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1.INTRODUCTION

The most fundamental biological bond established
between mother and foetus throughout pregnancy is
provided by the placenta. This temporary organ, often
referred to as the 'partner’, accompanies the foetus
throughout embryogenesis, developing alongside it to
ensure the continuity of embryonic and foetal life. The
placenta is a barrier that controls the flow of nutrients and
gases between the mother and the fetus. It is also a
dynamic biological system that allows pregnancy to
continue through its endocrine, immune, and metabolic
functions. (Burton and Jauniaux 2015).

The placenta develops from the trophectoderm layer of
the blastocyst, which forms shortly after fertilisation. In
the early stages of implantation, this cell layer
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differentiates into cytotrophoblast and
syncytiotrophoblast cells, initiating the invasion of the
uterine mucosa (Herrick and Bordoni 2023). This process
involves a delicate balance of mechanical and biochemical
signals, forming the morphological basis of placental
development. At the same time, the process of
decidualisation in the maternal endometrium supports
the invasive capacity of trophoblast cells, thereby
contributing to the formation of the uteroplacental
connection (Mohamad 2001, Herrick and Bordoni 2023).

During this period, the uteroplacental interface formed
between the maternal decidua and fetal trophoblast cells
becomes a site of complex interactions. This
microenvironment functions as both a physical contact
point and a site where cell-to-cell and cell-to-matrix
interactions are regulated, as well as a place where
growth factors, cytokines, and immune signals
dynamically interact. Trophoblast invasion, spiral artery
remodelling and chorionic villi maturation occur through
the coordinated interaction of molecular regulators at this
interface (Huang, Hsueh et al. 2023, O'Brien and Wang
2023).

Integrins, cadherins, focal adhesion kinase (FAK),
vascular endothelial growth factor (VEGF), and
transforming growth factor-beta (TGF-B) are the main
molecular factors that play a role in this process (Vornic,
Buciu et al. 2024). These factors guide the morphological
maturation of placental tissue by controlling basic
processes like cell adhesion, migration, proliferation, and
angiogenesis. Any disruption to this complex network
could lead to serious obstetric conditions, such as pre-
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eclampsia, intrauterine growth restriction (IUGR), and
miscarriage (Chaddha, Viero et al. 2004, Longtine and
Nelson 2011, Baczkowska, Zgliczynska et al. 2021, Gusella,
Martignoni et al. 2024).

Consequently, the placenta and its functional unit, the
uteroplacental interface, represent a unique biological
model of the simultaneous and harmonious functioning of
morphological structures and molecular mechanisms.
This section will discuss the structural organisation of the
human placenta and the molecular signals that direct
cellular behaviour as parallel processes.

2. FORMATION OF THE PLACENTA

Placenta formation begins with the separation of the
trophectoderm from the inner cell mass during the early
stages of embryogenesis. This separation marks the initial
division of labour between the embryonic and
extraembryonic tissues. While the inner cell mass gives
rise to the structures that form the embryo, the
trophectoderm communicates with the maternal tissue to
initiate implantation, becoming the precursor cells of the
placenta in the process (Turco and Moffett, 2019). These
cells then differentiate at the implantation site to form the
cytotrophoblast and syncytiotrophoblast layers. The
cytotrophoblasts, which have proliferative properties, are
responsible for cell renewal, while the
syncytiotrophoblasts invade the maternal endometrium
to establish the embryo's first physiological connection
with the mother. This early trophoblastic differentiation
process is highly coordinated in terms of both
morphological organisation and molecular
signalling(Boss et al., 2018). Cell adhesion molecules (e.g.
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integrins), matrix metalloproteinases and growth factors
(especially members of the VEGF and EGF families) direct
the formation of placental villi by regulating the invasive
capacity of trophoblasts (Aplin et al.,, 2009, Zhao et al,,
2006, Cohen et al,, 2006, McEwan et al.,, 2009). Following
implantation, primary villi form as cytotrophoblast cells
extend into the syncytiotrophoblast. These villi then
develop into secondary villi through the migration of
mesenchymal cells into the trophoblast cells. Later,
tertiary villi form when mesenchymal cells turn into fetal
capillaries. These sequential morphological events lead to
the formation of a mature placenta from chorionic villi
and the surrounding maternal decidua. Chorionic villi
possess a stromal architecture delineated by a layer of
syncytiotrophoblasts. Underlying this are proliferative
cytotrophoblast cells, as well as fetal capillary networks,
fibroblasts, Hofbauer cells and extracellular matrix
components (Castellucci et al., 1990, Burton and Jauniaux,
2021). This microscopic organisation is in direct contact
with the intervillous spaces, which are filled with
maternal blood. This facilitates the exchange of gases,
nutrients and metabolites between the mother and the
fetus.

Within tertiary villi, fetal capillaries approach the
surface of the syncytiotrophoblast, thereby reducing the
diffusion distance. Furthermore, Hofbauer cells and
mesenchymal cells within the villus stroma play a role in
immune tolerance and angiogenesis. In this respect, the
placenta functions as both a 'transport organ' and a
dynamic system whose morphological organisation is
integrated with molecular signalling networks (Huppertz,
2023, James et al., 2022)
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2.1. Trophoblast Differentiation and Villus
Development

Trophoblast differentiation and villus development
form the morphological framework of the placenta and
are highly regulated at the molecular level. During this
process, events such as cell proliferation, adhesion,
invasion and fusion occur interdependently to create the
placenta's dynamic and functional integrity.

2.2. Placental Circulation and Formation of The
Uteroplacental interface

The development of placental circulation
necessitates close interaction between tissues of
embryonic and maternal origin. This interaction results in
the formation of the uteroplacental interface, which
creates a dynamic microenvironment where the exchange
of nutrients, gases and waste occurs between the mother
and the foetus. Following implantation, extravillous
trophoblasts (EVTSs), which are derived from trophoblast
cells, invade the maternal endometrium (Park, Mani et al.
2022). These cells settle in the walls of the uterine spiral
arteries, initiating vascular remodelling. The spiral
arteries, which are normally lined by muscle and
endothelial cells, transform into low-resistance, high-
capacity blood channels under the influence of EVTs. This
facilitates the flow of maternal blood into the intervillous
spaces, ensuring the continuity of placental circulation
(Park, Mani et al. 2022). During this remodelling process,
the uteroplacental interface develops into a complex
region between the decidua basalis, the extravillous
trophoblast layer and the maternal vascular structures.
This interface not only provides a physical basis for the
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exchange of substances, but also acts as a biological
boundary through which immunological tolerance and
cellular communication are regulated (Wu, Chen et al.
2022). Here, EVTs interact with maternal immune cells by
expressing non-classical MHC molecules, such as HLA-G,
which contribute to the suppression of the immune
response against the foetus. On the fetal side, contact
between the developing capillary network and the
maternal intervillous spaces establishes the placental
barrier (Xu, Li et al. 2021, Wang, Han et al. 2024). This
barrier comprises the syncytiotrophoblast, the basal
lamina, the capillary endothelium in the villous stroma
and supporting matrix components. During early
embryonic development, this barrier is thick and contains
many cell layers. As pregnancy progresses, however, it
thins and becomes highly permeable to substances.
Consequently, oxygen and nutrient transfer becomes
more efficient while immunological selectivity is
maintained (Turco and Moffett 2019). If the
uteroplacental interface is not properly organised,
morphological complications such as the inadequate
transformation of spiral arteries and a lack of trophoblast
invasion can occur. Therefore, the morphological
maturation of the placental circulation is critical for both
nutrient transfer and maintaining a healthy pregnancy.

3. INTERACTIONS BETWEEN MOLECULES AND
SIGNALING PATHWAYS

In the early stages of placental development, the
maternal-embryonic  interface is a  dynamic
microenvironment where complex molecular interactions
control how cells stick together, move, and change into
various kinds of cells. This process starts with
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implantation and goes on through the migration and
invasion of trophoblast cells into the endometrium. It
ends with the formation of placental villi. Cytokines,
growth factors, adhesion molecules, and extracellular
matrix components work together to control
communication between cells (Bondarenko and Turco
2025).

3.1. Molecular Interactions At The Maternal-
Embryonic Interface

During the early phase of implantation, a bidirectional
molecular dialogue is established between the
trophoblast and the endometrial cells (Santos, Millan de la
Blanca et al. 2025). During the secretory phase of the
endometrium, increased levels of the molecules LIF
(leukaemia inhibitory factor), IL-6, IL-11 and
prostaglandins facilitate trophoblast adhesion (Van
Mourik, Macklon et al. 2009). Integrin avf3, a5p1, and
laminin receptors on the trophoblast surface interact with
elements of the endometrial basal lamina to maintain
implantation  stability  (Kimber 2008). Matrix
metalloproteinases (MMP-2 and MMP-9) alter this
process by breaking down the extracellular matrix, which
lets trophoblasts invade the uterine stroma (Ren, Cui et al.
2018). Growth factors like VEGF, FGF2, EGF, TGF-, and
HIF-1a are very important for controlling how
trophoblasts move. The activation of HIF-1a, especially in
hypoxic environments, facilitates the acquisition of an
invasive phenotype by trophoblasts, thereby sustaining
placental vascularization and villus development during
the initial phases of implantation (Patel, Landers et al.
2010; Hoffmann, Saoudi et al. 2012).Meanwhile, the
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Notch, Wnt/B-catenin and MAPK/ERK signalling
pathways are intracellular pathways that regulate
trophoblast proliferation and invasion (Menchero, Rayon
etal. 2017, Lawless, Qin et al. 2023).

3.2. Molecular Regulation Of Trophoblast
Migration And Uterine Invasion

Invasion of the uterine tissue is a physiological process
in which the EVT must not only progress, but also know
how far to advance. Therefore, the mechanism
simultaneously involves signals that initiate and limit
invasion. In the very early stages of implantation,
trophoblast cells exhibit an epithelial-like phenotype and
express high levels of integrins that are more
characteristic of epithelia, such as a6p4 and avp5(Aplin
1993, Johnson, Burghardt et al. 2023). In invasive EVTs
that progress into the uterine stroma, the integrin profile
changes (integrin switching) and the expression of a1f1,
a5p1 and avp3 increases, favouring a
mesenchymal/invasive phenotype (Rout, Wang et al.
2004). Integrin a1p1 facilitates attachment to the decidual
basal lamina by binding to type IV collagen and laminin.
Integrin a5p1 regulates the repulsion-repulsion cycle of
progressive EVTs by binding to fibronectin. Because it can
bind both vitronectin and osteopontin, integrin avp3 is
one of the molecules that facilitate adaptation to the
decidual ECM. While this transition is not as drastic as
classic EMT (epithelial-mesenchymal transition), it
exhibits an intermediate phenotype described as the
'EMT-like trophoblast transition', characterised by
decreased E-cadherin and increased N-cadherin and
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certain cytoskeletal regulators (E. Davies, Pollheimer et al.
2016, Dhar, Singh et al. 2020).

3.2.1. Controlled Destruction Of The ECM Via The
MMP-Upa-TIMP Acxis.

In order to enter the stroma, the trophoblast must
loosen the decidual extracellular matrix (ECM) without
destroying it. This process involves the coordinated action
of matrix metalloproteinases (MMP-2 and MMP-9), the
plasminogen activator system (uPA/uPAR) and tissue
inhibitors (TIMP-1 and TIMP-2) (Floridon, Nielsen et al.
2000, Walter and Boos 2001). MMP-2 is more effective at
breaking down type IV collagen and gelatin, which opens
the basal lamina. In contrast, MMP-9 is more aggressive
and degrades ECM components. In EVTs, MMP-2 levels
rise early on, while MMP-9 levels rise slightly later in the
invasion phase. Trophoblasts secrete uPA and produce
plasmin, which directly degrades the ECM and activates
MMPs. The presence of uPAR on the trophoblast surface
enables localised proteolysis. Both decidual cells and the
trophoblast itself produce TIMP. This enables MMP
activity to proceed in a tunnelling fashion (Xu, Wang et al.
2000, Szabova, Son et al. 2010).

3.2.2 Focal Adhesion And FAK/Src Signalling.

In trophoblasts that are attached to the ECM via
integrins, focal adhesion kinase (FAK) becomes activated
within the cell (MacPhee, Mostachfi et al. 2001). This
activation is crucial for modifying the actin cytoskeleton,
making lamellipods and filopodia at the front of the cell,
and figuring out which way the cell will move. FAK
frequently associates with Src tyrosine kinase,
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subsequently activating the MAPK/ERK pathway and
facilitating cytoskeletal reorganization and trophoblast
proliferation (Tang, Zhao et al. 2012). Therefore, FAK
regulates both the mechanical progression of invasion and
the balance between energy requirements and
proliferation (Liang, Yi et al. 2025).

FAK activation is triggered by integrin binding at
trophoblast adhesion points and by increased mechanical
tension. Once activated, FAK facilitates cell migration by
phosphorylating downstream effectors such as paxillin,
vinculin, talin and Akt (Deramaudt, Dujardin et al. 2014,
Lopez-Colomé, Lee-Rivera et al. 2017). However, this
pathway is not always active. The maternal decidua
secretes decorin, TGF-B and some heparan sulfate
proteoglycans, which limit the depth of invasion. These
molecules interrupt the signalling pathway by
suppressing the phosphorylation of Tyr397, which is the
FAK autophosphorylation site. This slows trophoblast
velocity, reduces lamellipod dynamics and restricts cell
migration to a limited area (Park, Lee et al. 2021, Halari
2022). Silencing FAK forms part of the 'physiological
brake' system in the placenta. This mechanism also sheds
light on the question: Why is invasion in the placenta not
as uncontrolled as it is in cancer cells? Rather than
carrying a continuously active FAK signal, as cancer cells
do, trophoblast cells exhibit cyclical activation that is
suppressed by anti-invasive molecules from the
surrounding tissue. Furthermore, FAK signalling affects
not only mechanical movement, but also evasion of
apoptosis. However, TGF-p signalling from the decidua
attenuates this FAK/ERK-mediated survival signal,
causing trophoblasts to pause once invasion is complete.
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Thus, placental invasion can be considered a 'controlled
invasion model' that utilises molecular tools similar to
those in cancer, but deploys them in a more limited spatial
and temporal manner (Velicky, Knofler et al. 2016,
Oliveira, Salgado et al. 2021).

3.2.3 Hypoxia Sensitivity and HIF-1a.

During the early stages of pregnancy, the spiral
arteries have not yet fully dilated, resulting in a hypoxic
environment. In such an environment, HIF-1o remains
stable in hypoxic trophoblasts, while VEGF, PIGF, some
MMPs and Notch components increase. This stimulates
vascularisation and preserves the invasive phenotype.
Once the spiral arteries have undergone sufficient
remodelling, oxygen levels increase and HIF-1a decreases,
which naturally slows trophoblast invasion as it reaches
its target. Therefore, oxygen levels act as a biological
chronometer (Zhao, Wong et al. 2021, Shigemitsu, Naruse
etal. 2022).

3.2.4 Decidua-induced “Brake” Signals

Uterine tissue is not passive; it can actively produce
'‘come’ or 'go’ signals that counteract the behaviour of
trophoblast cells (Aplin and Kimber, 2004). Key
regulatory signals include TGF-B1 and TGF-B3(Simpson et
al, 2002). These isoforms are released by decidual
stromal cells and activate TGF-B receptors on the
trophoblast surface, thereby initiating the Smad2/3-
mediated signalling pathway (Wu et al., 2001). When this
pathway is turned on, the levels of TIMP-1 and TIMP-2 go
up while the levels of MMP-2 and MMP-9 go down in
trophoblasts. So, the uterine tissue sets up a biochemical
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brake system that stops "go" signals from FAK and ERK,
which controls how deep the invasion goes (Li et al., 2021,
Oujo et al, 2013). The regulatory response of uterine
tissue extends beyond TGF-B alone. Decorin, a
proteoglycan bound to the extracellular matrix, directly
suppresses growth factor receptors (especially EGFR and
Met) on the trophoblast surface, thereby reducing the
intensity of proliferative and migratory signals. Similarly,
depending on microenvironmental conditions, the
Activin-Inhibin system can either promote or limit
invasion; however, in a decidua-dominated environment,
it generally acts as an inhibitor. These multilayered
signals ensure that uterine invasion remains
physiological, due not only to the strength of the
trophoblast, but also to the decidua's ability to act as a
smart barrier, directing and, when necessary, halting
invasion (Pijnenborg, 1998).

3.2.5 Immune Microenvironment: Dnk Cells And
HLA-G

Unlike peripheral NK cells, which are classically
cytotoxic, the decidua contains decidual NK (dNK) cells.
Rather than killing trophoblast cells by recognising HLA-
G, HLA-E and, to some extent, HLA-C molecules on their
surface, these cells establish a tolerance-based
communication bridge between the maternal immune
system and the trophoblasts (Xu et al., 2020, Tilburgs et
al,, 2015). Not only do dNK cells create a passive tolerance
environment, they also support spiral artery remodelling
by secreting mediators such as [FN-y, VEGF-C (Kalkunte et
al, 2009, Zhang et al., 2021). This enables trophoblast
invasion to proceed within a vascular network that can
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supply oxygen and nutrients. However, when invasion
becomes excessively deep, the cytokine profile of dNK
cells changes and the release of restrictive mediators such
as IL-8 and TNF-a increases (Jin et al., 2023). This leads to
a natural slowdown in invasion. Thus, the decidua
controls the rate and depth of invasion via a biological
balancing mechanism involving the immune system. This
characteristic is one of the most striking differences that
distinguishes the placenta from cancer. While cancer cells
alter their HLA expression to escape immune surveillance
and become invisible, trophoblast cells progress by
'negotiating’ with the immune system. Therefore,
placental invasion is a physiological process resulting
from immune cooperation rather than immune
suppression.

3.2.6 The Difference With Cancer: Negative
Feedback Circuits

Like trophoblasts, cancer cells produce MMPs, alter
their integrin profile and invade surrounding tissues
using  epithelial-mesenchymal  transition  (EMT)
programmes. However, the key difference between the
two cell types lies in how and for how long they utilise
these molecular tools. Cancer cells become insensitive to
the anti-invasive arm of TGF-B signalling, thereby
escaping its suppressive effects. Typically, TGF-p
suppresses MMP expression via SMAD2/3 and restricts
matrix degradation by increasing TIMPs. Neoplastic cells,
however, do not respond to this signal and, in some cases,
even transform TGF-f into a tool that enhances invasion.
Similarly, despite TIMP suppression, they continue to
produce MMPs, tipping the proteolytic balance in their
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favour and excessively degrading surrounding tissues.
Furthermore, while cancer cells respond to hypoxia via
HIF-1a, this response does not permit stalling; rather, it
continuously stimulates angiogenesis, glycolysis and
motility (Kshitiz et al., 2019, Macklin et al., 2017, Masoud
and Li, 2015). Ultimately, invasion becomes an
unrestrained, self-perpetuating cycle. The situation is
radically different in trophoblasts. Hypoxia, decidual
signals, and maternal immune homeostasis constitute an
interrelated, three-layered "biological brake system." Low
oxygen levels encourage invasion until a specific limit is
reached (Bagchi and Bagchi, 2024). But when oxygen
levels go up, HIF-1a is turned off, and the trophoblast
starts to differentiate. The decidua also lowers MMP
activity by using molecules like TGF-B, decorin, and
inhibin. At the same time, dNK cells change the cytokine
profile to slow down invasion. Thus, although both cancer
cells and trophoblasts utilise similar molecular tools —
MMPs, integrins, EMT factors and HIF-1loa pathways —
placental invasion is a process in which these tools are
deployed in a controlled manner within physiological
limits. Cancer becomes destructive when it evades these
brake mechanisms, whereas the trophoblast can progress
in concert with maternal signals and stop when the time
is right (Ng et al., 2020, Mehjabin and Akanda, 2025).

4.CONCLUSSION

The remarkable coordination of complex processes,
including cell migration, adhesion, proteolytic activity,
angiogenesis, and immune regulation, enables placental
invasion into the uterus. These processes are dependent
on time and space. Like neoplastic cells, trophoblast cells

180



Current Developments in Histology and Embryology

activate MMPs, alter their integrin profile, execute EMT-
like programmes and respond to hypoxia, albeit in a
limited, targeted and transient manner. Decidua-derived
signals slow cell movement via decorin and the TGF-$
family, suppressing FAK phosphorylation. dNK -cells
monitor the depth of invasion and, if necessary, halt the
process by altering the cytokine balance. An increase in
hypoxia halts HIF-10-initiated invasion before it reaches a
threshold. Thus, the placenta becomes a structure that
advances while also knowing its own boundaries. This
remarkable process demonstrates how the invasive
power of living tissues can be limited by biological
intelligence. Placental invasion strikes a balance between
the cells' desire to advance and the protective power of
order. This balance can be seen as evidence of how nature
controls even invasion in order to sustain life.
Consequently, placental invasion is one of the most
striking examples of how nature controls cancer.
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