angiogenic factors. In adults, angiogenesis is a rare
phenomenon, and endothelial cells remain mostly quiescent. Thus, for the induction of
angiogenesis, endothelial cells require activation by pro-angiogenic signals. Once acti-
vated, endothelial cells produce proteases, detach from the endothelial monolayer, and
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migrate towards the concentration gradient of the pro-angiogenic signals. VEGEF, PIGF,
and basic fibroblast growth factor (FGF2) are among the most potent pro-angiogenic fac-
tors, but the list of angiogenic stimuli covers a plethora of growth factors, cytokines, and
hormones [105,106].

To supply the developing and growing fetus with sufficient nutrients and oxygen,
the decidual vasculature enlarges and adapts with angiogenesis and vascular growth,
starting with implantation. Impaired decidual angiogenesis is implicated in implanta-
tion defects and early pregnancy loss [107]. Trophoblasts possess a unique endocrine
ability and are a source of hormones, growth factors, and cytokines with pro-angiogenic
effects [108-110] (Figure 1). These factors promote decidual angiogenesis in the placental
bed; a culture medium conditioned by blastocysts was found to stimulate endometrial
angiogenesis in vitro [111], suggesting that the trophectoderm of the early embryo already
releases pro-angiogenic signals. During early pregnancy, trophoblasts differentiate to the
syncytiotrophoblast, the epithelial cover of the placental villous trees. As such, the syncy-
tiotrophoblast secretes human chorionic gonadotropin to maintain pregnancy, stimulating
angiogenesis and recruiting pericytes [112]. Indeed, the angiogenesis of decidual blood
vessels predominantly occurs around the implantation site [113]. However, decidual an-
giogenesis is a physiological, controlled, and limited process. Therefore, not only is the
microenvironment of the decidua enriched in pro-angiogenic signals but trophoblasts also
produce molecules that inhibit angiogenesis [114,115], highlighting the need for the spatial
restriction of vascular sprout outgrowth.

The establishment of a surrounding vasculature significantly promotes the devel-
opment and growth of a tumor. The connection to the blood system enables oxygen
and nutrient supply, as well as spreading of the tumor via the bloodstream (Figure 1).
Thus, the microvessel density of a tumor is associated with increased tumor growth and
metastasis [116]. Additionally, tumor cells have the ability to secrete growth factors and
pro-angiogenic signals that can stimulate the ingrowth of blood vessels [117]. Hypoxia
arising within the growing tumor may further enhance the expression and release of
pro-angiogenic factors including VEGF, angiopoietins, and FGF2 [118,119]. Trophoblasts
also respond to low oxygen with the increased expression of VEGF [120], but due to the
particular paracrine activity of trophoblasts and the release of a variety of different pro-
angiogenic factors that are not regulated by low oxygen, the role of low oxygen in decidual
angiogenesis may not be as important as in solid tumors.

Apart from the promotion of decidual angiogenesis, trophoblasts can further increase
the blood supply to the placenta by remodeling the uterine vasculature. Invading tro-
phoblasts change phenotype [121], replace the endothelium of the uterine spiral arteries,
and convert them into large, low-resistance vessels [122]. Vasculogenic mimicry;, i.e., the
formation of microvascular channels by non-endothelial cells, also exists in some kinds of
aggressive tumors; tumor cells form vessels to increase nutrient and oxygen supply [123].
Interestingly, extravillous trophoblasts and tumor cells invade lymph vessels and reach
local lymph nodes, again showing similarities in their invasive behavior [18].

Leukocytes play a central role in angiogenesis (Figure 1). Upon recruitment, leuko-
cytes extravasate from the circulation into their target tissue, where they differentiate and
produce and release large amounts of cytokines and growth factors that modulate the mi-
croenvironment and may act in a pro-angiogenic manner [124,125]. Trophoblasts recruit
different types of leukocytes into the decidua, including uNK cells [126-129], decidual
macrophages [127,130,131], and DCs [126,132]. All of them secrete a plethora of pro-angiogenic
factors. DCs are thought to contribute to decidual angiogenesis during embryo implanta-
tion [133]. Later in pregnancy, uNK cells and macrophages are thought to facilitate spiral artery
and tissue remodeling by extravillous trophoblasts [134,135]. Additionally, tumor angiogene-
sis involves various classes of leukocytes [136,137], which are recruited by tumor cell-derived
chemokines [138,139]. The most abundant leukocytes present in tumors are tumor-associated
macrophages. In fact, the pro-angiogenic action of tumor-associated macrophages has been
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shown in many types of cancer [140-142]. Moreover, NK cells, alone or in combination with
mast cells [143], and DCs [142] have been shown to promote tumor angiogenesis.

2.4. Evasion of Immune Destruction in Tumor and Decidual Microenvironment

In addition to fetal trophoblasts and maternal decidual stroma cells, the decidua
contains maternal immune cells, including uNK cells, macrophages, T cells, and DCs,
though B cells are rarely found (Figure 1). Interestingly, maternal immune cells account
for 30-40% of all decidual cells in early pregnancy [127,144]. All different immune cell
types and the stromal cells are involved in promoting immune cell homeostasis during
pregnancy [145]. In the following section, the different decidual immune cells and their
functions are briefly summarized, with a focus on their immunosuppressive properties.

uNK cells are the most important immune cells during pregnancy, comprising the
largest immune cell population in the decidua (50-70% of all decidual immune cells) [146].
They possess a CD16"% CD56M8" surface phenotype. This phenotype is similar to that
of blood-derived cytokine-producing NK cells, which possess a weak cytotoxicity and
produce a variety of cytokines [127,147,148]. uNK cells also produce cytokines such as IL-8
and IL-10 to regulate trophoblast invasion and VEGF-C, Argl, Arg2, and TGF-f to initiate
artery remodeling within the decidua [134,149]. In addition, uNK cells can produce G-SCF,
GM-SCF, m-SCF, and TNF«, which are involved in achieving successful pregnancy [150].
The cytotoxicity of uNK cells is regulated by the HLA class I molecules expressed by
extravillous trophoblasts and the activating or inhibitory receptors on the uNK cells [150].
Extravillous trophoblasts express HLA-C, HLA-E, and HLA-G but not HLA-A and HLA-B.
This HLA expression pattern is different to that of most somatic cells [151]. uNK cells
express inhibitory receptors, including LILRB1, KIR2DL4, and CD94/NKG2A [144], and
their cytotoxic effects are suppressed once an interaction occurs between these inhibitory
receptors and the ligands—namely HLA-C, HLA-E, and HLA-G—expressed by the tro-
phoblasts [147]. uNK cells also express activating receptors, NKp46, NKp44, NKp30,
NKG2D, and CD94/NKG2C [152], but the cytolytic effects mediated by these receptors are
inhibited by macrophages through a TGF-f31-dependent mechanism [148].

Decidual macrophages are the second largest category of immune cells, accounting
for approximately 20% of all decidual immune cells [153,154]. They can be divided into
CD209+ and CD209— subgroups by flow cytometric analysis. The CD209+ macrophages
may identify pathogens in the decidua and are therefore implicated in immune defense
against pathogens. In contrast, CD209— macrophages tend to have a similar phenotype to
M2 macrophages and are implicated in immunosuppressive processes via the secretion of
IL-10 [155,156].

Decidual T cells account for 10-20% of decidual immune cells and mainly consist of
CD3+ T cells, whereas y6—, CD3+, CD4—, CD8—, and NK-T cells are rarely found. CD3+ T
cells can be further subclassified as CD4+ (also called T helper cells (Th), accounting for
30-45% of T cells) and CD8+ T cells (also called cytotoxic T cells, accounting for 45-75% of T
cells). Among the T helper cells, FOX3p+ regulatory T cells (Tregs), Th2 cells, Th17 cells, and
Th1 cells account for 5%, 5%, 2%, and 5-30% of decidual T cells, respectively [157]. Decidual
maternal cytotoxic T cells have the potential to recognize semi-allogeneic fetal cells directly
via HLA class I molecules on extravillous trophoblasts or indirectly via maternal antigen
presenting cells [158]. However, it was shown that compared to peripheral cytotoxic T cells,
cytotoxic T cells in the decidua express higher co-inhibitory receptors, such as PD1 and
TIM3, which bind to their corresponding ligands, such as PD-L1 and PD-L2, expressed
on extravillous trophoblasts. This co-inhibitory receptor-ligand interaction results in the
induction of immune tolerance [159]. Decidual Th cells, mainly Thl and Th2 cells, also
possess the ability to recognize fetal cells [160]. When activated, Th1 and Th2 cells produce
inflammatory cytokines to promote inflammatory processes. It was shown that Th2 cells
in the decidua possess a different differentiation state, causing Thl-repressing properties
that are mainly IL-10-mediated, than Th2 cells in any other type of tissue [161,162]. Tregs
are known to maintain immune homeostasis by suppressing the activity of other immune
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cells after the appropriate elimination of the invading organisms [163]. The mechanism by
which Tregs mediate immunologic tolerance in the decidua is not yet fully understood. It
was shown that Tregs stimulate decidual stromal cells, macrophages, and DCs to express
indoleamine 2,3 dioxygenase (IDO), whose metabolite is toxic to T cells [164-166].

Decidual DCs are less abundant but possess the ability to present fetal antigens [167].
These cells have been poorly investigated in the decidua so far, but they possess an im-
portant role in regulating the activated decidual T cell function [168,169]. Two different
DC phenotypes exist in the human decidua: a large number of immature DC-SIGN+ DCs
and a small number of CD83+ DCs [33]. Physiologically, CD83+ DCs possess the ability to
migrate to the secondary lymphoid organs to initiate T cell activation, whereas DC-SIGN+
DCs promote Th cell responses and are implicated in the recruitment of uNK cells [168,170].
In the absence of stimulation or in anti-inflammatory conditions, DCs differentiate into
tolerogenic DCs and produce anti-inflammatory cytokines [171].

The immune cells of the TME have been intensively studied during the last few
years [172], and similarities to those of the decidual microenvironment have been observed
(Figure 2). For example, it has been suggested that NK cells in the TME could exhibit
ulNK-cell-like features, have low-cytotoxic capacity, and promote angiogenesis [173-179].
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Figure 2. Comparison of the immune interactions found in (A) the decidual microenvironment
and (B) the tumor microenvironment. In both, similar immune cells (NK cells, T cells, Tregs, and
macrophages) are found. Both may also use similar mechanisms of immune evasion to suppress
the immune responses of the host, mediated by the secretion of immunosuppressive cytokines,
metabolites (e.g., IDO), co-inhibitory signals, non-classical MHC class I molecules and/or by the
recruitment of Tregs and /or NK cells. Secreted factors are shown as dots. Created with BioRender.com
(accessed on 23 April 2022).

Both the decidua and TME contain NK cells, macrophages, T cells, Tregs, and
DCs [180-184]. Additionally, B cells and neutrophils are also frequently found in the
TME [180-183] but rarely found in the decidua. Tumor cells also express HLA-C and
the non-classical MHC class I molecules HLA-E and HLA-G similarly to extravillous tro-
phoblasts, resulting in NK and cytotoxic T cell inhibition in both conditions [185-191]. In
tumors, immune cells can be activated by neoantigens, which are expressed by acquired
genetic alterations in the malignant cells. In the decidua, extravillous trophoblasts express
fetal antigens due to their semi-allogeneic background. Hence, extravillous trophoblasts in
the decidua and malignant tumor cells may use similar immune inhibitory mechanisms
to suppress the immune response of the host. In tumors, this is achieved by expressing
immune inhibitory ligands, such as PD-L1, PD-L2, CD80, CD86, and TIM3L, on the tumor
cell surface. These inhibitory ligands interact with the corresponding co-inhibitor receptors,
such as PD1, CTLA-4, and TIM3, on immune cells, therefore inhibiting the anti-tumor im-
mune responses [182,184,192]. In addition, anti-tumoral immune responses are suppressed
by the expression of IDO in the malignant cells or by other immune cells such as Tregs and
M2 macrophages [193-200].
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2.5. Promotion of Invasion in Tumor and Decidual Microenvironment

With their capability to invade, proliferate, and induce a blood supply, cancer cells
show substantial similarities but also dissimilarities to extravillous trophoblasts in early
pregnancy, when they invade the uterine decidua [102,103]. In both settings, conditions
for successful cellular invasion include alterations in cellular programs responsible for cell
adhesion, protease secretion, and the presence of growth factors, resulting e.g., in reduced
cell-to-cell contacts [102,201,202]. During both processes, high amounts of MMPs are
produced and secreted, thus causing the degradation of ECM components [4,102,203-206].

While cancer cells spread throughout the invaded tissues, even forming distant metas-
tases, extravillous trophoblasts follow a highly organized differentiation pattern from pro-
liferation to invasion [102,207]. This organized pattern is regulated by different signaling
pathways. The Janus kinase-signal transducer and activator of transcription (JAK/STAT)
pathway is suggested as one of the most significant signaling pathways in this context [208].
In many cell types, a plethora of cytokines and growth factors activates the JAK/STAT
pathway, leading to the phosphorylation of the cytoplasmic STAT3. STAT3 then translocates
into the nucleus and binds and activates the expression of its target genes (mainly MMPs)
involved in invasion [209-212]. In addition, STAT3 signaling also influences the expression
and function of a number of genes that are crucial for cell survival, cell proliferation, angio-
genesis, and immune evasion. Regarding cancer cell invasion, the activation of STAT3 by
oncogenic proteins is one of the most common pathways, resembling the signaling routes
of trophoblast invasion [210]. More precisely, it was found that epidermal growth factor
(EGF) is associated with the invasiveness of tumors and is also responsible for stimulating
the motility of extravillous trophoblasts [102,213,214].

The decidua plays an active role in regulating the process of trophoblast invasion
rather than just being a stiff matrix that passively waits to be invaded [35,208,215]. Decid-
ual stromal cells express and secrete a variety of different cytokines and growth factors,
including LIF, IL-6, IL-11, IL-15, CXCL-10, HGF, and GM-CSE, which are known to be direct
regulators of trophoblast invasion (Figure 1) [24,208,209,216]. These factors are able to
induce the chemotaxis of invasive trophoblasts and guide them towards uterine vessels,
especially uterine spiral arteries [216,217]. Decidual IL-6 upregulates the expression of
MMP-2 and MMP-9 in extravillous trophoblasts [208], which is counteracted by tissue
inhibitors of metalloproteinases (TIMPs), also secreted by decidual stromal cells [4,203,205].
This way, the decidua can actively promote and limit trophoblast invasion. MMPs also play
important roles in cancer invasion. In particular, MMP-2 and MMP-9 are key factors in this
process [50].

Interestingly, as described for trophoblast invasion, IL-6 is also expressed and secreted
by cancer cells and cells in the TME. Thus, the IL-6/JAK/STAT-3 pathway appears to
regulate a majority of invasion-promoting functions in various cancer types [218-220], as
well as in trophoblasts. In addition, chemokines are known to be frequently expressed
in the inflammatory microenvironment of tumor cells. Ren et al. showed that the over-
expression of CXCL10 significantly enhances the migration, invasion, and metastasis of
hepatocellular carcinoma, thereby playing an important role in the regulation of cancer
invasiveness [221]. Recent findings by Godbole et al. described an additional regulatory
pathway for trophoblast invasion based on a two-step process controlled by decidual
cells. The downregulation of the homeobox transcription factor HOXA10 in decidual cells
leads to a burst in the production of LIF and IL-6, which activates STAT3 in trophoblasts
and stimulates the expression of MMPs in a paracrine manner. Decidual cells containing
HOXA10 exhibit limited production of pro-invasive molecules, thus inhibiting invasion.
It is assumed that the activity of HOXA10 in vivo prevents premature invasion and helps
define the limit of invasive depth within the decidua [209]. According to recent studies,
HOXA10 also plays a role in the development of a variety of cancer types. The disrup-
tion or abnormal expression of HOXA10 thereby promotes the malignant behavior of
tumor cells [222,223], especially in prostate cancer, in which a tumor-suppressor role of
HOXA10 was identified [222]. Furthermore, investigations using various trophoblast cell
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models have demonstrated that transcription factors, including GCM1, AP2«, and FOS-
like 1, are also involved in the control of trophoblast-specific gene expression and thus
invasion [35,224-226].

In addition to decidual stromal cells, there is evidence that the invasion of extravillous
trophoblasts is influenced by immune cells [41,227] (Figure 1). In utero, high numbers of
maternal immune cells can be detected prior to the implantation of the embryo, and thus
may be involved in preparing the uterus for pregnancy [227]. uNK cells and macrophages,
especially, are found in proximity to extravillous trophoblast cells, promoting invasion
and tissue remodeling [228,229]. In vitro and animal model studies have suggested that
these immune cells promote decidual and spiral artery invasion through the secretion of
cytokines, angiogenic mediators, and growth factors [228,229]. In the tumor setting, tumor-
associated macrophages have been linked to tumor progression and metastasis [230,231].
In contrast, increased intratumoral levels of activated NK cells appear to prevent cancer
invasion and thus metastasis [231,232]. However, a number of evading strategies have
been observed in tumors, including limited NK cell infiltration into solid tumors and NK
cell dysfunction [172,185,232,233]. A number of reports have even suggested that NK cells
could adopt a uNK cell-like phenotype [173-179].

Furthermore, the invasion of trophoblast cells also seems to be hormonally regu-
lated. During implantation, the endometrium forms the decidua in response to release of
the ovarian hormone progesterone (P4). Decidualized stromal cells are characterized by
secreting prolactin, which stimulates trophoblast invasion and the formation of ciliated
glandular epithelial cells in vitro [215,234]. The secreted factors coming from the uterine
glands regulate the development and function of the placenta, including trophoblast at-
tachment, invasion, and growth [234,235]. Whether the secretions of the uterine glands
directly stimulate trophoblast invasion remains elusive. Increased prolactin levels have also
been linked to the higher invasiveness of specific tumor types [234,236]. This correlation
seems to be particularly strong in breast cancer. The similarity between prolactin and
growth hormones and its influence on the JAK/STAT signaling pathway strongly indicate
its impact on tumor invasiveness [236]. Hence, it is assumed that both trophoblast and
tumor invasion are also affected and regulated by the hormonal products produced by cells
of their microenvironments [215,236].

2.6. Chemo-Physical Aspects of Tumor and Decidual Microenvironment: Oxygen as an Example

The chemo-physical aspects of the TME compared to the microenvironment during
trophoblast invasion appear to be similar in a number of ways, especially when it comes to
oxygenation. Oxygen levels have been shown to be low in both tumors and first trimester
placenta. In addition, both scenarios show high proliferation at sites of low oxygen and
migration and invasion towards higher levels of oxygen (Figure 1).

Maternal blood flow into a first trimester placenta is blocked by plugs of invaded
endoarterial trophoblasts and thus, only a plasma flow through the placenta is established
at this time of pregnancy [237]. This allows only physically solved oxygen to enter the pla-
centa, resulting in pO, levels between 10 and 25 mmHg [238]. As the sources for invading
trophoblasts and sites of highest trophoblast proliferation, the trophoblast cell columns are
bathed in this plasma flow and hence develop in a low-oxygen environment [239,240]. It
needs to be stressed here that in a first trimester placenta, the low pO; levels are normoxic
and there are no such low oxygen levels in the surrounding maternal tissues [239]. Starting
from the cell columns, trophoblasts start to differentiate and invade the uterine wall tissues
with much higher pO; levels (from 55 to 70 mmHg [238]) than those present in the placenta.
Hence, there is migration along an oxygen gradient from a low-oxygen environment with
proliferation to a high-oxygen environment with invasion [239], similar to tumor cells
escaping from the tumor mass and invading the surrounding tissues.

With the onset of maternal blood flow through the placenta at the beginning of the
second trimester of pregnancy, the pO, levels within the placenta rise to values between
40 and 55 mmHg [238]. This is correlated with reduced proliferation rates within the cell
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columns, demonstrating that the rates of cell division are oxygen-dependent in both tumor
and fetal cells.

Tumors are known to develop hypoxic areas within the tumor mass due to lack
of sufficient blood supply to these sites [241,242]. At the same time, a reduced oxygen
supply changes the glucose uptake of tumor cells [242] and increases the “evolutionary
velocity”, thus raising the chances of new mutations [243]. Tumor sites where the pO,
level is too low develop necrosis. Interestingly, the tumor sites surrounding necrotic sites
display pO; levels in a range between 10 and 20 mmHg [241,242]. These are the sites of
the highest proliferation rates [243], similar to what can be observed in the first trimester
placenta. Glucose uptake follows, with higher rates of uptake at 10 mmHg compared
to 20 mmHg [242]. From such sites, cells escape from the tumor and start to invade the
surrounding tissues, which are normally vascularized and hence no longer show any signs
of hypoxia.

2.7. Energy Metabolism in Tumor and Decidual Microenvironment

The low-oxygen microenvironment at the fetal-maternal interface in the first trimester
of pregnancy is one of the major drivers of the glycolytic metabolic profile of the
trophoblast (Figure 1). The fact that cytotrophoblasts are highly proliferative also supports
their dependence on glycolysis, as this is a common feature of proliferating cells [244].
Glucose is the main carbohydrate catabolized by trophoblasts [245], and it is mostly pro-
vided by the rich supply from the endometrial glands [246]. Glucose import into the cells is
governed by glucose transporters, with glucose transporter 1 (GLUT1) being predominant
in the trophoblast of the first trimester placenta [247]. Other GLUTs, such as GLUTS8 and
GLUT9a, are present in the plasma membranes of the cells in the third trimester [248]. The
high abundance of GLUTs, as well as their differential spatiotemporal distribution in the
placenta, implies a regulated process that is mediated by transcriptional and epigenetic
changes and initiated by nutritional, endocrine, and metabolic inputs from the microenvi-
ronment. Furthermore, GLUT expression and distribution can be distorted in pregnancy
complications [248,249].

In many aspects, the metabolic phenotype of transformed tumor cells resembles the
metabolic phenotype of highly proliferating cytotrophoblasts in the placenta. Proliferating
tumor cells are largely considered glycolytic, meaning that they shift their metabolism
from respiration (mitochondrial oxidative phosphorylation) towards glycolysis even in
the presence of sufficient oxygen (also known as the Warburg shift) [250]. The glycolytic
phenotype is common for dividing cells in general, because it allows for rapid glucose
turnover and enables the quick production of building molecules for the rapidly prolifer-
ating cells [244]. This is achieved, for example, by shunting glycolysis intermediates to
branching metabolic pathways, such as the pentose phosphate pathway for nucleotide pro-
duction [251]. However, metabolic rewiring is an intricate part of cancer progression, and
it is regulated by a delicate interplay between intrinsic factors (e.g., oncogenic mutations)
and extrinsic factors from the TME [250,252-254]. The availability of nutrients within the
unstable microenvironment influences the energy metabolism of cancer cells, which are
able to shift between glycolysis and mitochondrial oxidative phosphorylation to produce
ATP [250,255].

One more benefit coming from increased glycolysis that is utilized by both cancer and
trophoblast cells is the reduction in reactive oxygen species (ROS), which can be destructive
to cells with high oxidative phosphorylation [250]. In this sense, trophoblasts are more vul-
nerable to hyperoxia or fluctuating levels of oxygen than hypoxia [246]. In complications of
pregnancy, such as early-onset pre-eclampsia or maternal diabetes, high levels of oxidative
stress cause the release of factors that precipitate the maternal syndrome [246,256].

Finally, the increased nutrient uptake that can be attributed to both cancer and tro-
phoblast cells can play a role in immune evasion. The results of cancer research have shown
that cancer cells compete for nutrients with immune cells within the TME. For example,
the increased uptake of glucose by cancer cells can deplete the TME of glucose, leading to
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dysfunctional T cells that are also highly glycolytic [257]. As a consequence of high glycoly-
sis rates, lactate (the end product of aerobic glycolysis) is accumulated in both the tumor
and decidual microenvironments [258]. Lactate can be used as an energy source by both
the fetus and placenta, and it can also serve as a signaling molecule implicated in immune
evasion [259]. In the TME, lactic acid has been shown to be a key signaling molecule in
tumor cell migration, invasion, growth, angiogenesis, and immune escape [260,261].

Data from in vitro investigations of trophoblast metabolism are scarce, and their
interpretation is often difficult. This is due to the use of non-physiological oxygen con-
centrations in in vitro cultures and a lack of good trophoblast-like cell lines or explant
models [246,262,263]. Based on what we have learned so far, it seems plausible that the
metabolism of both cytotrophoblasts and cancer cells is driven by the demand of their high
proliferation rates. However, the high glycolysis rate does not change after implantation,
even after circulation is established and oxygen levels are ‘normalized’ [258]. This depen-
dence on glycolysis has provoked a novel hypothesis that proposes that the metabolic state
of trophoblasts, rather than oxygen availability, regulates their fate, at least in part because
the histone acetylation and open chromatin state of trophoblasts rely on the production of
acetyl-CoA through glycolysis [264].

2.8. Long Non-Coding RNAs as Important Regulatory Players

Long non-coding RNAs (IncRNAs) are regulatory RNA molecules that are nowa-
days considered to be important players in numerous biological processes [265,266]. In
human malignances, they have been implicated in cell proliferation, tumorigenesis, metasta-
sis/invasion, immune evasion, and tumor metabolism, among others [265-268]. However,
knowledge on expression profiles and functionality of IncRNAs in both tumor and tro-
phoblast cells and /or their microenvironments is limited at the moment.

For example, the IncRNAs MALATT and LINC00473 have been implicated in regulating
invasion in both settings. Experiments in a number of trophoblast-derived cell lines have
shown that the IncRNA LINC00473 appears to affect migration and invasion [269-272];
however, further experiments are needed to elucidate its role. In cancer, this IncRNA
is upregulated in a variety of cancer types and has been associated with poor clinical
outcomes [273-275]. Studies in cancer cell lines have also implicated LINC00473 in the
regulation of cell migration and invasion [274-278]. In trophoblast-derived cell lines,
the silencing of MALAT1 has been reported to inhibit migration and invasion [279-282].
In cancer, MALAT1 has been suggested to promote invasion and metastasis; however,
other reports have described a tumor-suppressing role of this IncRNA [283-292]. Another
interesting example is the IncRNA EPB4114A-AS1. Its low expression has been associated
with poor prognosis in some cancer types [293,294]. The silencing of this IncRNA in
cancer cell lines was found to trigger the Warburg effect, promoting aerobic glycolysis
and glutamine metabolism [293]. As trophoblast and cancer cells both use glycolysis
for fast growth, Zhu et al. investigated the regulatory effect of EPB41L4A-AS1 on the
metabolism of trophoblast-derived cell lines [295]. However, further investigation is
required to explore the functional roles of these IncRNAs in trophoblasts and cancer cells.
Furthermore, IncRNAs are being increasingly investigated for their regulatory roles within
the TME [268,296-301]. Within the decidual microenvironment and the decidualization
process, the regulatory involvement of these molecules is also being explored [302-307].

Further research is needed to investigate similarities and dissimilarities in expression,
regulation, and functionality of IncRNAs between tumor and trophoblast cells and /or their
microenvironments but could offer new perspectives for both fields of research. Notably, a
number of IncRNAs are dysregulated in pregnancy pathologies [308-310].

3. Selected Pathologies of the Placenta and the Decidua
3.1. Preeclampsia and Intra-Uterine Growth Restriction

The identification of the etiologies of the two major pregnancy pathologies preeclamp-
sia and intra-uterine growth restriction (IUGR) is still pending. Hence, the origins of
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both pathologies are still a matter of debate, and respective hypotheses are steadily devel-
oping [311-313]. Still, it is most likely that most cases of both pathologies are based on
placental origins [21].

For preeclampsia, it is tempting to claim the dysregulation of the villous trophoblast as
a cause [311]. This subtype of the trophoblast, serving as the epithelial cover of the placental
villi, bathes in and continuously releases vesicles and factors into maternal blood [314]. The
dysregulation of this layer during preeclampsia results in the release of so-far unknown
factors that have negative impacts on the maternal vascular system. Depending on the
susceptibility of the mother, she may develop the clinical symptoms of preeclampsia,
hypertension, proteinuria, and other organ-based insults. This pregnancy pathology does
not seem to be based on alterations of trophoblast invasion [21,311] but shows features of
an upregulated inflammatory response of the mother to fetal components in her system.

In contrast, IUGR seems to develop following a failure in trophoblast invasion [311].
It has been shown that invasion of the uterine spiral arteries is reduced, leading to the
reduced widening of the arterial ends connected to the placenta [315]. This in turn leads to
a 10-20-fold increase in the flow velocity of maternal blood entering the placenta, which has
dramatic morphological effects on its fragile villous tissue [315]. Villi are disrupted from the
uterine wall, and the fetal vessels within the villous tissue experience a higher resistance.
The combination of all these effects leads to an increase in placental oxygenation from
less than 50 mmHg to more than 63 mmHg [316]. At the same time, the oxygen content
in the umbilical vein, which transports blood from the placenta to the fetus, is reduced
from 3.95 to 3.46 mmol/1 [316]. Hence, while the placenta develops a hyperoxia, the fetus
becomes hypoxic [240]. Higher oxygen levels in the placenta may further diminish the
proliferation of trophoblasts serving as source for the invading population of trophoblasts,
thus further decreasing the number of invading trophoblasts. Interestingly, so far, the initial
trigger of reduced trophoblast invasion in IUGR is not known.

Both pregnancy pathologies, especially IUGR, may be linked to tumor biology. The
changes in the maternal inflammatory response to so-far inert fetal/placental material
could be used as a trigger in identifying respective molecular patterns in tumor cells that
could be used for a tumor therapy. Knowledge on how the reduced invasion behavior of
extravillous trophoblasts develops in IUGR may also be used to tone down the invasive
capacity of tumor cells.

3.2. Placenta Accreta Spectrum

In the normal process of implantation, blastocysts attach to the decidua, which stim-
ulates the proliferation and differentiation of the cytotrophoblast, eventually leading to
the development of the two major subtypes of trophoblast: the villous and extravillous
trophoblast [317]. Extravillous trophoblasts migrate through the decidua into the under-
lying inner third of the myometrium, thus forming the placental bed [317-319]. As they
move through the maternal tissues, extravillous trophoblasts not only invade connective
and muscular tissues but also penetrate into each and every luminal structure, including
uterine arteries, veins, glands, and lymph vessels [15,17].

Placenta accreta spectrum disorders (PAS) fall into the group of placental implantation
abnormalities [22]. Clinically, PAS features abnormal adherence of the placenta to the
uterine wall and the absence of or/and a defective decidua [320]. Recently, the subgroups
of placenta accreta, increta, and percreta were re-defined into grades 1, 2, and 3, respectively,
according to the degree of invasiveness and the respective localization of the villous tissue.
Histologically, in grade 1 (accreta), the placental villi directly attach to the myometrium,
and in grade 2 (increta), placental villi intervene with the myometrial fibers or extend
deep into the uterine vasculature. Grade 3 (percreta) features villous tissue/trophoblasts
within or even penetrating the serosa; in severe cases, they also invade the bladder wall
or other pelvic organs [320]. Extravillous trophoblasts are thought to undergo minimal
or no EMT, which may influence the stringent regulation of their migratory capacity and
invasiveness [321]. Their invasive driving forces steadily decrease during pregnancy [322],
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such that trophoblast invasion is usually restricted to the first half of gestation [323]. In
PAS, extravillous trophoblasts seem to maintain their invasiveness into later stages of
pregnancy and may also acquire EMT characteristics [324,325]. The activation of EMT has
been proposed as a crucial dedifferentiation step from noninvasive to invasive phenotypes
of epithelial cancer cells, cancer invasion, and metastasis [326,327].

When extravillous trophoblasts invade the decidua, they secrete regulatory factors
such as proteolytic enzymes that dissolve ECM proteins. The secreted activators act on
proteinases and MMPs present in the decidua. The intensive crosstalk between trophoblasts
and cells within the decidua ensures controlled yet sufficient invasion [318]. Cells within
the decidua secrete pro-invasive factors such as IL-18, IL-6. LIF, IL-11, IL-8, IL-15, IP-
10, RANTES, eotaxin, and IL-7 and anti-invasive factors such as IL-10 and IL-12 [4,328].
IL-10 and IL-12 regulate MMP-2, MMP-9, and TIMP-1 expression [329]. MMP-2 and
MMP-9 are the most studied MMPs secreted by extravillous trophoblasts [330]. The
immunohistochemical analysis of MMP2 expression of placenta percreta tissue sections
revealed higher expression of MMP-2, supporting the hypothesis of deeper invasion in
such cases [331]. However, this could not be noted at the mRNA level in placenta accreta
cases [332]. As placenta accreta cases show lower invasion severity compared to placenta
percreta, the expression levels of MMP-2 probably differ between the grades of invasion.
In cancer, higher MMP-2 and MMP-9 activities have been linked to not only tumor cell
invasion but also angiogenesis [333-337].

The increased expression of VEGF, a pro-angiogenic factor, was observed in PAS [338].
Dugzyj et al. suggested that the absence of endostatin, a VEGF-inhibiting factor expressed
by decidual stromal cells, may promote trophoblast invasiveness [339,340]. Similarly,
VEGTF also plays a key role as a mediator of angiogenesis in cancer, where its expression
is upregulated under hypoxic conditions [341]. The decidua, and to some extent the
myometrium as well, regulate the extent and depth of trophoblast invasion through the
secretion of TIMPs [342]. Specifically, TIMP-1 binds to complexes with MMP-9 and TIMP-2
regulates MMP-2 activity [343-345]. Higher numbers of extravillous trophoblasts were
observed in the absence of decidua, supporting the hypothesis of the enhanced invasiveness
of trophoblasts in the absence of decidua [346]. Similarly, in cancer, surrounding tissues
secrete TIMPs, while excess TIMPs in the MMP-TIMP balance block the processing of
tumor cell invasion [347-349]. Recently, an analysis of the immune cell population in PAS
reveled decreased uNK cells, CD4+ T cells, Fox3P+ Tregs, and rare B cells with higher
immune cell infiltration rates in the placental bed [350,351]. On the other hand, Schwede
et al. reported increased Fox3P+ cell count and decreased counts of immature non-activated
CD209+ DCs [352].

3.3. Choriocarcinoma

Choriocarcinoma is a rare and aggressive neoplasm originating from villous tro-
phoblast, with varied incidence worldwide [353]. It can manifest as a gestational or
non-gestational subtype and mainly occurs in women but can also occur in men as part of
a mixed germ cell neoplasm. Choriocarcinoma develops from hyperplastic and anaplastic
villous trophoblast, most frequently following a molar pregnancy [354]. The pathogenesis
of choriocarcinoma is not fully understood. Studies have indicated that villous cytotro-
phoblasts undergo malignant transformation and thus do no longer only differentiate into
the syncytiotrophoblast, but they may also upregulate EMT feature and thus differentiate
into invasive and malignant trophoblasts [355,356].

Since choriocarcinoma is a rare neoplasm [354], only a few studies have focused on the
investigation of the TME with limited numbers of tumor samples [357-359]. All of these
studies showed that the immune cell infiltration occurred locally or was even missing within
the tumor, whereas the vigorous infiltration of NK cells, cytotoxic T cells, and Tregs was
detected in the adjacent tissue [357-359]. Furthermore, it has been shown that malignant
trophoblasts and the villous syncytiotrophoblast express the immune inhibitory PD-L1 lig-
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and [357]). However, data on that topic are rather preliminary, and further comprehensive
studies are needed to fully elucidate the development and TME of choriocarcinoma.

4. Conclusions

Trophoblast and tumor cells exhibit many striking similarities [7,8], and they are
both supported by an abetting microenvironment [9]. Interestingly, similarities in gene
expression and DNA methylation have also been highlighted [8,89,184,360-366]. In this
article, we discuss the similarities and dissimilarities in the regulatory processes driving
trophoblast and tumor cell fate, with a focus on the role of the decidual and tumor mi-
croenvironments (summarized in Table 1). In pregnancy, decidual cytotoxic T cells have
the potential to recognize the semi-allogeneic fetal cells through fetal antigens [158], and,
to ensure a healthy pregnancy, these must be tolerated by the maternal immune cells in the
decidual microenvironment. In cancer, cytotoxic T cells can recognize tumor cells via tumor
antigens, which comprise a number of categories, including neoantigens, HERV-derived
antigens, cancer testis antigens, and tumor-associated antigens [172,367-369]. Hence, tumor
cells are pressured to find mechanisms to circumvent their elimination by immune cells
in the TME [172]. Particularly, the interactions of immune inhibitory ligands with the
corresponding co-inhibitory receptors, which suppress immune cell responses and induce
suppressive immune cell types, are involved in establishing these supporting microenviron-
ments [182,184,192,370]. Interestingly, non-classical MHC class I molecules are emerging as
potent players in immunomodulatory processes, particularly involving NK cells [151,370].
Both microenvironments support the promotion of invasion and angiogenesis, as outlined
in the designated sections of this review. As the developing fetus and a growing tumor
increase in size, they need to reinforce their supply with oxygen and nutrients. To do
s0, trophoblasts and tumor cells alter their microenvironment by releasing a plethora of
matrix-degrading proteins [42,335] and pro-angiogenic signals [112,117]. These signals
activate and attract endothelial cells on the one hand and recruit leukocytes on the other
hand [126,127,136,137], both of which further participate in tissue remodeling processes
and angiogenesis.

Table 1. An abetting microenvironment sustains both trophoblasts and tumor cells, as well as
influences/regulates invasion, angiogenesis, and immune tolerance/evasion, among others. In
comparison to tumor cells, the metabolic, proliferative, migrative, and invasive states of trophoblast
cells are under tight regulatory control. This table summarizes the main characteristics/aspects
discussed in this review.

Topic

Tumor Setting

Decidual Setting

Growth Suppression in Tumor
and Decidual
Microenvironment

Tumor-suppressor genes (e.g., Rb, PTEN,
and p53) are mutated in many cancers
Post-translational modifications of tumor
suppressors regulate their function
Many different binding partners of
tumor suppressors

Tumor-suppressor genes not mutated in
trophoblasts

Post-translational modifications of tumor
suppressors regulate their function
Many different binding partners of
tumor suppressors

Proliferative Signaling in Tumor
and Decidual
Microenvironment

Dysregulated proliferation (through
growth pathway-activating oncogenes)
Sustained proliferation refractory to
growth factors in the microenvironment
Transition between invasive and
proliferative states

Tightly regulated proliferation
Proliferation regulated by growth factors
in the microenvironment (e.g., EGF, HGF,
IGF, and PIGF)

Resident placental trophoblasts
proliferate

Invading extravillous trophoblasts do
not proliferate
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Table 1. Cont.

Topic

Tumor Setting

Decidual Setting

Angiogenesis in Tumor and
Decidual Microenvironment

Increasing demand for oxygen

and nutrients

Release of pro-angiogenic factors
Recruitment of leukocytes (macrophages,
NK cells, and DCs)

Vasculogenic mimicry

Increasing demand for oxygen

and nutrients

Release of pro-angiogenic factors
Recruitment of leukocytes (macrophages,
ulNK cells, and DCs)

Spiral artery remodeling

Evasion of Immune Destruction
in Tumor and
Decidual Microenvironment

TME contains NK cells, macrophages,
DCs, neutrophils, T cells, Tregs,

and B cells

Immune suppression facilitated by
co-inhibitory signals, secreted
immunosuppressive cytokines,
metabolites (e.g., IDO), non-classical
MHC class I molecules, and/or the
recruitment of Tregs and/or NK cells

Decidua contains ulNK cells,
macrophages, DCs, T cells, and Tregs
Immune tolerance facilitated by
co-inhibitory signals, secreted
immunosuppressive cytokines,
metabolites (e.g., IDO), non-classical
MHC class I molecules, and/or
recruitment of Tregs and/or uNK cells

Promotion of Invasion in Tumor
and
Decidual Microenvironment

Changes in cellular programs
e.g., responsible for the loss of
cell-to-cell contacts
Uncontrolled invasion of the
surrounding tissues with no endpoint
(forming distant metastases)
Dysregulated HOXA10 pathway
Hormonal influence on invasion
depending on tumor type

Cells of the TME are involved in
regulating invasion

Changes in cellular programs

e.g., responsible for the loss of
cell-to-cell contacts

Highly organized differentiation pattern
with invasion endpoint (decidua plays
important role)

Regulated HOXA10 pathway

Hormonal regulation of invasion

Cells of the decidual microenvironment
are involved in regulating invasion

Chemo-Physical Aspects of
Tumor and Decidual
Microenvironment: Oxygen as
an Example

Proliferation at various oxygen levels
Transition between invasive and
proliferative states

Invasion towards higher oxygen levels

Proliferation only at low oxygen levels
Separation of proliferation and invasion
Invasion towards higher oxygen levels

Energy Metabolism in Tumor
and Decidual
Microenvironment

Glycolytic

Glucose provided by intra-tumoral
vasculature (variable supply)

Lactate as an energy source and
signaling molecule

Metabolic flexibility and plasticity
Rewired metabolism promotes tumor
initiation, growth, and metastasis

Glycolytic

Glucose provided from endometrial
glands (steady supply)

Lactate as an energy source and
signaling molecule

Regulated metabolic state

Altered energy metabolism in placental
pathologies (e.g., preeclampsia)

Long Non-Coding RNAs as
Important Regulatory Players

Regulatory players in many biological
processes including invasion

A number of IncRNAs are dysregulated
in malignances

Regulatory players in many biological
processes including invasion

A number of IncRNAs are dysregulated
in pregnancy pathologies

Nevertheless, we recommend caution in defining the placenta as a well-behaved

tumor, as this term may be misleading. While cancer cells use similar pathways and mecha-
nisms, there are crucial differences in regulatory processes between trophoblast and tumor
cells, as well as between their microenvironments. Importantly, trophoblast cells only
proliferate or invade in a tightly controlled fashion [1,8,10]. The proliferative capability is
limited to trophoblasts residing on the basement membrane of placental tissues, and the
invading extravillous trophoblasts do no longer proliferate [1]. In contrast, cancer cells
exhibit uncontrolled proliferation and show plasticity in transitioning between invasive
and proliferative states, which has been suggested to be regulated by microenvironmen-
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tal conditions [371-373]. Moreover, while a high proliferation rate is essential for the
rapid growth of embryonic and placental tissues in early stages of pregnancy, transition
to cellular differentiation and senescence occurs towards term. The disruption of this
balanced regulation could lead to gestational trophoblastic diseases [88]. Tumor-suppressor
genes may play a key role in regulating trophoblast cell expansion and invasion processes.
However, these are tightly regulated, whereas in many cancers, such genes are commonly
mutated, which can result in tumor formation or growth [52]. Tumor suppressors (wild
type and mutated) are subject to a complex array of post-translational modifications that
may differentially affect stability, high molecular complex formation, and activity of tumor
suppressors in trophoblasts and tumor cells. Additionally, uNK cells are highly abundant
in the decidual microenvironment and are thought to have important regulatory roles
in pregnancy, including regulating invasion and spiral artery remodeling [33,34]. In the
tumor setting, NK cells play an important part in immune surveillance, but tumor cells
can develop a range of evading strategies, which include limited NK cell infiltration into
solid tumors, NK cell dysfunction [172,185,232,233], and possibly even the adoption of a
ulNK cell-like phenotype [173-179]. Furthermore, even though both cell types show similar
metabolic states that are strongly reliant on glycolysis, cancer cells also demonstrate aston-
ishing metabolic flexibility [264], while trophoblasts maintain their metabolic state [374].
Additionally, alterations in placental energy metabolism can be the underlying factors of
placental pathologies, such as preeclampsia [374].

Taken together, although trophoblast and tumor cells share an astonishing degree of
similarity, including an abetting microenvironment, both cell types are clearly distinguish-
able. Trophoblasts are tightly controlled via intrinsic and extrinsic factors, while tumor
cells can escape many control mechanisms.

Author Contributions: Conceptualization, J.F. (Julia Feichtinger), A.D., ] K. and B.H.; Writing—Original
Draft Preparation, ] K., A.D., ].E (Julia Fuchs), M.G., T.G.S.,,UH,, J].CK,GM, KP,MS, DG, JF and
B.H.; Visualization, TG.S., G.M., M.S. and K.P. All authors have read and agreed to the published version
of the manuscript.

Funding: J.F. (Julia Feichtinger) and J.C.K. were supported by the Austrian Science Fund (FWF):
T923-B26. A.D. was supported by the START-Funding-Program of the Medical University of Graz, by
a research grant of the MEFOgraz and by research grants from the OeGHO (clinical, translational,
and ASHO research grant). ] K. was funded by a grant of the Austrian Central Bank (Oesterreichische
Nationalbank), Anniversary Fund, project number: 18517. K.P. was supported by a grant of the DOC
Fellowship Programme of the Austrian Academy of Sciences (award 25690) and by a research grant
of the Austrian Society for Hematology & Medical Oncology (OeGHO). The authors especially thank
the PhD Program Molecular Medicine, Medical University Graz, Austria. M.G. was funded by the
Austrian Central Bank (Oesterreichische Nationalbank), Anniversary Fund, project number: 18175
and the Austrian Science Fund (FWF): P 33554. M.G., T.G.S., U.H,, D.G. and B.H. were supported
by the Austrian Science Fund (FWF): Doc 31-B26 and the Medical University Graz through the
PhD programs Inflammatory Disorders in Pregnancy (DP-IDP) and MolMed. J.E. (Julia Fuchs) was
supported by the Austrian Science Fund (FWEF): PIR7-B28.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Open Access Funding by the Austrian Science Fund (FWF).

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

Benirschke, K.; Burton, G.J.; Baergen, R.N. Pathology of the Human Placenta, 6th ed.; Springer: Berlin/Heidelberg, Germany, 2012;

ISBN 9783642239410.

Maltepe, E.; Bakardjiev, A.L; Fisher, S.]. The placenta: Transcriptional, epigenetic, and physiological integration during develop-
ment. J. Clin. Investig. 2010, 120, 1016-1025. [CrossRef] [PubMed]


http://doi.org/10.1172/JCI41211
http://www.ncbi.nlm.nih.gov/pubmed/20364099

Biomedicines 2022, 10, 1065 21 of 35

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Yang, F.; Zheng, Q.; Jin, L. Dynamic Function and Composition Changes of Immune Cells During Normal and Pathological
Pregnancy at the Maternal-Fetal Interface. Front. Immunol. 2019, 10, 2317. [CrossRef] [PubMed]

Sharma, S.; Godbole, G.; Modi, D. Decidual Control of Trophoblast Invasion. Am. J. Reprod. Immunol. 2016, 75, 341-350. [CrossRef]
[PubMed]

Bezemer, R.E.; Schoots, M.H.; Timmer, A.; Scherjon, S.A.; Erwich, ].J.H.M.; van Goor, H.; Gordijn, S.J.; Prins, ].R. Altered Levels of
Decidual Immune Cell Subsets in Fetal Growth Restriction, Stillbirth, and Placental Pathology. Front. Immunol. 2020, 11, 1898.
[CrossRef] [PubMed]

Guerrero, B.; Hassouneh, F,; Delgado, E.; Casado, ].G.; Tarazona, R. Natural killer cells in recurrent miscarriage: An overview. J.
Reprod. Immunol. 2020, 142, 103209. [CrossRef] [PubMed]

Costanzo, V.; Bardelli, A.; Siena, S.; Abrignani, S. Exploring the links between cancer and placenta development. Open Biol. 2018,
8,180081. [CrossRef]

Macaulay, E.C.; Chatterjee, A.; Cheng, X.; Baguley, B.C.; Eccles, M.R.; Morison, .M. The Genes of Life and Death: A Potential Role
for Placental-Specific Genes in Cancer. BioEssays 2017, 39, 1700091. [CrossRef]

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

Soundararajan, R.; Rao, A.J. Trophoblast “pseudo-tumorigenesis”: Significance and contributory factors. Reprod. Biol. Endocrinol.
2004, 2, 15. [CrossRef]

Murciano-Goroff, Y.R.; Warner, A.B.; Wolchok, ].D. The future of cancer immunotherapy: Microenvironment-targeting combina-
tions. Cell Res. 2020, 30, 507-519. [CrossRef]

Bainbridge, D.R.J.; Ellis, S.A.; Sargent, I.L. HLA-G suppresses proliferation of CD4+ T-lymphocytes. J. Reprod. Immunol. 2000, 48,
17-26. [CrossRef]

Zimmermann, W.; Kammerer, R. The immune-modulating pregnancy-specific glycoproteins evolve rapidly and their presence
correlates with hemochorial placentation in primates. BMC Genomics 2021, 22, 128. [CrossRef] [PubMed]

Huppertz, B. Traditional and new routes of trophoblast invasion and their implications for pregnancy diseases. Int. . Mol. Sci.
2020, 21, 289. [CrossRef] [PubMed]

Moser, G.; Windsperger, K.; Pollheimer, J.; de Sousa Lopes, S.C.; Huppertz, B. Human trophoblast invasion: New and unexpected
routes and functions. Histochem. Cell Biol. 2018, 150, 361-370. [CrossRef] [PubMed]

Kaufmann, P; Black, S.; Huppertz, B. Endovascular trophoblast invasion: Implications for the pathogenesis of intrauterine growth
retardation and preeclampsia. Biol. Reprod. 2003, 69, 1-7. [CrossRef]

Moser, G.; Weiss, G.; Sundl, M.; Gauster, M.; Siwetz, M.; Lang-Olip, I.; Huppertz, B. Extravillous trophoblasts invade more than
uterine arteries: Evidence for the invasion of uterine veins. Histochem. Cell Biol. 2017, 147, 353-366. [CrossRef]

Windsperger, K.; Dekan, S.; Pils, S.; Golletz, C.; Kunihs, V.; Fiala, C.; Kristiansen, G.; Knofler, M.; Pollheimer, J. Extravillous
trophoblast invasion of venous as well as lymphatic vessels is altered in idiopathic, recurrent, spontaneous abortions. Hum.
Reprod. 2017, 32, 1208-1217. [CrossRef]

He, N.; Van Iperen, L.; De Jong, D.; Szuhai, K.; Helmerhorst, EM.; Van Der Westerlaken, L.A.].; Chuva De Sousa Lopes,
S.M. Human extravillous trophoblasts penetrate decidual veins and lymphatics before remodeling spiral arteries during early
pregnancy. PLoS ONE 2017, 12, e0169849. [CrossRef]

Moser, G.; Gauster, M.; Orendi, K.; Glasner, A.; Theuerkauf, R.; Huppertz, B. Endoglandular trophoblast, an alternative route of
trophoblast invasion? Analysis with novel confrontation co-culture models. Hum. Reprod. 2010, 25, 1127-1136. [CrossRef]
Huppertz, B. The Critical Role of Abnormal Trophoblast Development in the Etiology of Preeclampsia. Curr. Pharm. Biotechnol.
2018, 19, 771-780. [CrossRef]

Vahanian, S.A.; Vintzileos, A.M. Placental implantation abnormalities: A modern approach. Curr. Opin. Obstet. Gynecol. 2016, 28,
477-484. [CrossRef] [PubMed]

Huppertz, B. Biology of preeclampsia: Combined actions of angiogenic factors, their receptors and placental proteins. Biochim.
Biophys. Acta Mol. Basis Dis. 2020, 1866, 165349. [CrossRef] [PubMed]

Gellersen, B.; Brosens, ].J. Cyclic decidualization of the human endometrium in reproductive health and failure. Endocr. Rev. 2014,
35, 851-905. [CrossRef]

Okada, H.; Tsuzuki, T.; Murata, H. Decidualization of the human endometrium. Reprod. Med. Biol. 2018, 17, 220-227. [CrossRef]
[PubMed]

Vinketova, K.; Mourdjeva, M.; Oreshkova, T. Human Decidual Stromal Cells as a Component of the Implantation Niche and a
Modulator of Maternal Immunity. J. Pregnancy 2016, 2016, 8689436. [CrossRef] [PubMed]

Gellersen, B.; Brosens, I.A.; Brosens, J.J. Decidualization of the human endometrium: Mechanisms, functions, and clinical
perspectives. Semin. Reprod. Med. 2007, 25, 445-453. [CrossRef]

Fraser, R.; Smith, R.; Lin, C.-J. A 3D endometrial organotypic model simulating the acute inflammatory decidualisation initiation
phase with epithelial induction of the key endometrial receptivity marker, integrin «V33. Hum. Reprod. Open 2021, 2021, hoab034.
[CrossRef] [PubMed]

Mori, M.; Bogdan, A.; Balassa, T.; Csabai, T.; Szekeres-Bartho, J. The decidua—The maternal bed embracing the embryo—maintains
the pregnancy. Semin. Immunopathol. 2016, 38, 635-649. [CrossRef]


http://doi.org/10.3389/fimmu.2019.02317
http://www.ncbi.nlm.nih.gov/pubmed/31681264
http://doi.org/10.1111/aji.12466
http://www.ncbi.nlm.nih.gov/pubmed/26755153
http://doi.org/10.3389/fimmu.2020.01898
http://www.ncbi.nlm.nih.gov/pubmed/32973787
http://doi.org/10.1016/j.jri.2020.103209
http://www.ncbi.nlm.nih.gov/pubmed/32992208
http://doi.org/10.1098/rsob.180081
http://doi.org/10.1002/bies.201700091
http://doi.org/10.1038/s41586-018-0698-6
http://doi.org/10.1186/1477-7827-2-15
http://doi.org/10.1038/s41422-020-0337-2
http://doi.org/10.1016/S0165-0378(00)00070-X
http://doi.org/10.1186/s12864-021-07413-8
http://www.ncbi.nlm.nih.gov/pubmed/33602137
http://doi.org/10.3390/ijms21010289
http://www.ncbi.nlm.nih.gov/pubmed/31906245
http://doi.org/10.1007/s00418-018-1699-0
http://www.ncbi.nlm.nih.gov/pubmed/30046889
http://doi.org/10.1095/biolreprod.102.014977
http://doi.org/10.1007/s00418-016-1509-5
http://doi.org/10.1093/humrep/dex058
http://doi.org/10.1371/journal.pone.0169849
http://doi.org/10.1093/humrep/deq035
http://doi.org/10.2174/1389201019666180427110547
http://doi.org/10.1097/GCO.0000000000000319
http://www.ncbi.nlm.nih.gov/pubmed/27661402
http://doi.org/10.1016/j.bbadis.2018.11.024
http://www.ncbi.nlm.nih.gov/pubmed/30553017
http://doi.org/10.1210/er.2014-1045
http://doi.org/10.1002/rmb2.12088
http://www.ncbi.nlm.nih.gov/pubmed/30013421
http://doi.org/10.1155/2016/8689436
http://www.ncbi.nlm.nih.gov/pubmed/27239344
http://doi.org/10.1055/s-2007-991042
http://doi.org/10.1093/hropen/hoab034
http://www.ncbi.nlm.nih.gov/pubmed/34532597
http://doi.org/10.1007/s00281-016-0574-0

Biomedicines 2022, 10, 1065 22 of 35

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.
51.
52.
53.

54.
55.

56.

57.

Oreshkova, T.; Dimitrov, R.; Mourdjeva, M. A Cross-Talk of Decidual Stromal Cells, Trophoblast, and Immune Cells: A Prerequisite
for the Success of Pregnancy. Am. J. Reprod. Immunol. 2012, 68, 366-373. [CrossRef]

Lindau, R.; Vondra, S.; Spreckels, J.; Solders, M.; Svensson-Arvelund, J.; Berg, G.; Pollheimer, J.; Kaipe, H.; Jenmalm, M.C,;
Ernerudh, J. Decidual stromal cells support tolerance at the human foetal-maternal interface by inducing regulatory M2
macrophages and regulatory T-cells. J. Reprod. Immunol. 2021, 146, 103330. [CrossRef]

Sang, Y.; Li, Y,; Xu, L.; Li, D.; Du, M. Regulatory mechanisms of endometrial decidualization and pregnancy-related diseases.
Acta Biochim. Biophys. Sin. 2020, 52, 105-115. [CrossRef] [PubMed]

Liu, S.; Diao, L.; Huang, C.; Li, Y.; Zeng, Y.; Kwak-Kim, J.Y.H. The role of decidual immune cells on human pregnancy. J. Reprod.
Immunol. 2017, 124, 44-53. [CrossRef] [PubMed]

Liu, Y,; Gao, S.; Zhao, Y.; Wang, H.; Pan, Q.; Shao, Q. Decidual Natural Killer Cells: A Good Nanny at the Maternal-Fetal Interface
During Early Pregnancy. Front. Immunol. 2021, 12, 663660. [CrossRef] [PubMed]

Knofler, M.; Haider, S.; Saleh, L.; Pollheimer, J.; Gamage, T.K.J.B.; James, J. Human placenta and trophoblast development: Key
molecular mechanisms and model systems. Cell. Mol. Life Sci. 2019, 76, 3479-3496. [CrossRef]

Mor, G.; Aldo, P.; Alvero, A.B. The unique immunological and microbial aspects of pregnancy. Nat. Rev. Immunol. 2017, 17,
469-482. [CrossRef]

Ticconi, C.; Di Simone, N.; Campagnolo, L.; Fazleabas, A. Clinical consequences of defective decidualization. Tissue Cell 2021, 72,
101586. [CrossRef]

Moser, G.; Weiss, G.; Gauster, M.; Sundl, M.; Huppertz, B. Evidence from the very beginning: Endoglandular trophoblasts
penetrate and replace uterine glands in situ and in vitro. Hum. Reprod. 2015, 30, 2747-2757. [CrossRef]

Haider, S.; Meinhardt, G.; Saleh, L.; Kunihs, V.; Gamperl, M.; Kaindl, U.; Ellinger, A.; Burkard, T.R.; Fiala, C.; Pollheimer, J.; et al.
Self-Renewing Trophoblast Organoids Recapitulate the Developmental Program of the Early Human Placenta. Stem Cell Reports
2018, 11, 537-551. [CrossRef]

Knofler, M. Critical growth factors and signalling pathways controlling human trophoblast invasion. Int. J. Dev. Biol. 2010, 54,
269-280. [CrossRef]

Knofler, M.; Pollheimer, J. IFPA Award in Placentology Lecture: Molecular regulation of human trophoblast invasion. Placenta
2012, 33, S55-562. [CrossRef]

Demir-Weusten, A.Y.; Seval, Y.; Kaufmann, P.; Demir, R.; Yucel, G.; Huppertz, B. Matrix metalloproteinases-2, -3 and -9 in human
term placenta. Acta Histochem. 2007, 109, 403-412. [CrossRef] [PubMed]

Majali-Martinez, A.; Hoch, D.; Tam-Amersdorfer, C.; Pollheimer, ].; Glasner, A.; Ghaffari-Tabrizi-Wizsy, N.; Beristain, A.G.; Hiden,
U.; Dieber-Rotheneder, M.; Desoye, G. Matrix metalloproteinase 15 plays a pivotal role in human first trimester cytotrophoblast
invasion and is not altered by maternal obesity. FASEB ]. 2020, 34, 10720-10730. [CrossRef] [PubMed]

Seguin, L.; Desgrosellier, ].S.; Weis, S.M.; Cheresh, D.A. Integrins and cancer: Regulators of cancer stemness, metastasis, and drug
resistance. Trends Cell Biol. 2015, 25, 234-240. [CrossRef] [PubMed]

Kemp, B.; Kertschanska, S.; Kadyrov, M.; Rath, W.; Kaufmann, P.; Huppertz, B. Invasive depth of extravillous trophoblast
correlates with cellular phenotype: A comparison of intra- and extrauterine implantation sites. Histochem. Cell Biol. 2002, 117,
401-414. [CrossRef] [PubMed]

Baldini, L.; Lenci, E.; Bianchini, F; Trabocchi, A. Identification of a Common Pharmacophore for Binding to MMP2 and RGD
Integrin: Towards a Multitarget Approach to Inhibit Cancer Angiogenesis and Metastasis. Molecules 2022, 27, 1249. [CrossRef]
Das, S.; Amin, S.A.; Gayen, S.; Jha, T. Insight into the structural requirements of gelatinases (MMP-2 and MMP-9) inhibitors by
multiple validated molecular modelling approaches: Part II. SAR QSAR Environ. Res. 2022, 33, 167-192. [CrossRef]

Cook, L.; Sengelmann, M.; Winkler, B.; Nagl, C.; Koch, S.; Schlomann, U.; Slater, E.P.; Miller, M.A.; von Strandmann, E.P.; Dérsam,
B.; et al. ADAMS-Dependent Extracellular Signaling in the Tumor Microenvironment Involves Regulated Release of Lipocalin 2
and MMP-9. Int. J. Mol. Sci. 2022, 23, 1976. [CrossRef]

Gualdoni, G.; Gomez Castro, G.; Hernandez, R.; Barbeito, C.; Cebral, E. Comparative matrix metalloproteinase-2 and -9 expression
and activity during endotheliochorial and hemochorial trophoblastic invasiveness. Tissue Cell 2022, 74, 101698. [CrossRef]
Abraham, R.; Schifer, J.; Rothe, M.; Bange, ].; Knyazev, P.; Ullrich, A. Identification of MMP-15 as an Anti-apoptotic Factor in
Cancer Cells. . Biol. Chem. 2005, 280, 34123-34132. [CrossRef]

Fouad, Y.A.; Aanei, C. Revisiting the hallmarks of cancer. Am. J. Cancer Res. 2017, 7, 1016-1036.

Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646-674. [CrossRef] [PubMed]

Baghban, R.; Roshangar, L.; Jahanban-Esfahlan, R.; Seidi, K.; Ebrahimi-Kalan, A.; Jaymand, M.; Kolahian, S.; Javaheri, T.; Zare, P.
Tumor microenvironment complexity and therapeutic implications at a glance. Cell Commun. Signal. 2020, 18, 1-19. [CrossRef]
Anderson, N.M.; Simon, M.C. The tumor microenvironment. Curr. Biol. 2020, 30, R921-R925. [CrossRef] [PubMed]

Jin, M.Z_; Jin, W.L. The updated landscape of tumor microenvironment and drug repurposing. Signal Transduct. Target. Ther. 2020,
5,166. [CrossRef] [PubMed]

Hinshaw, D.C.; Shevde, L.A. The tumor microenvironment innately modulates cancer progression. Cancer Res. 2019, 79, 4557-4567.
[CrossRef] [PubMed]

Dominiak, A.; Chelstowska, B.; Olejarz, W.; Nowicka, G. Communication in the cancer microenvironment as a target for
therapeutic interventions. Cancers 2020, 12, 1232. [CrossRef]


http://doi.org/10.1111/j.1600-0897.2012.01165.x
http://doi.org/10.1016/j.jri.2021.103330
http://doi.org/10.1093/abbs/gmz146
http://www.ncbi.nlm.nih.gov/pubmed/31854442
http://doi.org/10.1016/j.jri.2017.10.045
http://www.ncbi.nlm.nih.gov/pubmed/29055791
http://doi.org/10.3389/fimmu.2021.663660
http://www.ncbi.nlm.nih.gov/pubmed/34054831
http://doi.org/10.1007/s00018-019-03104-6
http://doi.org/10.1038/nri.2017.64
http://doi.org/10.1016/j.tice.2021.101586
http://doi.org/10.1093/humrep/dev266
http://doi.org/10.1016/j.stemcr.2018.07.004
http://doi.org/10.1387/ijdb.082769mk
http://doi.org/10.1016/j.placenta.2011.09.019
http://doi.org/10.1016/j.acthis.2007.04.001
http://www.ncbi.nlm.nih.gov/pubmed/17559909
http://doi.org/10.1096/fj.202000773R
http://www.ncbi.nlm.nih.gov/pubmed/32614494
http://doi.org/10.1016/j.tcb.2014.12.006
http://www.ncbi.nlm.nih.gov/pubmed/25572304
http://doi.org/10.1007/s00418-002-0396-0
http://www.ncbi.nlm.nih.gov/pubmed/12029487
http://doi.org/10.3390/molecules27041249
http://doi.org/10.1080/1062936X.2022.2041722
http://doi.org/10.3390/ijms23041976
http://doi.org/10.1016/j.tice.2021.101698
http://doi.org/10.1074/jbc.M508155200
http://doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://doi.org/10.1186/s12964-020-0530-4
http://doi.org/10.1016/j.cub.2020.06.081
http://www.ncbi.nlm.nih.gov/pubmed/32810447
http://doi.org/10.1038/s41392-020-00280-x
http://www.ncbi.nlm.nih.gov/pubmed/32843638
http://doi.org/10.1158/0008-5472.CAN-18-3962
http://www.ncbi.nlm.nih.gov/pubmed/31350295
http://doi.org/10.3390/cancers12051232

Biomedicines 2022, 10, 1065 23 of 35

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.
77.

78.

79.

80.

81.

82.

83.

Sato, A.; Rahman, N.LA.; Shimizu, A.; Ogita, H. Cell-to-cell contact-mediated regulation of tumor behavior in the tumor
microenvironment. Cancer Sci. 2021, 112, 4005-4012. [CrossRef]

Runa, F; Hamalian, S.; Meade, K,; Shisgal, P.; Gray, P.C.; Kelber, J.A. Tumor microenvironment heterogeneity: Challenges and
opportunities. Curr. Mol. Biol. Rep. 2017, 3, 218-229. [CrossRef]

Izar, B.; Tirosh, L; Stover, E.H.; Wakiro, I.; Cuoco, M.S.; Alter, I.; Rodman, C.; Leeson, R.; Su, M.-].; Shah, P; et al. A single-cell
landscape of high-grade serous ovarian cancer. Nat. Med. 2020, 26, 1271-1279. [CrossRef]

Bhandari, V.; Li, C.H.; Bristow, R.G.; Boutros, P.C.; Consortium, P. Divergent mutational processes distinguish hypoxic and
normoxic tumours. Nat. Commun. 2020, 11, 737. [CrossRef]

Wang, Y.; Li, X,; Peng, S.; Hu, H.; Wang, Y.; Shao, M.; Feng, G.; Liu, Y.; Bai, Y. Single-Cell Analysis Reveals Spatial Heterogeneity
of Immune Cells in Lung Adenocarcinoma. Front. Cell Dev. Biol. 2021, 9, 638374. [CrossRef] [PubMed]

Group Young Researchers in Inflammatory Carcinogenesis; Wandmacher, A.M.; Mehdorn, A.-S.; Sebens, S. The Heterogeneity of
the Tumor Microenvironment as Essential Determinant of Development, Progression and Therapy Response of Pancreatic Cancer.
Cancers 2021, 13, 4932. [CrossRef]

Horst, E.N.; Bregenzer, M.E.; Mehta, P.; Snyder, C.S.; Repetto, T.; Yang-Hartwich, Y.; Mehta, G. Personalized models of
heterogeneous 3D epithelial tumor microenvironments: Ovarian cancer as a model. Acta Biomater. 2021, 132, 401-420. [CrossRef]
[PubMed]

Salemme, V.; Centonze, G.; Cavallo, F; Defilippi, P.; Conti, L. The Crosstalk Between Tumor Cells and the Immune Microenviron-
ment in Breast Cancer: Implications for Immunotherapy. Front. Oncol. 2021, 11, 610303. [CrossRef]

Hanahan, D.; Coussens, L.M. Accessories to the Crime: Functions of Cells Recruited to the Tumor Microenvironment. Cancer Cell
2012, 21, 309-322. [CrossRef]

Haider, S.; Kunihs, V; Fiala, C.; Pollheimer, J.; Knofler, M. Expression pattern and phosphorylation status of Smad2/3 in different
subtypes of human first trimester trophoblast. Placenta 2017, 57, 17-25. [CrossRef]

Bachman, K.E.; Blair, B.G.; Brenner, K.; Bardelli, A.; Arena, S.; Zhou, S.; Hicks, J.; De Marzo, A.M.; Argani, P,; Park, B.H. p21
(WAF1/CIP1) Mediates the Growth Response to TGF-b in Human Epithelial Cells. Cancer Biol. Ther. 2004, 3, 221-225. [CrossRef]
Hu, M.G,; Hu, G.-F; Kim, Y.; Tsuji, T.; McBride, J.; Hinds, P.; Wong, D.T.W. Role of p12CDK2-AP1 in Transforming Growth
Factor-31-Mediated Growth Suppression. Cancer Res. 2004, 64, 490-499. [CrossRef]

Lala, PK.; Lee, B.P; Xu, G.; Chakraborty, C. Human placental trophoblast as an in vitro model for tumor progression. Can. J.
Physiol. Pharmacol. 2002, 80, 142-149. [CrossRef]

Lee, B.P-L.; Rushlow, W.J.; Chakraborty, C.; Lala, PX. Differential gene expression in premalignant human trophoblast: Role of
IGFBP-5. Int. ]. Cancer 2001, 94, 674—684. [CrossRef]

Wu, L.; de Bruin, A.; Saavedra, H.I,; Starovic, M.; Trimboli, A.; Yang, Y.; Opavska, J.; Wilson, P.; Thompson, ]J.C,;
Ostrowski, M.C.; et al. Extra-embryonic function of Rb is essential for embryonic development and viability. Nature 2003, 421,
942-947. [CrossRef]

Cavallotti, I.; De Luca, L.; D’Aponte, A.; De Falco, M.; Acanfora, F,; Visciano, M.L.; Gualdiero, L.; De Luca, B.; Baldi, A.; De Luca,
A. Expression of the retinoblastoma-related p107 and Rb2/p130 genes in human placenta: An immunohistochemical study. Histol.
Histopathol. 2001, 16, 1057-1060. [CrossRef] [PubMed]

Gal, H.; Lysenko, M.; Stroganov, S.; Vadai, E.; Youssef, S.A.; Tzadikevitch-Geffen, K.; Rotkopf, R.; Biron-Shental, T.; de Bruin,
A.; Neeman, M.; et al. Molecular pathways of senescence regulate placental structure and function. EMBO ]. 2019, 38, €100849.
[CrossRef] [PubMed]

Sultana, Z.; Maiti, K.; Dedman, L.; Smith, R. Is there a role for placental senescence in the genesis of obstetric complications and
fetal growth restriction? Am. J. Obstet. Gynecol. 2018, 218, S762-S773. [CrossRef] [PubMed]

Gire, V,; Dulic, V. Senescence from G2 arrest, revisited. Cell Cycle 2015, 14, 297-304. [CrossRef] [PubMed]

Arnaudeau, S.; Arboit, P,; Bischof, P.; Shin-Ya, K.; Tomida, A.; Tsuruo, T.; Irion, O.; Cohen, M. Glucose-regulated protein 78: A
new partner of p53 in trophoblast. Proteomics 2009, 9, 5316-5327. [CrossRef]

Fu, Y,; Lee, A.S. Glucose regulated proteins in cancer progression, drug resistance and immunotherapy. Cancer Biol. Ther. 2006, 5,
741-744. [CrossRef]

Li, Y.; Wang, C.; Xi, H,; Li, W,; Liu, Y.; Feng, S.; Chu, Y.; Wang, Y. Chorionic villus-derived mesenchymal stem cells induce E3
ligase TRIM72 expression and regulate cell behaviors through ubiquitination of p53 in trophoblasts. FASEB J. 2021, 35, €22005.
[CrossRef]

Liu, Y,; Tavana, O.; Gu, W. p53 modifications: Exquisite decorations of the powerful guardian. J. Mol. Cell Biol. 2019, 11, 564-577.
[CrossRef]

Chu, E.C.; Tarnawski, A.S. PTEN regulatory functions in tumor suppression and cell biology. Med. Sci. Monit. 2004, 10,
RA235-RA241.

Maehama, T.; Dixon, J.E. The tumor suppressor, PTEN/MMAC1, dephosphorylates the lipid second messenger, phosphatidyli-
nositol 3,4,5-trisphosphate. J. Biol. Chem. 1998, 273, 13375-13378. [CrossRef] [PubMed]

Tokyol, C.; Aktepe, E; Dilek, FH.; Yilmazer, M. Comparison of placental PTEN and (31 integrin expression in early spontaneous
abortion, early and late normal pregnancy. Ups. . Med. Sci. 2008, 113, 235-242. [CrossRef] [PubMed]


http://doi.org/10.1111/cas.15114
http://doi.org/10.1007/s40610-017-0073-7
http://doi.org/10.1038/s41591-020-0926-0
http://doi.org/10.1038/s41467-019-14052-x
http://doi.org/10.3389/fcell.2021.638374
http://www.ncbi.nlm.nih.gov/pubmed/34513820
http://doi.org/10.3390/cancers13194932
http://doi.org/10.1016/j.actbio.2021.04.041
http://www.ncbi.nlm.nih.gov/pubmed/33940195
http://doi.org/10.3389/fonc.2021.610303
http://doi.org/10.1016/j.ccr.2012.02.022
http://doi.org/10.1016/j.placenta.2017.06.003
http://doi.org/10.4161/cbt.3.2.666
http://doi.org/10.1158/0008-5472.CAN-03-2284
http://doi.org/10.1139/y02-006
http://doi.org/10.1002/ijc.1532
http://doi.org/10.1038/nature01417
http://doi.org/10.14670/HH-16.1057
http://www.ncbi.nlm.nih.gov/pubmed/11642725
http://doi.org/10.15252/embj.2018100849
http://www.ncbi.nlm.nih.gov/pubmed/31424120
http://doi.org/10.1016/j.ajog.2017.11.567
http://www.ncbi.nlm.nih.gov/pubmed/29275823
http://doi.org/10.1080/15384101.2014.1000134
http://www.ncbi.nlm.nih.gov/pubmed/25564883
http://doi.org/10.1002/pmic.200800865
http://doi.org/10.4161/cbt.5.7.2970
http://doi.org/10.1096/fj.202100801R
http://doi.org/10.1093/jmcb/mjz060
http://doi.org/10.1074/jbc.273.22.13375
http://www.ncbi.nlm.nih.gov/pubmed/9593664
http://doi.org/10.3109/2000-1967-231
http://www.ncbi.nlm.nih.gov/pubmed/18509818

Biomedicines 2022, 10, 1065 24 of 35

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.
99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Guzeloglu-Kayisli, O.; Kayisli, U.A.; Al-Rejjal, R.; Zheng, W.; Luleci, G.; Arici, A. Regulation of PTEN (phosphatase and tensin
homolog deleted on chromosome 10) expression by estradiol and progesterone in human endometrium. J. Clin. Endocrinol. Metab.
2003, 88, 5017-5026. [CrossRef] [PubMed]

Lou, C.X.; Zhou, X.T.; Tian, Q.C.; Xie, H.Q.; Zhang, J.Y. Low expression of microRNA-21 inhibits trophoblast cell infiltration
through targeting PTEN. Eur. Rev. Med. Pharmacol. Sci. 2018, 22, 6181-6189. [CrossRef]

Ishioka, S.; Ezaka, Y.; Umemura, K.; Hayashi, T.; Endo, T.; Saito, T. Proteomic analysis of mechanisms of hypoxia-induced
apoptosis in trophoblastic cells. Int. ]. Med. Sci. 2006, 4, 36—44. [CrossRef]

Vrijens, K.; Tsamou, M.; Madhloum, N.; Gyselaers, W.; Nawrot, T.S. Placental hypoxia-regulating network in relation to birth
weight and ponderal index: The ENVIRONAGE Birth Cohort Study. . Transl. Med. 2018, 16, 2-5. [CrossRef]

Li, HW.,; Tsao, S.W.; Cheung, A.N. Current understandings of the molecular genetics of gestational trophoblastic diseases.
Placenta 2002, 23, 20-31. [CrossRef]

Ferretti, C.; Bruni, L.; Dangles-Marie, V.; Pecking, A.P,; Bellet, D. Molecular circuits shared by placental and cancer cells, and
their implications in the proliferative, invasive and migratory capacities of trophoblasts. Hum. Reprod. Update 2007, 13, 121-141.
[CrossRef]

Whitfield, M.L.; George, L.K.; Grant, G.D.; Perou, C.M. Common markers of proliferation. Nat. Rev. Cancer 2006, 6, 99-106.
[CrossRef]

West, R.C.; Bouma, G.J.; Winger, Q.A. Shifting perspectives from “oncogenic” to oncofetal proteins; how these factors drive
placental development. Reprod. Biol. Endocrinol. 2018, 16, 101. [CrossRef]

Pollheimer, J.; Vondra, S.; Baltayeva, J.; Beristain, A.G.; Knofler, M. Regulation of placental extravillous trophoblasts by the
maternal uterine environment. Front. Immunol. 2018, 9, 2597. [CrossRef] [PubMed]

Sarkar, S.; Kacinski, B.M.; Kohorn, E.I.; Merino, M.J.; Carter, D.; Blakemore, K.J. Demonstration of myc and ras oncogene
expression by hybridization in situ in hydatidiform mole and in the BeWo choriocarcinoma cell line. Am. J. Obstet. Gynecol. 1986,
154, 390-393. [CrossRef]

Mendes, S.; Timoéteo-Ferreira, F.; Almeida, H.; Silva, E. New insights into the process of placentation and the role of oxidative
uterine microenvironment. Oxid. Med. Cell. Longev. 2019, 2019, 9174521. [CrossRef] [PubMed]

Zhu, ].-Y.; Pang, Z.-].; Yu, Y.-H. Regulation of trophoblast invasion: The role of matrix metalloproteinases. Rev. Obstet. Gynecol.
2012, 5, e137—-e143.

Feitelson, M.A.; Arzumanyan, A.; Kulathinal, R.J.; Blain, S.W.; Holcombe, R.E.; Mahajna, J.; Marino, M.; Martinez-Chantar, M.L.;
Nawroth, R.; Sanchez-Garcia, L; et al. Sustained proliferation in cancer: Mechanisms and novel therapeutic targets. Semin. Cancer
Biol. 2015, 35, 525-S54. [CrossRef]

Piechowski, J. Plausibility of trophoblastic-like regulation of cancer tissue. Cancer Manag. Res. 2019, 11, 5033-5046. [CrossRef]
Du, Z.; Lovly, C.M. Mechanisms of receptor tyrosine kinase activation in cancer. Mol. Cancer 2018, 17, 58. [CrossRef]
Lopez-Gines, C.; Gil-Benso, R.; Ferrer-Luna, R.; Benito, R.; Serna, E.; Gonzalez-Darder, J.; Quilis, V.; Monleon, D.; Celda, B.;
Cerda-Nicolas, M. New pattern of EGFR amplification in glioblastoma and the relationship of gene copy number with gene
expression profile. Mod. Pathol. 2010, 23, 856-865. [CrossRef]

Selvaggi, G.; Novello, S.; Torri, V.; Leonardo, E.; De Giuli, P.; Borasio, P.; Mossetti, C.; Ardissone, E.; Lausi, P.; Scagliotti, G.V.
Epidermal growth factor receptor overexpression correlates with a poor prognosis in completely resected non-small-cell lung
cancer. Ann. Oncol. 2004, 15, 28-32. [CrossRef]

Santibanez, ].E.; Obradovic, H.; Kukolj, T.; Krstic, J. Transforming growth factor-beta, matrix metalloproteinases, and urokinase-
type plasminogen activator interaction in the cancer epithelial to mesenchymal transition. Dev. Dyn. 2018, 247, 382-395.
[CrossRef]

Holtan, S.G.; Creedon, D.J.; Haluska, P.; Markovic, S.N. Cancer and Pregnancy: Parallels in Growth, Invasion, and Immune
Modulation and Implications for Cancer Therapeutic Agents. Mayo Clin. Proc. 2009, 84, 985-1000. [CrossRef]

Kshitiz; Afzal, J.; Maziarz, ].D.; Hamidzadeh, A.; Liang, C.; Erkenbrack, EM.; Nam, H.; Haeger, ].D.; Pfarrer, C,;
Hoang, T.; et al. Evolution of placental invasion and cancer metastasis are causally linked. Nat. Ecol. Evol. 2019, 3,
1743-1753. [CrossRef] [PubMed]

Wagner, G.P.; Kshitiz; Dighe, A.; Levchenko, A. The Coevolution of Placentation and Cancer. Annu. Rev. Anim. Biosci. 2022, 10,
259-279. [CrossRef] [PubMed]

Carmeliet, P; Jain, R.K. Molecular mechanisms and clinical applications of angiogenesis. Nature 2011, 473, 298-307. [CrossRef]
[PubMed]

Fan, T.P; Yeh, ].C.; Leung, K.W.; Yue, P.Y.; Wong, R.N. Angiogenesis: From plants to blood vessels. Trends Pharmacol Sci 2006, 27,
297-309. [CrossRef]

Torry, D.S.; Leavenworth, J.; Chang, M.; Maheshwari, V.; Groesch, K.; Ball, E.R.; Torry, R.J. Angiogenesis in implantation. J. Assist.
Reprod. Genet. 2007, 24, 303-315. [CrossRef]

Cross, ].C.; Hemberger, M.; Lu, Y.; Nozaki, T.; Whiteley, K.; Masutani, M.; Adamson, S.L. Trophoblast functions, angiogenesis and
remodeling of the maternal vasculature in the placenta. Mol Cell Endocrinol 2002, 187, 207-212. [CrossRef]

Ma, H,; Jiang, S.; Du, L,; Liu, J.; Xu, X,; Lu, X.; Ma, L.; Zhu, H.; Wei, J.; Yu, Y. Conditioned medium from primary cytotrophoblasts,
primary placenta-derived mesenchymal stem cells, or sub-cultured placental tissue promoted HUVEC angiogenesis in vitro.
Stem Cell Res. Ther. 2021, 12, 141. [CrossRef]


http://doi.org/10.1210/jc.2003-030414
http://www.ncbi.nlm.nih.gov/pubmed/14557489
http://doi.org/10.26355/eurrev-201810-16023
http://doi.org/10.7150/ijms.4.36
http://doi.org/10.1186/s12967-017-1375-5
http://doi.org/10.1053/plac.2001.0744
http://doi.org/10.1093/humupd/dml048
http://doi.org/10.1038/nrc1802
http://doi.org/10.1186/s12958-018-0421-3
http://doi.org/10.3389/fimmu.2018.02597
http://www.ncbi.nlm.nih.gov/pubmed/30483261
http://doi.org/10.1016/0002-9378(86)90677-0
http://doi.org/10.1155/2019/9174521
http://www.ncbi.nlm.nih.gov/pubmed/31341539
http://doi.org/10.1016/j.semcancer.2015.02.006
http://doi.org/10.2147/CMAR.S190932
http://doi.org/10.1186/s12943-018-0782-4
http://doi.org/10.1038/modpathol.2010.62
http://doi.org/10.1093/annonc/mdh011
http://doi.org/10.1002/dvdy.24554
http://doi.org/10.1016/S0025-6196(11)60669-1
http://doi.org/10.1038/s41559-019-1046-4
http://www.ncbi.nlm.nih.gov/pubmed/31768023
http://doi.org/10.1146/annurev-animal-020420-031544
http://www.ncbi.nlm.nih.gov/pubmed/34780249
http://doi.org/10.1038/nature10144
http://www.ncbi.nlm.nih.gov/pubmed/21593862
http://doi.org/10.1016/j.tips.2006.04.006
http://doi.org/10.1007/s10815-007-9152-7
http://doi.org/10.1016/S0303-7207(01)00703-1
http://doi.org/10.1186/s13287-021-02192-1

Biomedicines 2022, 10, 1065 25 of 35

110.

111.

112.

113.

114.

115.

116.
117.

118.

119.

120.

121.

122.

123.

124.
125.

126.

127.
128.

129.

130.

131.

132.

133.

134.

135.

Kuo, C.Y,; Shevchuk, M.; Opfermann, J.; Guo, T.; Santoro, M.; Fisher, J.P; Kim, P.C.W. Trophoblast—endothelium signaling involves
angiogenesis and apoptosis in a dynamic bioprinted placenta model. Biotechnol. Bioeng. 2019, 116, 181-192. [CrossRef]
Kapiteijn, K.; Koolwijk, P.; van der Weiden, R M.E,; van Nieuw Amerongen, G.; Plaisier, M.; van Hinsbergh, V.W.M.; Helmerhorst,
FM. Human embryo-conditioned medium stimulates in vitro endometrial angiogenesis. Fertil. Steril. 2006, 85, 1232-1239.
[CrossRef]

Berndt, S.; Blacher, S.; Perrier d’'Hauterive, S.; Thiry, M.; Tsampalas, M.; Cruz, A.; Pequeux, C.; Lorquet, S.; Munaut,
C.; Noel, A.; et al. Chorionic gonadotropin stimulation of angiogenesis and pericyte recruitment. J. Clin. Endocrinol. Metab. 2009,
94, 4567-4574. [CrossRef] [PubMed]

Starkey, P. The decidua and factors controlling placentation. In The Human Placenta; Redman, C., Sargent, L., Starkey, P, Eds.;
Blackwell Scientific Publications: Oxford, UK, 1993; pp. 362-413.

Loegl, J.; Nussbaumer, E.; Hiden, U.; Majali-Martinez, A.; Ghaffari-Tabrizi-Wizy, N.; Cvitic, S.; Lang, I.; Desoye, G.; Huppertz,
B. Pigment epithelium-derived factor (PEDF): A novel trophoblast-derived factor limiting feto-placental angiogenesis in late
pregnancy. Angiogenesis 2016, 19, 373-388. [CrossRef] [PubMed]

Fan, X.; Rai, A.; Kambham, N.; Sung, J.E; Singh, N.; Petitt, M.; Dhal, S.; Agrawal, R.; Sutton, R.E.; Druzin, M.L.; et al. Endometrial
VEGEF induces placental sFLT1 and leads to pregnancy complications. . Clin. Invest. 2014, 124, 4941-4952. [CrossRef] [PubMed]
Melegh, Z.; Oltean, S. Targeting Angiogenesis in Prostate Cancer. Int. ]. Mol. Sci. 2019, 20, 2676. [CrossRef]

Molbay, M.; Kipmen-Korgun, D.; Korkmaz, G.; Ozekinci, M.; Turkay Korgun, E. Human Trophoblast Progenitor Cells Express
and Release Angiogenic Factors. Int. . Mol. Cell Med. 2018, 7, 203-211. [CrossRef]

Fang, J.; Yan, L.; Shing, Y.; Moses, M.A. HIF-1alpha-mediated up-regulation of vascular endothelial growth factor, independent of
basic fibroblast growth factor, is important in the switch to the angiogenic phenotype during early tumorigenesis. Cancer Res
2001, 61, 5731-5735.

Bos, R.; van Diest, PJ.; de Jong, J.S.; van der Groep, P.; van der Valk, P.; van der Wall, E. Hypoxia-inducible factor-lalpha is
associated with angiogenesis, and expression of bFGF, PDGF-BB, and EGEFR in invasive breast cancer. Histopathology 2005, 46,
31-36. [CrossRef]

Lash, G.E,; Taylor, C.M.; Trew, A.].; Cooper, S.; Anthony, EW.; Wheeler, T.; Baker, PN. Vascular endothelial growth factor and
placental growth factor release in cultured trophoblast cells under different oxygen tensions. Growth Factors 2002, 20, 189-196.
[CrossRef]

Ueda, M,; Sato, Y.; Horie, A.; Tani, H.; Miyazaki, Y.; Okunomiya, A.; Matsumoto, H.; Hamanishi, J.; Kondoh, E.; Mandai, M.
Endovascular trophoblast expresses CD59 to evade complement-dependent cytotoxicity. Mol. Cell. Endocrinol. 2019, 490, 57-67.
[CrossRef]

Pijnenborg, R.; Vercruysse, L.; Hanssens, M. The uterine spiral arteries in human pregnancy: Facts and controversies. Placenta
2006, 27, 939-958. [CrossRef]

Zhang, Z.; Imani, S.; Shasaltaneh, M.D.; Hosseinifard, H.; Zou, L.; Fan, Y.; Wen, Q. The role of vascular mimicry as a biomarker in
malignant melanoma: A systematic review and meta-analysis. BMC Cancer 2019, 19, 1134. [CrossRef] [PubMed]

Metcalfe, D.D.; Baram, D.; Mekori, Y.A. Mast cells. Physiol. Rev. 1997, 77, 1033-1079. [CrossRef] [PubMed]

Sunderkotter, C.; Steinbrink, K.; Goebeler, M.; Bhardwaj, R.; Sorg, C. Macrophages and angiogenesis. J. Leukoc. Biol. 1994, 55,
410-422. [CrossRef] [PubMed]

Blois, S.M.; Klapp, B.F; Barrientos, G. Decidualization and angiogenesis in early pregnancy: Unravelling the functions of DC and
NK cells. J. Reprod. Immunol. 2011, 88, 86-92. [CrossRef] [PubMed]

Faas, M.M.; de Vos, P. Uterine NK cells and macrophages in pregnancy. Placenta 2017, 56, 44-52. [CrossRef]

Lima, P.D.; Zhang, J.; Dunk, C.; Lye, S.J.; Croy, B.A. Leukocyte driven-decidual angiogenesis in early pregnancy. Cell. Mol.
Immunol. 2014, 11, 522-537. [CrossRef]

Hanna, J.; Wald, O.; Goldman-Wohl, D.; Prus, D.; Markel, G.; Gazit, R.; Katz, G.; Haimov-Kochman, R.; Fujii, N.; Yagel, S.; et al.
CXCL12 expression by invasive trophoblasts induces the specific migration of CD16- human natural killer cells. Blood 2003, 102,
1569-1577. [CrossRef]

Ning, F; Liu, H.; Lash, G.E. The Role of Decidual Macrophages During Normal and Pathological Pregnancy. Am. ]. Reprod.
Immunol. 2016, 75, 298-309. [CrossRef]

Grasso, E.; Paparini, D.; Hauk, V.; Salamone, G.; Leiros, C.P.; Ramhorst, R. Differential Migration and Activation Profile of
Monocytes after Trophoblast Interaction. PLoS ONE 2014, 9, €97147. [CrossRef]

Barrientos, G.; Tirado-Gonzalez, I.; Klapp, B.F,; Karimi, K.; Arck, P.C.; Garcia, M.G.; Blois, S.M. The impact of dendritic cells on
angiogenic responses at the fetal-maternal interface. J. Reprod. Immunol. 2009, 83, 85-94. [CrossRef]

Barrientos, G.; Tirado-Gonzalez, I.; Freitag, N.; Kobelt, P.; Moschansky, P.; Klapp, B.E; Thijssen, V.L.; Blois, S.M. CXCR4(+)
dendritic cells promote angiogenesis during embryo implantation in mice. Angiogenesis 2013, 16, 417—427. [CrossRef] [PubMed]
Hanna, J.; Goldman-Wohl, D.; Hamani, Y.; Avraham, I.; Greenfield, C.; Natanson-Yaron, S.; Prus, D.; Cohen-Daniel, L.; Arnon, T.L,;
Manaster, L; et al. Decidual NK cells regulate key developmental processes at the human fetal-maternal interface. Nat. Med. 2006,
12,1065-1074. [CrossRef] [PubMed]

Fest, S.; Aldo, P.B.; Abrahams, V.M,; Visintin, I.; Alvero, A.; Chen, R.; Chavez, S.L.; Romero, R.; Mor, G. Trophoblast-macrophage
interactions: A regulatory network for the protection of pregnancy. Am. J. Reprod. Immunol. 2007, 57, 55-66. [CrossRef] [PubMed]


http://doi.org/10.1002/bit.26850
http://doi.org/10.1016/j.fertnstert.2005.11.029
http://doi.org/10.1210/jc.2009-0443
http://www.ncbi.nlm.nih.gov/pubmed/19837939
http://doi.org/10.1007/s10456-016-9513-x
http://www.ncbi.nlm.nih.gov/pubmed/27278471
http://doi.org/10.1172/JCI76864
http://www.ncbi.nlm.nih.gov/pubmed/25329693
http://doi.org/10.3390/ijms20112676
http://doi.org/10.22088/IJMCM.BUMS.7.4.203
http://doi.org/10.1111/j.1365-2559.2005.02045.x
http://doi.org/10.1080/0897719021000069560
http://doi.org/10.1016/j.mce.2019.04.006
http://doi.org/10.1016/j.placenta.2005.12.006
http://doi.org/10.1186/s12885-019-6350-5
http://www.ncbi.nlm.nih.gov/pubmed/31752759
http://doi.org/10.1152/physrev.1997.77.4.1033
http://www.ncbi.nlm.nih.gov/pubmed/9354811
http://doi.org/10.1002/jlb.55.3.410
http://www.ncbi.nlm.nih.gov/pubmed/7509844
http://doi.org/10.1016/j.jri.2010.11.002
http://www.ncbi.nlm.nih.gov/pubmed/21227511
http://doi.org/10.1016/j.placenta.2017.03.001
http://doi.org/10.1038/cmi.2014.63
http://doi.org/10.1182/blood-2003-02-0517
http://doi.org/10.1111/aji.12477
http://doi.org/10.1371/journal.pone.0097147
http://doi.org/10.1016/j.jri.2009.07.011
http://doi.org/10.1007/s10456-012-9325-6
http://www.ncbi.nlm.nih.gov/pubmed/23224220
http://doi.org/10.1038/nm1452
http://www.ncbi.nlm.nih.gov/pubmed/16892062
http://doi.org/10.1111/j.1600-0897.2006.00446.x
http://www.ncbi.nlm.nih.gov/pubmed/17156192

Biomedicines 2022, 10, 1065 26 of 35

136.

137.

138.

139.
140.
141.
142.
143.

144.
145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

Albini, A.; Bruno, A.; Noonan, D.M.; Mortara, L. Contribution to Tumor Angiogenesis From Innate Immune Cells Within the
Tumor Microenvironment: Implications for Immunotherapy. Front Immunol. 2018, 9, 527. [CrossRef]

Bruno, A.; Pagani, A ; Pulze, L.; Albini, A.; Dallaglio, K.; Noonan, D.M.; Mortara, L. Orchestration of angiogenesis by immune
cells. Front Oncol. 2014, 4, 131. [CrossRef] [PubMed]

Conejo-Garcia, J.R.; Benencia, F; Courreges, M.C.; Kang, E.; Mohamed-Hadley, A.; Buckanovich, R.J.; Holtz, D.O.; Jenkins, A.; Na,
H.; Zhang, L.; et al. Tumor-infiltrating dendritic cell precursors recruited by a beta-defensin contribute to vasculogenesis under
the influence of Vegf-A. Nat. Med. 2004, 10, 950-958. [CrossRef]

Sica, A.; Larghi, P.; Mancino, A.; Rubino, L.; Porta, C.; Totaro, M.G.; Rimoldi, M.; Biswas, S.K.; Allavena, P.; Mantovani, A.
Macrophage polarization in tumour progression. Semin Cancer Biol 2008, 18, 349-355. [CrossRef]

Choi, J.; Gyamfi, J.; Jang, H.; Koo, J.S. The role of tumor-associated macrophage in breast cancer biology. Histol. Histopathol. 2018,
33, 133-145. [CrossRef]

Ribatti, D.; Nico, B.; Crivellato, E.; Vacca, A. Macrophages and tumor angiogenesis. Leukemia 2007, 21, 2085-2089. [CrossRef]
Zuazo-Gazteluy, I.; Casanovas, O. Unraveling the Role of Angiogenesis in Cancer Ecosystems. Front. Oncol. 2018, 8,248. [CrossRef]
Ribatti, D.; Tamma, R.; Crivellato, E. Cross talk between natural killer cells and mast cells in tumor angiogenesis. Inflamm. Res.
2019, 68, 19-23. [CrossRef] [PubMed]

Bulmer, J.N.; Williams, PJ.; Lash, G.E. Immune cells in the placental bed. Int. . Dev. Biol. 2010, 54, 281-294. [CrossRef] [PubMed]
Hsu, P; Nanan, R.K.H. Innate and adaptive immune interactions at the fetal-maternal interface in healthy human pregnancy and
pre-eclampsia. Front. Immunol. 2014, 5, 125. [CrossRef] [PubMed]

Fu, B.; Wang, F; Sun, R.; Ling, B.; Tian, Z.; Wei, H. CD11b and CD27 reflect distinct population and functional specialization in
human natural killer cells. Immunology 2011, 133, 350-359. [CrossRef]

Le Bouteiller, P; Bensussan, A. Up-and-down immunity of pregnancy in humans. F1000Research 2017, 6, 1216. [CrossRef]
[PubMed]

Co, E.C.; Gormley, M.; Kapidzic, M.; Rosen, D.B.; Scott, M.A; Stolp, H.A.R.; McMaster, M.; Lanier, L.L.; Barcena, A.; Fisher, S.J.
Maternal decidual macrophages inhibit NK cell killing of invasive cytotrophoblasts during human pregnancy. Biol. Reprod. 2013,
88, 155. [CrossRef] [PubMed]

Lash, G.E. Expression of angiogenic growth factors by uterine natural killer cells during early pregnancy. J. Leukoc. Biol. 2006, 80,
572-580. [CrossRef]

Robertson, S.A. GM-CSF regulation of embryo development and pregnancy. Cytokine Growth Factor Rev. 2007, 18, 287-298.
[CrossRef]

Apps, R.; Murphy, S.P; Fernando, R.; Gardner, L.; Ahad, T.; Moffett, A. Human leucocyte antigen (HLA) expression of primary
trophoblast cells and placental cell lines, determined using single antigen beads to characterize allotype specificities of anti-HLA
antibodies. Immunology 2009, 127, 26-39. [CrossRef]

Manaster, I.; Mandelboim, O. The Unique Properties of Human NK Cells in the Uterine Mucosa. Placenta 2008, 29, 60—-66.
[CrossRef]

Repnik, U.; Tilburgs, T.; Roelen, D.L.; van der Mast, B.].; Kanhai, H.H.H.; Scherjon, S.; Claas, EH.]. Comparison of Macrophage
Phenotype Between Decidua Basalis and Decidua Parietalis by Flow Cytometry. Placenta 2008, 29, 405—412. [CrossRef] [PubMed]
Houser, B.L.; Tilburgs, T.; Hill, J.; Nicotra, M.L.; Strominger, J.L. Two Unique Human Decidual Macrophage Populations. .
Immunol. 2011, 186, 2633-2642. [CrossRef] [PubMed]

Hamilton, S.; Oomomian, Y.; Stephen, G.; Shynlova, O.; Tower, C.L.; Garrod, A ; Lye, S.J.; Jones, R.L. Macrophages infiltrate the
human and rat decidua during term and preterm labor: Evidence that decidual inflammation precedes labor. Biol. Reprod. 2012,
86, 39. [CrossRef] [PubMed]

Gomez-Lopez, N.; StLouis, D.; Lehr, M.A.; Sanchez-Rodriguez, E.N.; Arenas-Hernandez, M. Immune cells in term and preterm
labor. Cell. Mol. Immunol. 2014, 11, 571-581. [CrossRef]

Tilburgs, T.; Schonkeren, D.; Eikmans, M.; Nagtzaam, N.M.; Datema, G.; Swings, G.M.; Prins, E; van Lith, ].M.; van der Mast, B.J.;
Roelen, D.L.; et al. Human Decidual Tissue Contains Differentiated CD8 + Effector-Memory T Cells with Unique Properties. J.
Immunol. 2010, 185, 4470-4477. [CrossRef]

Tsuda, S.; Nakashima, A.; Shima, T.; Saito, S. New paradigm in the role of regulatory T cells during pregnancy. Front. Immunol.
2019, 10, 573. [CrossRef]

Wang, S.C.; Li, Y.H.; Piao, H.L.; Hong, X.W.; Zhang, D.; Xu, Y.Y.; Tao, Y.; Wang, Y,; Yuan, M.M.; Li, D.].; et al. PD-1 and Tim-3
pathways are associated with regulatory CD8+ T-cell function in decidua and maintenance of normal pregnancy. Cell Death Dis.
2015, 6, €1738. [CrossRef]

Zhu, J.; Yamane, H.; Paul, W.E. Differentiation of effector CD4+ T cell populations. Annu. Rev. Immunol. 2010, 28, 445-489.
[CrossRef]

Nancy, P; Erlebacher, A. T cell behavior at the maternal-fetal interface. Int. J. Dev. Biol. 2014, 58, 189-198. [CrossRef]
Raghupathy, R.; Makhseed, M.; Azizieh, F.; Hassan, N.; Al-Azemi, M.; Al-Shamali, E. Maternal Thl- and Th2-type reactivity
to placental antigens in normal human pregnancy and unexplained recurrent spontaneous abortions. Cell. Immunol. 1999, 196,
122-130. [CrossRef]

Campbell, D.J.; Koch, M.A. Phenotypical and functional specialization of FOXP3+ regulatory T cells. Nat. Rev. Immunol. 2011, 11,
119-130. [CrossRef] [PubMed]


http://doi.org/10.3389/fimmu.2018.00527
http://doi.org/10.3389/fonc.2014.00131
http://www.ncbi.nlm.nih.gov/pubmed/25072019
http://doi.org/10.1038/nm1097
http://doi.org/10.1016/j.semcancer.2008.03.004
http://doi.org/10.14670/HH-11-916
http://doi.org/10.1038/sj.leu.2404900
http://doi.org/10.3389/fonc.2018.00248
http://doi.org/10.1007/s00011-018-1181-4
http://www.ncbi.nlm.nih.gov/pubmed/30132016
http://doi.org/10.1387/ijdb.082763jb
http://www.ncbi.nlm.nih.gov/pubmed/19876837
http://doi.org/10.3389/fimmu.2014.00125
http://www.ncbi.nlm.nih.gov/pubmed/24734032
http://doi.org/10.1111/j.1365-2567.2011.03446.x
http://doi.org/10.12688/f1000research.11690.1
http://www.ncbi.nlm.nih.gov/pubmed/28781765
http://doi.org/10.1095/biolreprod.112.099465
http://www.ncbi.nlm.nih.gov/pubmed/23553431
http://doi.org/10.1189/jlb.0406250
http://doi.org/10.1016/j.cytogfr.2007.04.008
http://doi.org/10.1111/j.1365-2567.2008.03019.x
http://doi.org/10.1016/j.placenta.2007.10.006
http://doi.org/10.1016/j.placenta.2008.02.004
http://www.ncbi.nlm.nih.gov/pubmed/18353434
http://doi.org/10.4049/jimmunol.1003153
http://www.ncbi.nlm.nih.gov/pubmed/21257965
http://doi.org/10.1095/biolreprod.111.095505
http://www.ncbi.nlm.nih.gov/pubmed/22011391
http://doi.org/10.1038/cmi.2014.46
http://doi.org/10.4049/jimmunol.0903597
http://doi.org/10.3389/fimmu.2019.00573
http://doi.org/10.1038/cddis.2015.112
http://doi.org/10.1146/annurev-immunol-030409-101212
http://doi.org/10.1387/ijdb.140054ae
http://doi.org/10.1006/cimm.1999.1532
http://doi.org/10.1038/nri2916
http://www.ncbi.nlm.nih.gov/pubmed/21267013

Biomedicines 2022, 10, 1065 27 of 35

164.

165.

166.

167.
168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.
181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

Chang, R.Q.; Li, D.J.; Li, M.Q. The role of indoleamine-2,3-dioxygenase in normal and pathological pregnancies. Am. J. Reprod.
Immunol. 2018, 79, €12786. [CrossRef] [PubMed]

Zhu, C.; Anderson, A.C.; Schubart, A.; Xiong, H.; Imitola, J.; Khoury, S.J.; Zheng, X.X.; Strom, T.B.; Kuchroo, V.K. The Tim-3 ligand
galectin-9 negatively regulates T helper type 1 immunity. Nat. Immunol. 2005, 6, 1245-1252. [CrossRef]

Saito, S.; Sasaki, Y.; Sakai, M. CD4+CD25high regulatory T cells in human pregnancy. J. Reprod. Immunol. 2005, 65, 111-120.
[CrossRef] [PubMed]

Piccinni, M.P. T-cell cytokines in pregnancy. Am. . Reprod. Immunol. 2002, 47, 289-294. [CrossRef] [PubMed]

Blois, S.M.; Kammerer, U.; Soto, C.A.; Tometten, M.C.; Shaikly, V.; Barrientos, G.; Jurd, R.; Rukavina, D.; Thomson, A.W.; Klapp,
B.F.; et al. Dendritic cells: Key to fetal tolerance? Biol. Reprod. 2007, 77, 590-598. [CrossRef]

Tagliani, E.; Erlebacher, A. Dendritic cell function at the maternal-fetal interface. Expert Rev. Clin. Immunol. 2011, 7, 593-602.
[CrossRef]

Bartmann, C.; Segerer, S.E.; Rieger, L.; Kapp, M.; Siitterlin, M.; Kémmerer, U. Quantification of the Predominant Immune Cell
Populations in Decidua Throughout Human Pregnancy. Am. |. Reprod. Immunol. 2014, 71, 109-119. [CrossRef]

Leno-Duran, E.; Muiioz-Fernandez, R.; Garcia Olivares, E.; Tirado-Gonzalez, 1. Liaison between natural killer cells and dendritic
cells in human gestation. Cell. Mol. Immunol. 2014, 11, 449-455. [CrossRef]

Pansy, K.; Uhl, B.; Krstic, J.; Szmyra, M.; Fechter, K.; Santiso, A.; Thiiminger, L.; Greinix, H.; Kargl, J.; Prochazka, K.; et al. Inmune
regulatory processes of the tumor microenvironment under malignant conditions. Int. . Mol. Sci. 2021, 22, 13311. [CrossRef]
Bruno, A.; Bassani, B.; D’Urso, D.G.; Pitaku, I.; Cassinotti, E.; Pelosi, G.; Boni, L.; Dominioni, L.; Noonan, D.M.; Mortara, L.; et al.
Angiogenin and the MMP9-TIMP2 axis are up-regulated in proangiogenic, decidual NK-like cells from patients with colorectal
cancer. FASEB J. 2018, 32, 5365-5377. [CrossRef] [PubMed]

Guan, Y.; Chambers, C.B.; Tabatabai, T.; Hatley, H.; Delfino, K.R.; Robinson, K.; Alanee, S.R.; Ran, S.; Torry, D.S.; Wilber, A. Renal
cell tumors convert natural killer cells to a proangiogenic phenotype. Oncotarget 2020, 11, 2571-2585. [CrossRef] [PubMed]
Bruno, A.; Focaccetti, C.; Pagani, A.; Imperatori, A.S.; Spagnoletti, M.; Rotolo, N.; Cantelmo, A.R.; Franzi, E; Capella, C,;
Ferlazzo, G.; et al. The proangiogenic phenotype of natural killer cells in patients with non-small cell lung cancer. Neoplasia 2013,
15,133-142. [CrossRef] [PubMed]

Bosi, A.; Zanellato, S.; Bassani, B.; Albini, A.; Musco, A.; Cattoni, M.; Desio, M.; Nardecchia, E.; D'Urso, D.G.; Imperatori, A.; et al.
Natural killer cells from malignant pleural effusion are endowed with a decidual-like proangiogenic polarization. J. Immunol. Res.
2018, 2018, 2438598. [CrossRef]

Gonzalez, V.D.; Huang, Y.-W.; Delgado-Gonzalez, A.; Chen, S.-Y.; Donoso, K.; Sachs, K.; Gentles, A.].; Allard, G.M.; Kolahi,
K.S.; Howitt, B.E.; et al. High-grade serous ovarian tumor cells modulate NK cell function to create an immune-tolerant
microenvironment. Cell Rep. 2021, 36, 109632. [CrossRef]

Levi, I.; Amsalem, H.; Nissan, A.; Darash-Yahana, M.; Peretz, T.; Mandelboim, O.; Rachmilewitz, J. Characterization of tumor
infiltrating Natural Killer cell subset. Oncotarget 2015, 6, 13835-13843. [CrossRef]

Albini, A.; Noonan, D.M. Decidual-Like NK Cell Polarization: From Cancer Killing to Cancer Nurturing. Cancer Discov. 2021, 11,
28-33. [CrossRef]

Wu, S.Y,; Fu, T,; Jiang, Y.Z.; Shao, Z.M. Natural killer cells in cancer biology and therapy. Mol. Cancer 2020, 19, 1-26. [CrossRef]
Sharonov, G.V.; Serebrovskaya, E.O.; Yuzhakova, D.V.; Britanova, O.V.; Chudakov, D.M. B cells, plasma cells and antibody
repertoires in the tumour microenvironment. Nat. Rev. Immunol. 2020, 20, 294-307. [CrossRef]

Peltanova, B.; Raudenska, M.; Masarik, M. Effect of tumor microenvironment on pathogenesis of the head and neck squamous
cell carcinoma: A systematic review. Mol. Cancer 2019, 18, 63. [CrossRef]

Weculek, SK.; Cueto, EJ.; Mujal, AM.; Melero, I.; Krummel, M.E; Sancho, D. Dendritic cells in cancer immunology and
immunotherapy. Nat. Rev. Immunol. 2020, 20, 7-24. [CrossRef] [PubMed]

Hossain, S.M.; Lynch-Sutherland, C.F.; Chatterjee, A.; Eccles, M.R.; Macaulay, E.C. Can immune suppression and epigenome
regulation in placenta offer novel insights into cancer immune evasion and immunotherapy resistance? Epigenomes 2021, 5, 16.
[CrossRef] [PubMed]

Judge, S.J.; Murphy, W.J.; Canter, R.]. Characterizing the Dysfunctional NK Cell: Assessing the Clinical Relevance of Exhaustion,
Anergy, and Senescence. Front. Cell. Infect. Microbiol. 2020, 10, 49. [CrossRef] [PubMed]

Seo, H.; Jeon, I.; Kim, B.-S.; Park, M.; Bae, E.-A.; Song, B.; Koh, C.-H.; Shin, K.-S.; Kim, I.-K.; Choi, K.; et al. IL-21-mediated
reversal of NK cell exhaustion facilitates anti-tumour immunity in MHC class I-deficient tumours. Nat. Commun. 2017, 8, 15776.
[CrossRef]

Ardolino, M.; Azimi, C.S.; Iannello, A.; Trevino, T.N.; Horan, L.; Zhang, L.; Deng, W.; Ring, A.M.; Fischer, S.; Garcia, K.C.; et al.
Cytokine therapy reverses NK cell anergy in MHC-deficient tumors. . Clin. Investig. 2014, 124, 4781-4794. [CrossRef]

Cornel, A.M.; Mimpen, L.L.; Nierkens, S. MHC Class I Downregulation in Cancer: Underlying Mechanisms and Potential Targets
for Cancer Immunotherapy. Cancers 2020, 12, 1760. [CrossRef]

Dhatchinamoorthy, K.; Colbert, ].D.; Rock, K.L. Cancer Immune Evasion Through Loss of MHC Class I Antigen Presentation.
Front. Immunol. 2021, 12, 636568. [CrossRef]

Papuchovd, H.; Meissner, T.B.; Li, Q.; Strominger, J.L.; Tilburgs, T. The Dual Role of HLA-C in Tolerance and Immunity at the
Maternal-Fetal Interface. Front. Immunol. 2019, 10, 2730. [CrossRef]


http://doi.org/10.1111/aji.12786
http://www.ncbi.nlm.nih.gov/pubmed/29154462
http://doi.org/10.1038/ni1271
http://doi.org/10.1016/j.jri.2005.01.004
http://www.ncbi.nlm.nih.gov/pubmed/15811516
http://doi.org/10.1034/j.1600-0897.2002.01104.x
http://www.ncbi.nlm.nih.gov/pubmed/12148544
http://doi.org/10.1095/biolreprod.107.060632
http://doi.org/10.1586/eci.11.52
http://doi.org/10.1111/aji.12185
http://doi.org/10.1038/cmi.2014.36
http://doi.org/10.3390/ijms222413311
http://doi.org/10.1096/fj.201701103R
http://www.ncbi.nlm.nih.gov/pubmed/29763380
http://doi.org/10.18632/oncotarget.27654
http://www.ncbi.nlm.nih.gov/pubmed/32655841
http://doi.org/10.1593/neo.121758
http://www.ncbi.nlm.nih.gov/pubmed/23441128
http://doi.org/10.1155/2018/2438598
http://doi.org/10.1016/j.celrep.2021.109632
http://doi.org/10.18632/oncotarget.3453
http://doi.org/10.1158/2159-8290.CD-20-0796
http://doi.org/10.1186/s12943-020-01238-x
http://doi.org/10.1038/s41577-019-0257-x
http://doi.org/10.1186/s12943-019-0983-5
http://doi.org/10.1038/s41577-019-0210-z
http://www.ncbi.nlm.nih.gov/pubmed/31467405
http://doi.org/10.3390/epigenomes5030016
http://www.ncbi.nlm.nih.gov/pubmed/34968365
http://doi.org/10.3389/fcimb.2020.00049
http://www.ncbi.nlm.nih.gov/pubmed/32117816
http://doi.org/10.1038/ncomms15776
http://doi.org/10.1172/JCI74337
http://doi.org/10.3390/cancers12071760
http://doi.org/10.3389/fimmu.2021.636568
http://doi.org/10.3389/fimmu.2019.02730

Biomedicines 2022, 10, 1065 28 of 35

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

Castro, A.; Ozturk, K.; Pyke, R.M.; Xian, S.; Zanetti, M.; Carter, H. Elevated neoantigen levels in tumors with somatic mutations
in the HLA-A, HLA-B, HLA-C and B2M genes. BMC Med. Genomics 2019, 12, 107. [CrossRef]

Cogdill, A.P; Andrews, M.C.; Wargo, J.A. Hallmarks of response to immune checkpoint blockade. Br. J. Cancer 2017, 117, 1-7.
[CrossRef]

Laimer, K,; Troester, B.; Kloss, E; Schafer, G.; Obrist, P.; Perathoner, A.; Laimer, J.; Brandacher, G.; Rasse, M.; Margreiter, R.; et al.
Expression and prognostic impact of indoleamine 2,3-dioxygenase in oral squamous cell carcinomas. Oral Oncol. 2011, 47,
352-357. [CrossRef] [PubMed]

Brody, J.R.; Costantino, C.L.; Berger, A.C.; Sato, T.; Lisanti, M.P.; Yeo, C.J.; Emmons, R.V.; Witkiewicz, A.K. Expression of
indoleamine 2,3-dioxygenase in metastatic malignant melanoma recruits regulatory T cells to avoid immune detection and affects
survival. Cell Cycle 2009, 8, 1930-1934. [CrossRef] [PubMed]

Lahl, K.; Loddenkemper, C.; Drouin, C.; Freyer, J.; Arnason, J.; Eberl, G.; Hamann, A.; Wagner, H.; Huehn, J.; Sparwasser, T.
Selective depletion of Foxp3+ regulatory T cells induces a scurfy-like disease. |. Exp. Med. 2007, 204, 57-63. [CrossRef] [PubMed]
Sakaguchi, S.; Sakaguchi, N.; Asano, M.; Itoh, M.; Toda, M. Immunologic self-tolerance maintained by activated T cells expressing
IL-2 receptor alpha-chains (CD25). Breakdown of a single mechanism of self-tolerance causes various autoimmune diseases. J.
Immunol. 1995, 155, 1151-1164. [PubMed]

Khattri, R.; Cox, T.; Yasayko, S.-A.; Ramsdell, F. An essential role for Scurfin in CD4+CD25+ T regulatory cells. Nat. Immunol.
2003, 4, 337-342. [CrossRef]

Shohei, H.; Takashi, N.; Shimon, S. Control of Regulatory T Cell Development by the Transcription Factor Foxp3. Science 2003,
299, 1057-1061. [CrossRef]

Fontenot, ].D.; Gavin, M.A.; Rudensky, A.Y. Foxp3 programs the development and function of CD4+CD25+ regulatory T cells.
Nat. Immunol. 2003, 4, 330-336. [CrossRef]

Colegio, O.R.; Chu, N.-Q.; Szabo, A.L; Chu, T; Rhebergen, A.M.; Jairam, V.; Cyrus, N.; Brokowski, C.E.; Eisenbarth,
S.C.; Phillips, G.M.; et al. Functional polarization of tumour-associated macrophages by tumour-derived lactic acid. Nature 2014,
513, 559-563. [CrossRef]

Yang, J.; Weinberg, R.A. Epithelial-Mesenchymal Transition: At the Crossroads of Development and Tumor Metastasis. Dev. Cell
2008, 14, 818-829. [CrossRef]

Davies, J.E.; Pollheimer, J.; Yong, H.E.].; Kokkinos, M.L; Kalionis, B.; Knofler, M.; Murthi, P. Epithelial-mesenchymal transition
during extravillous trophoblast differentiation. Cell Adh. Migr. 2016, 10, 310-321. [CrossRef]

Lala, PK.; Graham, C.H. Mechanisms of trophoblast invasiveness and their control: The role of proteases and protease inhibitors.
Cancer Metastasis Rev. 1990, 9, 369-379. [CrossRef] [PubMed]

Librach, C.L.; Werb, Z.; Fitzgerald, M.L.; Chiu, K.; Corwin, N.M.; Esteves, R.A.; Grobelny, D.; Galardy, R.; Damsky, C.H.; Fisher,
S.J. 92-kD type IV collagenase mediates invasion of human cytotrophoblasts. J. Cell Biol. 1991, 113, 437-449. [CrossRef] [PubMed]
Burrows, T.D.; King, A.; Loke, Y.W. Trophoblast migration during human placental implantation. Hum. Reprod. Update 1996, 2,
307-321. [CrossRef]

Matalon, S.T.; Drucker, L.; Fishman, A.; Ornoy, A.; Lishner, M. The Role of heat shock protein 27 in extravillous trophoblast
differentiation. J. Cell. Biochem. 2008, 103, 719-729. [CrossRef] [PubMed]

Marco, D.E.; Cannas, S.A.; Montemurro, M.A.; Hu, B.; Cheng, S.-Y. Comparable ecological dynamics underlie early cancer
invasion and species dispersal, involving self-organizing processes. J. Theor. Biol. 2009, 256, 65-75. [CrossRef] [PubMed]
Fitzgerald, J.S.; Poehlmann, T.G.; Schleussner, E.; Markert, U.R. Trophoblast invasion: The role of intracellular cytokine signalling
via signal transducer and activator of transcription 3 (STAT3). Hum. Reprod. Update 2008, 14, 335-344. [CrossRef]

Godbole, G.; Suman, P.; Malik, A.; Galvankar, M.; Joshi, N.; Fazleabas, A.; Gupta, S.K.; Modi, D. Decrease in Expression
of HOXA10 in the Decidua After Embryo Implantation Promotes Trophoblast Invasion. Endocrinology 2017, 158, 2618-2633.
[CrossRef]

Huang, S. Regulation of Metastases by Signal Transducer and Activator of Transcription 3 Signaling Pathway: Clinical Implications.
Clin. Cancer Res. 2007, 13, 1362-1366. [CrossRef]

Wang, T.; Niu, G.; Kortylewski, M.; Burdelya, L.; Shain, K.; Zhang, S.; Bhattacharya, R.; Gabrilovich, D.; Heller, R,;
Coppola, D.; et al. Regulation of the innate and adaptive immune responses by Stat-3 signaling in tumor cells. Nat. Med. 2004, 10,
48-54. [CrossRef]

Kortylewski, M.; Kujawski, M.; Wang, T.; Wei, S.; Zhang, S.; Pilon-Thomas, S.; Niu, G.; Kay, H.; Mul¢, J.; Kerr, W.G.; et al.
Inhibiting Stat3 signaling in the hematopoietic system elicits multicomponent antitumor immunity. Nat. Med. 2005, 11, 1314-1321.
[CrossRef]

LaMarca, H.L.; Dash, PR.; Vishnuthevan, K.; Harvey, E.; Sullivan, D.E.; Morris, C.A.; Whitley, G.S.J. Epidermal growth
factor-stimulated extravillous cytotrophoblast motility is mediated by the activation of PI3-K, Akt and both p38 and p42/44
mitogen-activated protein kinases. Hum. Reprod. 2008, 23, 1733-1741. [CrossRef] [PubMed]

Binker, M.G.; Binker-Cosen, A.A.; Richards, D.; Oliver, B.; Cosen-Binker, L.I. EGF promotes invasion by PANC-1 cells through
Racl/ROS-dependent secretion and activation of MMP-2. Biochem. Biophys. Res. Commun. 2009, 379, 445-450. [CrossRef]
[PubMed]


http://doi.org/10.1186/s12920-019-0544-1
http://doi.org/10.1038/bjc.2017.136
http://doi.org/10.1016/j.oraloncology.2011.03.007
http://www.ncbi.nlm.nih.gov/pubmed/21440489
http://doi.org/10.4161/cc.8.12.8745
http://www.ncbi.nlm.nih.gov/pubmed/19448397
http://doi.org/10.1084/jem.20061852
http://www.ncbi.nlm.nih.gov/pubmed/17200412
http://www.ncbi.nlm.nih.gov/pubmed/7636184
http://doi.org/10.1038/ni909
http://doi.org/10.1126/science.1079490
http://doi.org/10.1038/ni904
http://doi.org/10.1038/nature13490
http://doi.org/10.1016/j.devcel.2008.05.009
http://doi.org/10.1080/19336918.2016.1170258
http://doi.org/10.1007/BF00049525
http://www.ncbi.nlm.nih.gov/pubmed/2097085
http://doi.org/10.1083/jcb.113.2.437
http://www.ncbi.nlm.nih.gov/pubmed/1849141
http://doi.org/10.1093/humupd/2.4.307
http://doi.org/10.1002/jcb.21476
http://www.ncbi.nlm.nih.gov/pubmed/17661346
http://doi.org/10.1016/j.jtbi.2008.09.011
http://www.ncbi.nlm.nih.gov/pubmed/18930739
http://doi.org/10.1093/humupd/dmn010
http://doi.org/10.1210/en.2017-00032
http://doi.org/10.1158/1078-0432.CCR-06-2313
http://doi.org/10.1038/nm976
http://doi.org/10.1038/nm1325
http://doi.org/10.1093/humrep/den178
http://www.ncbi.nlm.nih.gov/pubmed/18487214
http://doi.org/10.1016/j.bbrc.2008.12.080
http://www.ncbi.nlm.nih.gov/pubmed/19116140

Biomedicines 2022, 10, 1065 29 of 35

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.
236.

237.

238.

239.

240.

241.

242.

Turco, M.Y.; Gardner, L.; Hughes, J.; Cindrova-Davies, T.; Gomez, M.].; Farrell, L.; Hollinshead, M.; Marsh, S.G.E.; Brosens, J.J.;
Critchley, H.O,; et al. Long-term, hormone-responsive organoid cultures of human endometrium in a chemically defined medium.
Nat. Cell Biol. 2017, 19, 568-577. [CrossRef] [PubMed]

James-Allan, L.B.; Whitley, G.S.; Leslie, K.; Wallace, A.E.; Cartwright, J.E. Decidual cell regulation of trophoblast is altered in
pregnancies at risk of pre-eclampsia. J. Mol. Endocrinol. 2018, 60, 239-246. [CrossRef]

Dominguez, F; Martinez, S.; Quifionero, A.; Loro, F; Horcajadas, J.A.; Pellicer, A.; Simén, C. CXCL10 and IL-6 induce chemotaxis
in human trophoblast cell lines. Mol. Hum. Reprod. 2008, 14, 423-430. [CrossRef]

Kumari, N.; Dwarakanath, B.S.; Das, A.; Bhatt, A.N. Role of interleukin-6 in cancer progression and therapeutic resistance. Tumor
Biol. 2016, 37, 11553-11572. [CrossRef]

Guo, Y.;; Xu, F; Lu, T.; Duan, Z.; Zhang, Z. Interleukin-6 signaling pathway in targeted therapy for cancer. Cancer Treat. Rev. 2012,
38,904-910. [CrossRef]

Jones, S.A.; Scheller, ]J.; Rose-John, S. Therapeutic strategies for the clinical blockade of IL-6/gp130 signaling. J. Clin. Investig.
2011, 121, 3375-3383. [CrossRef]

Ren, T.; Zhu, L.; Cheng, M. CXCL10 accelerates EMT and metastasis by MMP-2 in hepatocellular carcinoma. Am. J. Transl. Res.
2017, 9, 2824-2837.

Hatanaka, Y.; de Velasco, M.A.; Oki, T.; Shimizu, N.; Nozawa, M.; Yoshimura, K.; Yoshikawa, K.; Nishio, K.; Uemura, H. HOXA10
expression profiling in prostate cancer. Prostate 2019, 79, 554-563. [CrossRef]

Liu, C.; Ge, M.; Ma, ].; Zhang, Y.; Zhao, Y.; Cui, T. Homeobox A10 promotes the proliferation and invasion of bladder cancer cells
via regulation of matrix metalloproteinase-3. Oncol. Lett. 2019, 18, 49-56. [CrossRef] [PubMed]

Chen, C,; Li, C; Liu, W,; Guo, F; Kou, X; Sun, S;; Ye, T.; Li, S.; Zhao, A. Estrogen-induced FOS-like 1 regulates matrix
metalloproteinase expression and the motility of human endometrial and decidual stromal cells. J. Biol. Chem. 2020, 295,
2248-2258. [CrossRef] [PubMed]

Biadasiewicz, K.; Sonderegger, S.; Haslinger, P.; Haider, S.; Saleh, L.; Fiala, C.; Pollheimer, J.; Knofler, M. Transcription Factor
AP-2x Promotes EGF-Dependent Invasion of Human Trophoblast. Endocrinology 2011, 152, 1458-1469. [CrossRef] [PubMed]
Renaud, S.J.; Kubota, K.; Rumi, M.A K; Soares, M.]. The FOS Transcription Factor Family Differentially Controls Trophoblast
Migration and Invasion. J. Biol. Chem. 2014, 289, 5025-5039. [CrossRef]

Park, J.Y.; Mani, S.; Clair, G.; Olson, H.M.; Paurus, V.L.; Ansong, C.K,; Blundell, C.; Young, R.; Kanter, J.; Gordon, S.; et al. A
microphysiological model of human trophoblast invasion during implantation. Nat. Commun. 2022, 13, 1252. [CrossRef]
Solano, M.E. Decidual immune cells: Guardians of human pregnancies. Best Pract. Res. Clin. Obstet. Gynaecol. 2019, 60, 3-16.
[CrossRef]

Faas, M.M.; De Vos, P. Innate immune cells in the placental bed in healthy pregnancy and preeclampsia. Placenta 2018, 69, 125-133.
[CrossRef]

Gonzalez, H.; Hagerling, C.; Werb, Z. Roles of the immune system in cancer: From tumor initiation to metastatic progression.
Genes Dev. 2018, 32, 1267-1284. [CrossRef]

Huang, YK,; Busuttil, R.A.; Boussioutas, A. The role of innate immune cells in tumor invasion and metastasis. Cancers 2021, 13, 5885.
[CrossRef]

Ducimetiere, L.; Vermeer, M.; Tugues, S. The Interplay Between Innate Lymphoid Cells and the Tumor Microenvironment. Front.
Immunol. 2019, 10, 2895. [CrossRef]

Lian, G.Y;; Mak, T.S.K;; Yu, X.Q.; Lan, H.Y. Challenges and recent advances in NK cell-targeted immunotherapies in solid tumors.
Int. J. Mol. Sci. 2022, 23, 164. [CrossRef] [PubMed]

Stefanoska, I.; Jovanovi¢ Krivokuéa, M.; Vasiliji¢, S.; Cujié, D.; Vic¢ovac, L. Prolactin stimulates cell migration and invasion by
human trophoblast in vitro. Placenta 2013, 34, 775-783. [CrossRef] [PubMed]

Spencer, T. Biological Roles of Uterine Glands in Pregnancy. Semin. Reprod. Med. 2014, 32, 346-357. [CrossRef] [PubMed]

Sethi, B.K.; Chanukya, G.; Nagesh, V.S. Prolactin and cancer: Has the orphan finally found a home? Indian . Endocrinol. Metab.
2012, 16, 195-198. [CrossRef]

Weiss, G.; Sundl, M.; Glasner, A.; Huppertz, B.; Moser, G. The trophoblast plug during early pregnancy: A deeper insight.
Histochem. Cell Biol. 2016, 146, 749-756. [CrossRef]

Jauniaux, E.; Watson, A.L.; Hempstock, J.; Bao, Y.P; Skepper, J.N.; Burton, G.J. Onset of maternal arterial blood flow and placental
oxidative stress: A possible factor in human early pregnancy failure. Am. J. Pathol. 2000, 157, 2111-2122. [CrossRef]

Huppertz, B.; Gauster, M.; Orendi, K.; Konig, J.; Moser, G. Oxygen as modulator of trophoblast invasion. . Anat. 2009, 215, 14-20.
[CrossRef]

Huppertz, B.; Weiss, G.; Moser, G. Trophoblast invasion and oxygenation of the placenta: Measurements versus presumptions. J.
Reprod. Immunol. 2014, 101-102, 74-79. [CrossRef]

Cao, X.; Ally, S.R,; Jiang, S.; Gunn, J.R.; Yao, C.; Xin, J.; Bruza, P; Gladstone, D.J.; Jarvis, L.A.; Tian, J.; et al. High-Resolution pO2
Imaging Improves Quantification of the Hypoxic Fraction in Tumors During Radiation therapy. Int. ]. Radiat. Oncol. Biol. Phys.
2021, 109, 603-613. [CrossRef]

Yamamoto, K.; Brender, J.R,; Seki, T.; Kishimoto, S.; Oshima, N.; Choudhuri, R.; Adler, S.S.; Jagoda, EM.; Saito, K,;
Devasahayam, N.; et al. Molecular Imaging of the Tumor Microenvironment Reveals the Relationship between Tumor
Oxygenation, Glucose Uptake, and Glycolysis in Pancreatic Ductal Adenocarcinoma. Cancer Res. 2020, 80, 2087-2093. [CrossRef]


http://doi.org/10.1038/ncb3516
http://www.ncbi.nlm.nih.gov/pubmed/28394884
http://doi.org/10.1530/JME-17-0243
http://doi.org/10.1093/molehr/gan032
http://doi.org/10.1007/s13277-016-5098-7
http://doi.org/10.1016/j.ctrv.2012.04.007
http://doi.org/10.1172/JCI57158
http://doi.org/10.1002/pros.23761
http://doi.org/10.3892/ol.2019.10312
http://www.ncbi.nlm.nih.gov/pubmed/31289471
http://doi.org/10.1074/jbc.RA119.010701
http://www.ncbi.nlm.nih.gov/pubmed/31937587
http://doi.org/10.1210/en.2010-0936
http://www.ncbi.nlm.nih.gov/pubmed/21303946
http://doi.org/10.1074/jbc.M113.523746
http://doi.org/10.1038/s41467-022-28663-4
http://doi.org/10.1016/j.bpobgyn.2019.05.009
http://doi.org/10.1016/j.placenta.2018.04.012
http://doi.org/10.1101/gad.314617.118
http://doi.org/10.3390/cancers13235885
http://doi.org/10.3389/fimmu.2019.02895
http://doi.org/10.3390/ijms23010164
http://www.ncbi.nlm.nih.gov/pubmed/35008589
http://doi.org/10.1016/j.placenta.2013.06.305
http://www.ncbi.nlm.nih.gov/pubmed/23849393
http://doi.org/10.1055/s-0034-1376354
http://www.ncbi.nlm.nih.gov/pubmed/24959816
http://doi.org/10.4103/2230-8210.104038
http://doi.org/10.1007/s00418-016-1474-z
http://doi.org/10.1016/S0002-9440(10)64849-3
http://doi.org/10.1111/j.1469-7580.2008.01036.x
http://doi.org/10.1016/j.jri.2013.04.003
http://doi.org/10.1016/j.ijrobp.2020.09.046
http://doi.org/10.1158/0008-5472.CAN-19-0928

Biomedicines 2022, 10, 1065 30 of 35

243.

244.

245.

246.

247.
248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

Grimes, D.R.; Jansen, M.; Macauley, R.].; Scott, ].G.; Basanta, D. Evidence for hypoxia increasing the tempo of evolution in
glioblastoma. Br. J. Cancer 2020, 123, 1562-1569. [CrossRef] [PubMed]

Zhu, J.; Thompson, C.B. Metabolic regulation of cell growth and proliferation. Nat. Rev. Mol. Cell Biol. 2019, 20, 436-450.
[CrossRef] [PubMed]

Gude, N.M,; Roberts, C.T.; Kalionis, B.; King, R.G. Growth and function of the normal human placenta. Thromb. Res. 2004, 114,
397-407. [CrossRef] [PubMed]

Burton, G.J.; Cindrova-Davies, T.; Yung, H.W.,; Jauniaux, E. Hypoxia and reproductive health: Oxygen and development of the
human placenta. Reproduction 2021, 161, F53-F65. [CrossRef] [PubMed]

Baumann, M.U.; Deborde, S.; Illsley, N.P. Placental glucose transfer and fetal growth. Endocrine 2002, 19, 13-22. [CrossRef]
IlIsley, N.P.; Baumann, M.U. Human placental glucose transport in fetoplacental growth and metabolism. Biochim. Biophys. Acta
Mol. Basis Dis. 2020, 1866, 165359. [CrossRef]

Colomiere, M.; Permezel, M.; Riley, C.; Desoye, G.; Lappas, M. Defective insulin signaling in placenta from pregnancies
complicated by gestational diabetes mellitus. Eur. J. Endocrinol. 2009, 160, 567-578. [CrossRef]

Vander Heiden, M.G.; DeBerardinis, R.J]. Understanding the Intersections between Metabolism and Cancer Biology. Cell 2017, 168,
657-669. [CrossRef]

Mayers, ].R.; Vander Heiden, M.G. Famine versus feast: Understanding the metabolism of tumors in vivo. Trends Biochem. Sci.
2015, 40, 130-140. [CrossRef]

Morandi, A.; Indraccolo, S. Linking metabolic reprogramming to therapy resistance in cancer. Biochim. Biophys. Acta Rev. Cancer
2017, 1868, 1-6. [CrossRef]

Muir, A.; Danai, L.V.; Vander Heiden, M.G. Microenvironmental regulation of cancer cell metabolism: Implications for experi-
mental design and translational studies. Dis. Model. Mech. 2018, 11, dmm035758. [CrossRef] [PubMed]

Sciacovelli, M.; Gaude, E.; Hilvo, M.; Frezza, C. The metabolic alterations of cancer cells. Methods Enzymol. 2014, 542, 1-23.
[CrossRef] [PubMed]

Jelena, K,; Isabel, R.; Katharina, S.; Markus, G.; Zina, R.; Natascha, B.; Nadja, K.; Elisabeth, M.; Martina, A.; Helene, M.; et al.
Fasting improves therapeutic response in hepatocellular carcinoma through p53-dependent metabolic synergism. Sci. Adv. 2022,
8, eabh2635. [CrossRef]

Hoch, D.; Gauster, M.; Hauguel-de Mouzon, S.; Desoye, G. Diabesity-associated oxidative and inflammatory stress signalling in
the early human placenta. Mol. Asp. Med. 2019, 66, 21-30. [CrossRef]

Sukumar, M.; Roychoudhuri, R.; Restifo, N.P. Nutrient Competition: A New Axis of Tumor Immunosuppression. Cell 2015, 162,
1206-1208. [CrossRef]

Gardner, D K. Lactate production by the mammalian blastocyst: Manipulating the microenvironment for uterine implantation
and invasion? BioEssays 2015, 37, 364-371. [CrossRef]

Ma, L.N.; Huang, X.B.; Muyayalo, K.P.; Mor, G.; Liao, A.H. Lactic Acid: A Novel Signaling Molecule in Early Pregnancy? Front.
Immunol. 2020, 11, 279. [CrossRef]

Hirschhaeuser, F; Sattler, U.G.A.; Mueller-Klieser, W. Lactate: A metabolic key player in cancer. Cancer Res. 2011, 71, 6921-6925.
[CrossRef]

Kes, M\M.G.; Van den Bossche, J.; Griffioen, A.W.; Huijbers, E.]. M. Oncometabolites lactate and succinate drive pro-angiogenic
macrophage response in tumors. Biochim. Biophys. Acta Rev. Cancer 2020, 1874, 188427. [CrossRef]

Brugger, B.A.; Guettler, J.; Gauster, M. Go with the flow—Trophoblasts in flow culture. Int. . Mol. Sci. 2020, 21, 4666. [CrossRef]
Pastuschek, J.; Nonn, O.; Gutiérrez-Samudio, R.N.; Murrieta-Coxca, ] M.; Miiller, J.; Sanft, J.; Huppertz, B.; Markert, U.R.; Groten,
T.; Morales-Prieto, D.M. Molecular characteristics of established trophoblast-derived cell lines. Placenta 2021, 108, 122-133.
[CrossRef] [PubMed]

Grasmann, G.; Mondal, A.; Leithner, K. Flexibility and adaptation of cancer cells in a heterogenous metabolic microenvironment.
Int. J. Mol. Sci. 2021, 22, 1476. [CrossRef] [PubMed]

Krappinger, ].C.; Bonsting], L.; Pansy, K.; Sallinger, K.; Wreglesworth, N.I.; Grinninger, L.; Deutsch, A.; El-Heliebi, A.; Kroneis,
T.; Mcfarlane, R.J.; et al. Non-coding Natural Antisense Transcripts: Analysis and Application. J. Biotechnol. 2021, 340, 75-101.
[CrossRef] [PubMed]

de Oliveira, J.C.; Oliveira, L.C.; Mathias, C.; Pedroso, G.A.; Lemos, D.S.; Salviano-Silva, A.; Jucoski, T.S.; Lobo-Alves, S.C.;
Zambalde, E.P.; Cipolla, G.A.; et al. Long non-coding RNAs in cancer: Another layer of complexity. J. Gene Med. 2019, 21, e3065.
[CrossRef] [PubMed]

Sun, H.; Huang, Z.; Sheng, W.; Xu, M. Emerging roles of long non-coding RNAs in tumor metabolism. J. Hematol. Oncol. 2018, 11,
106. [CrossRef] [PubMed]

Zhang, Y.; Liu, Q.; Liao, Q. Long noncoding RNA: A dazzling dancer in tumor immune microenvironment. J. Exp. Clin. Cancer
Res. 2020, 39, 231. [CrossRef]

Chi, Z.; Gao, Q.; Sun, Y.; Zhou, E; Wang, H.; Shu, X.; Zhang, M. LINC00473 downregulation facilitates trophoblast cell migration
and invasion via the miR-15a-5p/LITAF axis in pre-eclampsia. Environ. Toxicol. 2021, 36, 1618-1627. [CrossRef]

Wang, L.; Zhang, ]. Long intergenic ncRNA 00473 improves the invasion of trophoblastic cells via miR-16-5p. Pregnancy Hypertens.
2021, 23, 174-184. [CrossRef]


http://doi.org/10.1038/s41416-020-1021-5
http://www.ncbi.nlm.nih.gov/pubmed/32848201
http://doi.org/10.1038/s41580-019-0123-5
http://www.ncbi.nlm.nih.gov/pubmed/30976106
http://doi.org/10.1016/j.thromres.2004.06.038
http://www.ncbi.nlm.nih.gov/pubmed/15507270
http://doi.org/10.1530/REP-20-0153
http://www.ncbi.nlm.nih.gov/pubmed/32438347
http://doi.org/10.1385/ENDO:19:1:13
http://doi.org/10.1016/j.bbadis.2018.12.010
http://doi.org/10.1530/EJE-09-0031
http://doi.org/10.1016/j.cell.2016.12.039
http://doi.org/10.1016/j.tibs.2015.01.004
http://doi.org/10.1016/j.bbcan.2016.12.004
http://doi.org/10.1242/dmm.035758
http://www.ncbi.nlm.nih.gov/pubmed/30104199
http://doi.org/10.1016/B978-0-12-416618-9.00001-7
http://www.ncbi.nlm.nih.gov/pubmed/24862258
http://doi.org/10.1126/sciadv.abh2635
http://doi.org/10.1016/j.mam.2018.11.002
http://doi.org/10.1016/j.cell.2015.08.064
http://doi.org/10.1002/bies.201400155
http://doi.org/10.3389/fimmu.2020.00279
http://doi.org/10.1158/0008-5472.CAN-11-1457
http://doi.org/10.1016/j.bbcan.2020.188427
http://doi.org/10.3390/ijms21134666
http://doi.org/10.1016/j.placenta.2021.02.022
http://www.ncbi.nlm.nih.gov/pubmed/33810901
http://doi.org/10.3390/ijms22031476
http://www.ncbi.nlm.nih.gov/pubmed/33540663
http://doi.org/10.1016/j.jbiotec.2021.08.005
http://www.ncbi.nlm.nih.gov/pubmed/34371054
http://doi.org/10.1002/jgm.3065
http://www.ncbi.nlm.nih.gov/pubmed/30549380
http://doi.org/10.1186/s13045-018-0648-7
http://www.ncbi.nlm.nih.gov/pubmed/30134946
http://doi.org/10.1186/s13046-020-01727-3
http://doi.org/10.1002/tox.23157
http://doi.org/10.1016/j.preghy.2020.12.003

Biomedicines 2022, 10, 1065 31 of 35

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

Wu, D,; Xu, Y;; Zou, Y.; Zuo, Q.; Huang, S.; Wang, S.; Lu, X.; He, X,; Wang, J.; Wang, T.; et al. Long Noncoding RNA 00473 Is
Involved in Preeclampsia by LSD1 Binding-Regulated TFPI2 Transcription in Trophoblast Cells. Mol. Ther. Nucleic Acids 2018, 12,
381-392. [CrossRef]

Liu, C; Li, H;; Zhang, Y.; Ding, H. Long intergenic noncoding RNA 00473 promoting migration and invasion of trophoblastic cell
line HTR-8/SVneo via regulating miR-424-5p-mediated wnt3a/3-catenin signaling pathway. J. Obstet. Gynaecol. Res. 2021, 47,
3034-3046. [CrossRef]

Li, L.; Zhang, X.; Liu, N.; Chen, X.; Peng, C. LINC00473: A novel oncogenic long noncoding RNA in human cancers. |. Cell.
Physiol. 2021, 236, 4174—4183. [CrossRef] [PubMed]

Zhang, W.; Song, Y. LINC00473 predicts poor prognosis and regulates cell migration and invasion in gastric cancer. Biomed.
Pharmacother. 2018, 107, 1-6. [CrossRef] [PubMed]

Zhou, W.Y,; Zhang, M.M,; Liu, C.; Kang, Y.; Wang, ].O.; Yang, X.H. Long noncoding RNA LINC00473 drives the progression
of pancreatic cancer via upregulating programmed death-ligand 1 by sponging microRNA-195-5p. |. Cell. Physiol. 2019, 234,
23176-23189. [CrossRef] [PubMed]

Zhuo, S.; Sun, M,; Bai, R.; Lu, D; Dj, S;; Ma, T.; Zou, Z.; Li, H,; Zhang, Z. Long intergenic non-coding RNA 00473 promotes
proliferation and migration of gastric cancer via the miR-16-5p/CCND2 axis and by regulating AQP3. Cell Death Dis. 2021, 12, 496.
[CrossRef] [PubMed]

Chen, H.; Yang, F; Li, X.; Gong, Z.-].; Wang, L.-W. Long noncoding RNA LNC473 inhibits the ubiquitination of survivin via
association with USP9X and enhances cell proliferation and invasion in hepatocellular carcinoma cells. Biochem. Biophys. Res.
Commun. 2018, 499, 702-710. [CrossRef]

Song, Q.; Zhang, H.; He, J.; Kong, H.; Tao, R.; Huang, Y.; Yu, H.; Zhang, Z.; Huang, Z.; Wei, L.; et al. Long non-coding RNA
LINCO00473 acts as a microRNA-29a-3p sponge to promote hepatocellular carcinoma development by activating Robol-dependent
PI3K/AKT/mTOR signaling pathway. Ther. Adv. Med. Oncol. 2020, 12, 1758835920937890. [CrossRef]

Li, Q.; Wang, T.; Huang, S.; Zuo, Q.; Jiang, Z.; Yang, N.; Sun, L. LncRNA MALAT1 affects the migration and invasion of
trophoblast cells by regulating FOS expression in early-onset preeclampsia. Pregnancy Hypertens. 2020, 21, 50-57. [CrossRef]
Wu, HY;; Wang, X.H,; Liu, K,; Zhang, ].L. LncRNA MALAT1 regulates trophoblast cells migration and invasion via miR-206/IGF-1
axis. Cell Cycle 2020, 19, 39-52. [CrossRef]

Feng, C.; Cheng, L.; Jin, J.; Liu, X,; Wang, F. Long non-coding RNA MALAT1 regulates trophoblast functions through
VEGEF/VEGEFR1 signaling pathway. Arch. Gynecol. Obstet. 2021, 304, 873-882. [CrossRef]

Chen, H.; Meng, T; Liu, X.; Sun, M.; Tong, C.; Liu, J.; Wang, H.; Du, J. Long non-coding RNA MALAT-1 is downregulated in
preeclampsia and regulates proliferation, apoptosis, migration and invasion of JEG-3 trophoblast cells. Int. ]. Clin. Exp. Pathol.
2015, 8, 12718-12727.

Sun, Y,; Ma, L. New Insights into Long Non-Coding RNA MALAT1 in Cancer and Metastasis. Cancers 2019, 11, 216. [CrossRef]
[PubMed]

Chen, Q.; Zhu, C,; Jin, Y. The Oncogenic and Tumor Suppressive Functions of the Long Noncoding RNA MALAT1: An Emerging
Controversy. Front. Genet. 2020, 11, 93. [CrossRef] [PubMed]

Arun, G.; Aggarwal, D.; Spector, D.L. MALAT1 Long Non-Coding RNA: Functional Implications. Non-Coding RNA 2020, 6, 22.
[CrossRef] [PubMed]

Goyal, B.; Yadav, S.R.M.; Awasthee, N.; Gupta, S.; Kunnumakkara, A.B.; Gupta, S.C. Diagnostic, prognostic, and therapeutic
significance of long non-coding RNA MALAT1 in cancer. Biochim. Biophys. Acta Rev. Cancer 2021, 1875, 188502. [CrossRef]
[PubMed]

Kim, J.; Piao, H.-L.; Kim, B.-J.; Yao, F;; Han, Z.; Wang, Y.; Xiao, Z.; Siverly, A.N.; Lawhon, S.E.; Ton, B.N; et al. Long noncoding
RNA MALAT1 suppresses breast cancer metastasis. Nat. Genet. 2018, 50, 1705-1715. [CrossRef]

Kwok, Z.H.; Roche, V.; Chew, X.H.; Fadieieva, A.; Tay, Y. A non-canonical tumor suppressive role for the long non-coding RNA
MALATT1 in colon and breast cancers. Int. ]. Cancer 2018, 143, 668-678. [CrossRef] [PubMed]

Lin, N.; Yao, Z.; Xu, M,; Chen, J.; Lu, Y.; Yuan, L.; Zhou, S.; Zou, X.; Xu, R. Long noncoding RNA MALAT1 potentiates growth
and inhibits senescence by antagonizing ABI3BP in gallbladder cancer cells. J. Exp. Clin. Cancer Res. 2019, 38, 244. [CrossRef]
Wang, Y.; Zhang, Y.; Yang, T.; Zhao, W.; Wang, N.; Li, P.; Zeng, X.; Zhang, W. Long non-coding RNA MALAT1 for promoting
metastasis and proliferation by acting as a ceRNA of miR-144-3p in osteosarcoma cells. Oncotarget 2017, 8, 59417-59434. [CrossRef]
Song, J.; Su, Z.Z.; Shen, Q.M. Long non-coding RNA MALAT1 regulates proliferation, apoptosis, migration and invasion via
miR-374b-5p /SRSF7 axis in non-small cell lung cancer. Eur. Rev. Med. Pharmacol. Sci. 2020, 24, 1853-1862. [CrossRef]

Chen, J.; Liu, X.; Xu, Y;; Zhang, K.; Huang, J.; Pan, B.; Chen, D.; Cui, S.; Song, H.; Wang, R.; et al. TFAP2C-Activated MALAT1
Modulates the Chemoresistance of Docetaxel-Resistant Lung Adenocarcinoma Cells. Mol. Ther. Nucleic Acids 2019, 14, 567-582.
[CrossRef]

Liao, M.; Liao, W.; Xu, N.; Li, B,; Liu, F; Zhang, S.; Wang, Y.; Wang, S.; Zhu, Y.; Chen, D.; et al. LncRNA EPB4114A-AS1 regulates
glycolysis and glutaminolysis by mediating nucleolar translocation of HDAC2. EBioMedicine 2019, 41, 200-213. [CrossRef]
[PubMed]

Wang, M.; Zheng, S.; Li, X.; Ding, Y.; Zhang, M.; Lin, L.; Xu, H.; Cheng, Y.; Zhang, X.; Xu, H.; et al. Integrated Analysis of
IncRNA-miRNA-mRNA ceRNA Network Identified IncRNA EPB41L4A-AS1 as a Potential Biomarker in Non-small Cell Lung
Cancer. Front. Genet. 2020, 11, 1130. [CrossRef] [PubMed]


http://doi.org/10.1016/j.omtn.2018.05.020
http://doi.org/10.1111/jog.14870
http://doi.org/10.1002/jcp.30176
http://www.ncbi.nlm.nih.gov/pubmed/33222224
http://doi.org/10.1016/j.biopha.2018.07.061
http://www.ncbi.nlm.nih.gov/pubmed/30071345
http://doi.org/10.1002/jcp.28884
http://www.ncbi.nlm.nih.gov/pubmed/31206665
http://doi.org/10.1038/s41419-021-03775-9
http://www.ncbi.nlm.nih.gov/pubmed/33993193
http://doi.org/10.1016/j.bbrc.2018.03.215
http://doi.org/10.1177/1758835920937890
http://doi.org/10.1016/j.preghy.2020.05.001
http://doi.org/10.1080/15384101.2019.1691787
http://doi.org/10.1007/s00404-021-05987-y
http://doi.org/10.3390/cancers11020216
http://www.ncbi.nlm.nih.gov/pubmed/30781877
http://doi.org/10.3389/fgene.2020.00093
http://www.ncbi.nlm.nih.gov/pubmed/32174966
http://doi.org/10.3390/ncrna6020022
http://www.ncbi.nlm.nih.gov/pubmed/32503170
http://doi.org/10.1016/j.bbcan.2021.188502
http://www.ncbi.nlm.nih.gov/pubmed/33428963
http://doi.org/10.1038/s41588-018-0252-3
http://doi.org/10.1002/ijc.31386
http://www.ncbi.nlm.nih.gov/pubmed/29574704
http://doi.org/10.1186/s13046-019-1237-5
http://doi.org/10.18632/oncotarget.19727
http://doi.org/10.26355/eurrev_202002_20363
http://doi.org/10.1016/j.omtn.2019.01.005
http://doi.org/10.1016/j.ebiom.2019.01.035
http://www.ncbi.nlm.nih.gov/pubmed/30796006
http://doi.org/10.3389/fgene.2020.511676
http://www.ncbi.nlm.nih.gov/pubmed/33193600

Biomedicines 2022, 10, 1065 32 of 35

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

Zhu, Y,; Liu, Q.; Liao, M,; Diao, L.; Wu, T,; Liao, W.; Wang, Z.; Li, B.; Zhang, S.; Wang, S.; et al. Overexpression of IncRNA
EPB41L4A-AS1 Induces Metabolic Reprogramming in Trophoblast Cells and Placenta Tissue of Miscarriage. Mol. Ther. Nucleic
Acids 2019, 18, 518-532. [CrossRef] [PubMed]

Liu, S.-Q.; Zhou, Z.-Y.;; Dong, X.; Guo, L.; Zhang, K.-J. LncRNA GNAS-AS] facilitates ER+ breast cancer cells progression by
promoting M2 macrophage polarization via regulating miR-433-3p/GATA3 axis. Biosci. Rep. 2020, 40, BSR20200626. [CrossRef]
Li, Z.; Feng, C.; Guo, J.; Hu, X,; Xie, D. GNAS-AS1/miR-4319/NECAB3 axis promotes migration and invasion of non-small cell
lung cancer cells by altering macrophage polarization. Funct. Integr. Genomics 2020, 20, 17-28. [CrossRef]

Hou, Z.-H.; Xu, X.-W,; Fu, X.-Y,; Zhou, L.-D,; Liu, S.-P; Tan, D.-M. Long non-coding RNA MALAT1 promotes angiogenesis and
immunosuppressive properties of HCC cells by sponging miR-140. Am. ]. Physiol. Physiol. 2019, 318, C649-C663. [CrossRef]
Huang, J.; Ma, L.; Song, W.; Lu, B.; Huang, Y.; Dong, H.; Ma, X.; Zhu, Z.; Zhou, R. LncRNA-MALAT1 Promotes Angiogenesis of
Thyroid Cancer by Modulating Tumor-Associated Macrophage FGF2 Protein Secretion. J. Cell. Biochem. 2017, 118, 4821-4830.
[CrossRef]

Pi, YN.; Qi, W.C,; Xia, B.R;; Lou, G.; Jin, W.L. Long Non-Coding RNAs in the Tumor Immune Microenvironment: Biological
Properties and Therapeutic Potential. Front. Immunol. 2021, 12, 697083. [CrossRef]

Liu, Q.-P; Lin, J.-Y.; An, P; Chen, Y.-Y.; Luan, X.; Zhang, H. LncRNAs in tumor microenvironment: The potential target for cancer
treatment with natural compounds and chemical drugs. Biochem. Pharmacol. 2021, 193, 114802. [CrossRef]

Liang, X.-H.; Deng, W.-B,; Liu, Y.-F; Liang, Y.-X,; Fan, Z.-M.; Gu, X.-W.; Liu, J.-L.; Sha, A.-G.; Diao, H.-L.; Yang, Z.-M. Non-coding
RINNA LINCO00473 mediates decidualization of human endometrial stromal cells in response to cAMP signaling. Sci. Rep. 2016, 6,
22744. [CrossRef]

Liu, W.; Liu, X.; Luo, M.; Liu, X.; Luo, Q.; Tao, H.; Wu, D.; Lu, S.; Jin, J.; Zhao, Y.; et al. dNK derived IFN-y mediates VSMC
migration and apoptosis via the induction of LncRNA MEG3: A role in uterovascular transformation. Placenta 2017, 50, 32-39.
[CrossRef] [PubMed]

Zhang, W.; Yang, M.; Yu, L.; Hu, Y.; Deng, Y,; Liu, Y.; Xiao, S.; Ding, Y. Long non-coding RNA Inc-DC in dendritic cells regulates
trophoblast invasion via p-STAT3-mediated TIMP/MMP expression. Am. ]. Reprod. Immunol. 2020, 83, €13239. [CrossRef]
[PubMed]

Tao, H.; Liu, X,; Liu, X,; Liu, W.; Wu, D.; Wang, R.; Lv, G. LncRNA MEGS3 inhibits trophoblast invasion and trophoblast-mediated
VSMC loss in uterine spiral artery remodeling. Mol. Reprod. Dev. 2019, 86, 686—695. [CrossRef] [PubMed]

Liu, W,; Luo, M.; Zou, L.; Liu, X.; Wang, R.; Tao, H.; Wu, D.; Zhang, W.; Luo, Q.; Zhao, Y. uNK cell-derived TGF-$1 regulates the
long noncoding RNA MEGS3 to control vascular smooth muscle cell migration and apoptosis in spiral artery remodeling. J. Cell.
Biochem. 2019, 120, 15997-16007. [CrossRef] [PubMed]

Liu, H.; Huang, X.; Mor, G.; Liao, A. Epigenetic modifications working in the decidualization and endometrial receptivity. Cell.
Mol. Life Sci. 2020, 77,2091-2101. [CrossRef]

Monteiro, L.J.; Pefiailillo, R.; Sinchez, M.; Acufia-Gallardo, S.; Monckeberg, M.; Ong, J.; Choolani, M.; Illanes, S.E.; Nardocci, G.
The role of long non-coding rnas in trophoblast regulation in preeclampsia and intrauterine growth restriction. Genes 2021, 12, 970.
[CrossRef]

Medina-Bastidas, D.; Guzman-Huerta, M.; Borboa-Olivares, H.; Ruiz-Cruz, C.; Parra-Hernandez, S.; Flores-Pliego, A.; Salido-
Guadarrama, I.; Camargo-Marin, L.; Arambula-Meraz, E.; Estrada-Gutierrez, G. Placental microarray profiling reveals common
mRNA and IncRNA expression patterns in preeclampsia and intrauterine growth restriction. Int. J. Mol. Sci. 2020, 21, 3597.
[CrossRef]

Li, T.; Li, X.; Guo, Y.; Zheng, G.; Yu, T.; Zeng, W.; Qiu, L.; He, X,; Yang, Y.; Zheng, X,; et al. Distinct mRNA and long non-coding
RNA expression profiles of decidual natural killer cells in patients with early missed abortion. FASEB ]. 2020, 34, 14264-14286.
[CrossRef]

Huppertz, B. Placental origins of preeclampsia: Challenging the current hypothesis. Hypertension 2008, 51, 970-975. [CrossRef]
Burton, G.J.; Redman, C.W.; Roberts, ]. M.; Moffett, A. Pre-eclampsia: Pathophysiology and clinical implications. BMJ 2019, 366,
12381. [CrossRef]

Gyselaers, W.; Thilaganathan, B. Preeclampsia: A gestational cardiorenal syndrome. J. Physiol. 2019, 597, 4695-4714. [CrossRef]
[PubMed]

Kupper, N.; Huppertz, B. The endogenous exposome of the pregnant mother: Placental extracellular vesicles and their effect on
the maternal system. Mol. Asp. Med. 2021, 100955. [CrossRef] [PubMed]

Burton, G.J.; Woods, A.W.; Jauniaux, E.; Kingdom, J.C.P. Rheological and Physiological Consequences of Conversion of the
Maternal Spiral Arteries for Uteroplacental Blood Flow during Human Pregnancy. Placenta 2009, 30, 473—482. [CrossRef]
Sibley, C.P,; Pardi, G.; Cetin, I.; Todros, T.; Piccoli, E.; Kaufmann, P.; Huppertz, B.; Bulfamante, G.; Cribiu, EM.; Ayuk, P; et al.
Pathogenesis of intrauterine growth restriction (IUGR)—Conclusions derived from a European Union Biomed 2 concerted action
project “importance of oxygen supply in intrauterine growth restricted pregnancies”—A workshop report. Placenta 2002, 23,
S75-579. [CrossRef] [PubMed]

Huppertz, B.; Berghold, V.M.; Kawaguchi, R.; Gauster, M. A Variety of Opportunities for Inmune Interactions During Trophoblast
Development and Invasion. Am. . Reprod. Immunol. 2012, 67, 349-357. [CrossRef] [PubMed]

Gupta, T.; Singh, S.; Gupta, S.; Gupta, N. Normal implantation, placentation, and fetal development. In Recurrent Pregnancy Loss;
Springer: Singapore, 2018; pp. 13—40. ISBN 9789811073380.


http://doi.org/10.1016/j.omtn.2019.09.017
http://www.ncbi.nlm.nih.gov/pubmed/31671345
http://doi.org/10.1042/BSR20200626
http://doi.org/10.1007/s10142-019-00696-x
http://doi.org/10.1152/ajpcell.00510.2018
http://doi.org/10.1002/jcb.26153
http://doi.org/10.3389/fimmu.2021.697083
http://doi.org/10.1016/j.bcp.2021.114802
http://doi.org/10.1038/srep22744
http://doi.org/10.1016/j.placenta.2016.12.023
http://www.ncbi.nlm.nih.gov/pubmed/28161059
http://doi.org/10.1111/aji.13239
http://www.ncbi.nlm.nih.gov/pubmed/32215978
http://doi.org/10.1002/mrd.23147
http://www.ncbi.nlm.nih.gov/pubmed/31066488
http://doi.org/10.1002/jcb.28878
http://www.ncbi.nlm.nih.gov/pubmed/31099432
http://doi.org/10.1007/s00018-019-03395-9
http://doi.org/10.3390/genes12070970
http://doi.org/10.3390/ijms21103597
http://doi.org/10.1096/fj.202000621R
http://doi.org/10.1161/HYPERTENSIONAHA.107.107607
http://doi.org/10.1136/bmj.l2381
http://doi.org/10.1113/JP274893
http://www.ncbi.nlm.nih.gov/pubmed/31343740
http://doi.org/10.1016/j.mam.2021.100955
http://www.ncbi.nlm.nih.gov/pubmed/33612320
http://doi.org/10.1016/j.placenta.2009.02.009
http://doi.org/10.1053/plac.2002.0796
http://www.ncbi.nlm.nih.gov/pubmed/11978062
http://doi.org/10.1111/j.1600-0897.2012.01124.x
http://www.ncbi.nlm.nih.gov/pubmed/22593844

Biomedicines 2022, 10, 1065 33 of 35

319.

320.

321.

322.

323.

324.

325.

326.

327.
328.

329.

330.
331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344.

345.

Norwitz, E.R. Defective implantation and placentation: Laying the blueprint for pregnancy complications. Reprod. Biomed. Online
2006, 13, 591-599. [CrossRef]

Jauniaux, E.; Ayres-de-Campos, D.; Langhoff-Roos, J.; Fox, K.A.; Collins, S. FIGO Placenta Accreta Diagnosis and Management
Expert Consensus Panel. FIGO classification for the clinical diagnosis of placenta accreta spectrum disorders. Int. J. Gynecol.
Obstet. 2019, 146, 20-24. [CrossRef]

Kalluri, R.; Weinberg, R.A. The basics of epithelial-mesenchymal transition. J. Clin. Investig. 2009, 119, 1420-1428. [CrossRef]
Floridon, C.; Nielsen, O.; Holund, B.; Sunde, L.; Westergaard, J.G.; Thomsen, S.G.; Teisner, B. Localization of E-cadherin in villous,
extravillous and vascular trophoblasts during intrauterine, ectopic and molar pregnancy. Mol. Hum. Reprod. 2000, 6, 943-950.
[CrossRef]

Pijnenborg, R.; Bland, J.M.; Robertson, W.B.; Dixon, G.; Brosens, 1. The pattern of interstitial trophoblasticinvasion of the
myometrium in early human pregnancy. Placenta 1981, 2, 303-315. [CrossRef]

Duzyj, C.M.; Buhimschi, I.A.; Motawea, H.; Laky, C.A.; Cozzini, G.; Zhao, G.; Funai, E.F; Buhimschi, C.S. The invasive phenotype
of placenta accreta extravillous trophoblasts associates with loss of E-cadherin. Placenta 2015, 36, 645-651. [CrossRef] [PubMed]
Wehrum, M ]J.; Buhimschi, I.A ; Salafia, C.; Thung, S.; Bahtiyar, M.O.; Werner, E.E.; Campbell, K.H.; Laky, C.; Sfakianaki, A.K,;
Zhao, G.; et al. Accreta complicating complete placenta previa is characterized by reduced systemic levels of vascular endothelial
growth factor and by epithelial-to-mesenchymal transition of the invasive trophoblast. Am. ]. Obstet. Gynecol. 2011, 204,
411.e1-411.el1. [CrossRef]

Yang, X.; Devianti, M.; Yang, Y.H.; Ong, Y.R.; Tan, K.S.; Gurung, S.; Tan, J.L.; Zhu, D.; Lim, R.; Gargett, C.E.; et al. Endometrial
mesenchymal stem/stromal cell modulation of T cell proliferation. Reproduction 2019, 157, 43-52. [CrossRef] [PubMed]

Thiery, J.P. Epithelial-mesenchymal transitions in tumour progression. Nat. Rev. Cancer 2002, 2, 442-454. [CrossRef] [PubMed]
Roth, I; Fisher, S.J. IL-10 is an autocrine inhibitor of human placental cytotrophoblast MMP- 9 production and invasion. Dev. Biol.
1999, 205, 194-204. [CrossRef]

Karmakar, S.; Dhar, R.; Das, C. Inhibition of cytotrophoblastic (JEG-3) cell invasion by interleukin 12 involves an interferon
v-mediated pathway. J. Biol. Chem. 2004, 279, 55297-55307. [CrossRef]

Lash, G.E. Molecular cross-talk at the feto-maternal interface. Cold Spring Harb. Perspect. Med. 2015, 5, a023010. [CrossRef]
Kocarslan, S.; Incebiyik, A.; Guldur, M.E.; Ekinci, T.; Ozardali, H.I. What is the role of matrix metalloproteinase-2 in placenta
percreta? J. Obstet. Gynaecol. Res. 2015, 41, 1018-1022. [CrossRef]

Goh, W.; Yamamoto, S.Y.; Thompson, K.S.; Bryant-Greenwood, G.D. Relaxin, its rfeceptor (RXFP1), and insulin-like peptide 4
expression through gestation and in placenta accreta. Reprod. Sci. 2013, 20, 968-980. [CrossRef]

Zhang, A.; Meng, L.; Wang, Q.; Xi, L.; Chen, G.; Wang, S.; Zhou, J.; Lu, Y.; Ma, D. Enhanced in vitro invasiveness of ovarian cancer
cells through up-regulation of VEGF and induction of MMP-2. Oncol. Rep. 2006, 15, 831-836. [CrossRef]

Thorns, V.; Walter, G.E; Thorns, C. Expression of MMP-2, MMP-7, MMP-9, MMP-10 and MMP-11 in Human Astrocytic and
Oligodendroglial Gliomas. Anticancer Res. 2003, 23, 3937-3944. [PubMed]

Kessenbrock, K.; Plaks, V.; Werb, Z. Matrix Metalloproteinases: Regulators of the Tumor Microenvironment. Cell 2010, 141, 52-67.
[CrossRef] [PubMed]

Egeblad, M.; Werb, Z. New functions for the matrix metalloproteinases in cancer progression. Nat. Rev. Cancer 2002, 2, 161-174.
[CrossRef] [PubMed]

Djonov, V.; Cresto, N.; Aebersold, D.M.; Burri, PH.; Altermatt, H.].; Hristic, M.; Berclaz, G.; Ziemiecki, A.; Andres, A.C. Tumor
cell specific expression of MMP-2 correlates with tumor vascularisation in breast cancer. Int. J. Oncol. 2002, 21, 25-30. [CrossRef]
Bartels, H.C.; Postle, ].D.; Downey, P.; Brennan, D.J. Placenta Accreta Spectrum: A Review of Pathology, Molecular Biology, and
Biomarkers. Dis. Markers 2018, 2018, 1507674. [CrossRef]

Duzyj, C.; Buhimschi, I.; Laky, C.; Cozzini, G.; Zhao, G.; Wehrum, M.; Buhimschi, C. Extravillous trophoblast invasion in placenta
accreta is associated with differential local expression of angiogenic and growth factors: A cross-sectional study. BJOG An Int. |.
Obstet. Gynaecol. 2018, 125, 1441-1448. [CrossRef]

Tseng, J.J.; Chou, M.M. Differential expression of growth-, angiogenesis- and invasion-related factors in the development of
placenta accreta. Taiwan. ]. Obstet. Gynecol. 2006, 45, 100-106. [CrossRef]

Ikeda, E.; Achen, M.G; Breier, G.; Risau, W. Hypoxia-induced transcriptional activation and increased mRNA stability of vascular
endothelial growth factor in C6 glioma cells. |. Biol. Chem. 1995, 270, 19761-19766. [CrossRef]

Naruse, K.; Lash, G.E.; Innes, B.A.; Otun, H.A ; Searle, R.F,; Robson, S.C.; Bulmer, ].N. Localization of matrix metalloproteinase
(MMP)-2, MMP-9 and tissue inhibitors for MMPs (TIMPs) in uterine natural killer cells in early human pregnancy. Hum. Reprod.
2009, 24, 553-561. [CrossRef]

Morrison, C.J.; Butler, G.S.; Bigg, H.F,; Roberts, C.R.; Soloway, P.D.; Overall, C.M. Cellular Activation of MMP-2 (Gelatinase A) by
MT2-MMP Occurs via a TIMP-2-independent Pathway. J. Biol. Chem. 2001, 276, 47402-47410. [CrossRef]

Huppertz, B.; Kertschanska, S.; Demir, A.Y.; Frank, H.G.; Kaufmann, P. Inmunohistochemistry of matrix metalloproteinases
(MMP), their substrates, and their inhibitors (TIMP) during trophoblast invasion in the human placenta. Cell Tissue Res. 1997, 291,
133-148. [CrossRef] [PubMed]

Goldberg, G.I; Strongin, A.; Collier, LE.; Genrich, L.T.; Marmer, B.L. Interaction of 92-kDa type IV collagenase with the tissue
inhibitor of metalloproteinases prevents dimerization, complex formation with interstitial collagenase, and activation of the
proenzyme with stromelysin. J. Biol. Chem. 1992, 267, 4583-4591. [CrossRef]


http://doi.org/10.1016/S1472-6483(10)60649-9
http://doi.org/10.1002/ijgo.12761
http://doi.org/10.1172/JCI39104
http://doi.org/10.1093/molehr/6.10.943
http://doi.org/10.1016/S0143-4004(81)80027-6
http://doi.org/10.1016/j.placenta.2015.04.001
http://www.ncbi.nlm.nih.gov/pubmed/25904157
http://doi.org/10.1016/j.ajog.2010.12.027
http://doi.org/10.1530/REP-18-0266
http://www.ncbi.nlm.nih.gov/pubmed/30392200
http://doi.org/10.1038/nrc822
http://www.ncbi.nlm.nih.gov/pubmed/12189386
http://doi.org/10.1006/dbio.1998.9122
http://doi.org/10.1074/jbc.M407013200
http://doi.org/10.1101/cshperspect.a023010
http://doi.org/10.1111/jog.12667
http://doi.org/10.1177/1933719112472735
http://doi.org/10.3892/or.15.4.831
http://www.ncbi.nlm.nih.gov/pubmed/14666700
http://doi.org/10.1016/j.cell.2010.03.015
http://www.ncbi.nlm.nih.gov/pubmed/20371345
http://doi.org/10.1038/nrc745
http://www.ncbi.nlm.nih.gov/pubmed/11990853
http://doi.org/10.3892/ijo.21.1.25
http://doi.org/10.1155/2018/1507674
http://doi.org/10.1111/1471-0528.15176
http://doi.org/10.1016/S1028-4559(09)60205-9
http://doi.org/10.1074/jbc.270.34.19761
http://doi.org/10.1093/humrep/den408
http://doi.org/10.1074/jbc.M108643200
http://doi.org/10.1007/s004410050987
http://www.ncbi.nlm.nih.gov/pubmed/9394051
http://doi.org/10.1016/S0021-9258(18)42873-6

Biomedicines 2022, 10, 1065 34 of 35

346.

347.

348.

349.

350.
351.
352.
353.
354.
355.
356.

357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

371.

Hannon, T.; Innes, B.A.; Lash, G.E.; Bulmer, ].N.; Robson, S.C. Effects of local decidua on trophoblast invasion and spiral artery
remodeling in focal placenta creta—An immunohistochemical study. Placenta 2012, 33, 998-1004. [CrossRef] [PubMed]
Bourboulia, D.; Jensen-Taubman, S.; Rittler, M.R.; Han, H.Y.; Chatterjee, T.; Wei, B.; Stetler-Stevenson, W.G. Endogenous
angiogenesis inhibitor blocks tumor growth via direct and indirect effects on tumor microenvironment. Am. J. Pathol. 2011, 179,
2589-2600. [CrossRef]

Sun, J. Matrix Metalloproteinases and Tissue Inhibitor of Metalloproteinases Are Essential for the Inflammatory Response in
Cancer Cells. J. Signal Transduct. 2010, 2010, 1-7. [CrossRef] [PubMed]

Finan, K.M.; Hodge, G.; Reynolds, A.M.; Hodge, S.; Holmes, M.D.; Baker, A.H.; Reynolds, PN. In vitro susceptibility to the
pro-apoptotic effects of TIMP-3 gene delivery translates to greater in vivo efficacy versus gene delivery for TIMPs-1 or -2. Lung
Cancer 2006, 53, 273-284. [CrossRef] [PubMed]

Hecht, ].L.; Karumanchi, S.A.; Shainker, S.A. Immune cell infiltrate at the utero-placental interface is altered in placenta accreta
spectrum disorders. Arch. Gynecol. Obstet. 2020, 301, 499-507. [CrossRef]

Laban, M.; Ibrahim, E.A.-S.; Elsafty, M.S.E.; Hassanin, A.S. Placenta accreta is associated with decreased decidual natural killer
(dNK) cells population: A comparative pilot study. Eur. |. Obstet. Gynecol. Reprod. Biol. 2014, 181, 284-288. [CrossRef]

Schwede, S.; Alfer, ].; von Rango, U. Differences in regulatory T-cell and dendritic cell pattern in decidual tissue of placenta
accreta/increta cases. Placenta 2014, 35, 378-385. [CrossRef]

Seckl, ML].; Sebire, N.J.; Berkowitz, R.S. Gestational trophoblastic disease. Lancet 2010, 376, 717-729. [CrossRef]

Tse, K\Y.; Ngan, H.Y.S. Gestational trophoblastic disease. Best Pract. Res. Clin. Obstet. Gynaecol. 2012, 26, 357-370. [CrossRef]
Lurain, J.R. Gestational trophoblastic disease I: Epidemiology, pathology, clinical presentation and diagnosis of gestational
trophoblastic disease, and management of hydatidiform mole. Am. J. Obstet. Gynecol. 2010, 203, 531-539. [CrossRef] [PubMed]
Mao, T.L.; Kurman, R.J.; Huang, C.C.; Lin, M.C.; Shih, LM. Immunohistochemistry of choriocarcinoma: An aid in differential
diagnosis and in elucidating pathogenesis. Am. J. Surg. Pathol. 2007, 31, 1726-1732. [CrossRef] [PubMed]

Bolze, P.A.; Patrier, S.; Massardier, J.; Hajri, T.; Abbas, F; Schott, A.M.; Allias, E; Devouassoux-Shisheboran, M.; Freyer, G.;
Gollfier, F; et al. PD-L1 Expression in Premalignant and Malignant Trophoblasts from Gestational Trophoblastic Diseases Is
Ubiquitous and Independent of Clinical Outcomes. Int. |. Gynecol. Cancer 2017, 27, 554-561. [CrossRef] [PubMed]

Sundara, Y.T.; Jordanova, E.S.; Hernowo, B.S.; Gandamihardja, S.; Fleuren, G.J. Decidual infiltration of FoxP3 + regulatory T cells,
CD3 + T cells, CD56 + decidual natural killer cells and Ki-67 trophoblast cells in hydatidiform mole compared to normal and
ectopic pregnancies. Mol. Med. Rep. 2012, 5, 275-281. [CrossRef]

Nagymanyoki, Z.; Callahan, M.].; Parast, M.M.; Fulop, V.; Mok, S.C.; Berkowitz, R.S. Immune cell profiling in intraplacental and
postmolar choriocarcinomas. J. Reprod. Med. 2008, 53, 558-564.

Bronchud, M.H.; Tresserra, F.; Xu, W.; Warren, S.; Cusido, M.; Zantop, B.; Zenclussen, A.C.; Cesano, A. Placental immune
editing switch (PIES): Learning about immunomodulatory pathways from a unique case report. Oncotarget 2016, 7, 83817-83827.
[CrossRef]

Bronchud, M.H.; Tresserra, F.; Zantop, B.S. Epigenetic changes found in uterine decidual and placental tissues can also be found
in the breast cancer microenvironment of the same unique patient: Description and potential interpretations. Oncotarget 2018, 9,
6028-6041. [CrossRef]

Novakovic, B.; Saffery, R. Placental pseudo-malignancy from a DNA methylation perspective: Unanswered questions and future
directions. Front. Genet. 2013, 4, 285. [CrossRef]

Nordor, A.V.; Nehar-Belaid, D.; Richon, S.; Klatzmann, D.; Bellet, D.; Dangles-Marie, V.; Fournier, T.; Aryee, M.]J. The early
pregnancy placenta foreshadows DNA methylation alterations of solid tumors. Epigenetics 2017, 12, 793-803. [CrossRef]
Rousseaux, S.; Debernardi, A.; Jacquiau, B.; Vitte, A.-L.; Vesin, A.; Nagy-Mignotte, H.; Moro-Sibilot, D.; Brichon, P-Y.; Lantuejoul,
S.; Hainaut, P; et al. Ectopic activation of germline and placental genes identifies aggressive metastasis-prone lung cancers. Sci.
Transl. Med. 2013, 5, 186ra66. [CrossRef] [PubMed]

Ding, N.; Zhang, B.; Ying, W.; Song, J.; Feng, L.; Zhang, K.; Li, H.; Xu, J.; Xiao, T.; Cheng, S. A time-resolved proteotranscriptomics
atlas of the human placenta reveals pan-cancer immunomodulators. Signal Transduct. Target. Ther. 2020, 5, 110. [CrossRef]
[PubMed]

Lynch-Sutherland, C.F.; Chatterjee, A.; Stockwell, P.A.; Eccles, M.R.; Macaulay, E.C. Reawakening the Developmental Origins of
Cancer Through Transposable Elements. Front. Oncol. 2020, 10, 468. [CrossRef] [PubMed]

Smith, C.C.; Selitsky, S.R.; Chai, S.; Armistead, P.M.; Vincent, B.G.; Serody, ].S. Alternative tumour-specific antigens. Nat. Rev.
Cancer 2019, 19, 465-478. [CrossRef] [PubMed]

Gubin, M.M.; Artyomov, M.N.; Mardis, E.R.; Schreiber, R.D. Tumor neoantigens: Building a framework for personalized cancer
immunotherapy. J. Clin. Investig. 2015, 125, 3413-3421. [CrossRef]

McFarlane, R.J.; Feichtinger, J.; Larcombe, L. Cancer germline gene activation: Friend or foe? Cell Cycle 2014, 13, 2151-2152.
[CrossRef] [PubMed]

Loustau, M.; Anna, F; Dréan, R.; Lecomte, M.; Langlade-Demoyen, P.; Caumartin, J. HLA-G Neo-Expression on Tumors. Front.
Immunol. 2020, 11, 1685. [CrossRef]

Hoek, K.S.; Eichhoff, O.M.; Schlegel, N.C.; Dobbeling, U.; Kobert, N.; Schaerer, L.; Hemmi, S.; Dummer, R. In vivo Switching of
Human Melanoma Cells between Proliferative and Invasive States. Cancer Res. 2008, 68, 650-656. [CrossRef] [PubMed]


http://doi.org/10.1016/j.placenta.2012.09.004
http://www.ncbi.nlm.nih.gov/pubmed/23040667
http://doi.org/10.1016/j.ajpath.2011.07.035
http://doi.org/10.1155/2010/985132
http://www.ncbi.nlm.nih.gov/pubmed/21152266
http://doi.org/10.1016/j.lungcan.2006.06.006
http://www.ncbi.nlm.nih.gov/pubmed/16860902
http://doi.org/10.1007/s00404-020-05453-1
http://doi.org/10.1016/j.ejogrb.2014.08.015
http://doi.org/10.1016/j.placenta.2014.03.004
http://doi.org/10.1016/S0140-6736(10)60280-2
http://doi.org/10.1016/j.bpobgyn.2011.11.009
http://doi.org/10.1016/j.ajog.2010.06.073
http://www.ncbi.nlm.nih.gov/pubmed/20728069
http://doi.org/10.1097/PAS.0b013e318058a529
http://www.ncbi.nlm.nih.gov/pubmed/18059230
http://doi.org/10.1097/IGC.0000000000000892
http://www.ncbi.nlm.nih.gov/pubmed/28060141
http://doi.org/10.3892/mmr.2011.633
http://doi.org/10.18632/oncotarget.13306
http://doi.org/10.18632/oncotarget.23488
http://doi.org/10.3389/fgene.2013.00285
http://doi.org/10.1080/15592294.2017.1342912
http://doi.org/10.1126/scitranslmed.3005723
http://www.ncbi.nlm.nih.gov/pubmed/23698379
http://doi.org/10.1038/s41392-020-00224-5
http://www.ncbi.nlm.nih.gov/pubmed/32606334
http://doi.org/10.3389/fonc.2020.00468
http://www.ncbi.nlm.nih.gov/pubmed/32432029
http://doi.org/10.1038/s41568-019-0162-4
http://www.ncbi.nlm.nih.gov/pubmed/31278396
http://doi.org/10.1172/JCI80008
http://doi.org/10.4161/cc.29661
http://www.ncbi.nlm.nih.gov/pubmed/25111983
http://doi.org/10.3389/fimmu.2020.01685
http://doi.org/10.1158/0008-5472.CAN-07-2491
http://www.ncbi.nlm.nih.gov/pubmed/18245463

Biomedicines 2022, 10, 1065 35 of 35

372. Kohrman, A.Q.; Matus, D.Q. Divide or Conquer: Cell Cycle Regulation of Invasive Behavior. Trends Cell Biol. 2017, 27, 12-25.
[CrossRef]

373. Pastushenko, L; Blanpain, C. EMT Transition States during Tumor Progression and Metastasis. Trends Cell Biol. 2019, 29, 212-226.
[CrossRef]

374. Aye, LLM.H.; Aiken, C.E.; Charnock-Jones, D.S.; Smith, G.C.S. Placental energy metabolism in health and disease—Significance
of development and implications for preeclampsia. Am. J. Obstet. Gynecol. 2022, 226, S928-5944. [CrossRef] [PubMed]


http://doi.org/10.1016/j.tcb.2016.08.003
http://doi.org/10.1016/j.tcb.2018.12.001
http://doi.org/10.1016/j.ajog.2020.11.005
http://www.ncbi.nlm.nih.gov/pubmed/33189710

	Introduction 
	The Placenta 
	Decidualization 
	Trophoblast Invasion 
	Tumor Microenvironment 

	Tumor and Decidual Microenvironment: How Much Do They Have in Common? 
	Growth Suppression in Tumor and Decidual Microenvironment 
	Proliferative Signaling in Tumor and Decidual Microenvironment 
	Angiogenesis in Tumor and Decidual Microenvironment 
	Evasion of Immune Destruction in Tumor and Decidual Microenvironment 
	Promotion of Invasion in Tumor and Decidual Microenvironment 
	Chemo-Physical Aspects of Tumor and Decidual Microenvironment: Oxygen as an Example 
	Energy Metabolism in Tumor and Decidual Microenvironment 
	Long Non-Coding RNAs as Important Regulatory Players 

	Selected Pathologies of the Placenta and the Decidua 
	Preeclampsia and Intra-Uterine Growth Restriction 
	Placenta Accreta Spectrum 
	Choriocarcinoma 

	Conclusions 
	References

