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Placental dysfunction refers to the insufficiency of placental perfusion and chronic hypoxia during early pregnancy, which impairs placental function and causes inadequate supply of oxygen and nutrients to the fetus, affecting fetal development and health. Fetal intrauterine growth restriction, one of the most common outcomes of pregnancy-induced hypertensions, can be caused by placental dysfunction, resulting from deficient trophoblast syncytialization, inadequate trophoblast invasion and impaired vascular remodeling. During placental development, cytotrophoblasts fuse to form a multinucleated syncytia barrier, which supplies oxygen and nutrients to meet the metabolic demands for fetal growth. A reduction in the cell fusion index and the number of nuclei in the syncytiotrophoblast are found in the placentas of pregnancies complicated by IUGR, suggesting that the occurrence of IUGR may be related to inadequate trophoblast syncytialization. During the multiple processes of trophoblasts syncytialization, specific proteins and several signaling pathways are involved in coordinating these events and regulating placental function. In addition, epigenetic modifications, cell metabolism, senescence, and autophagy are also involved. Study findings have indicated several abnormally expressed syncytialization-related proteins and signaling pathways in the placentas of pregnancies complicated by IUGR, suggesting that these elements may play a crucial role in the occurrence of IUGR. In this review, we discuss the regulators of trophoblast syncytialization and their abnormal expression in the placentas of pregnancies complicated by IUGR.
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Introduction

Small for gestational age (SGA) refers to new-borns whose birth weight is below the 10th percentile for gestational age (1). A pregnancy in which an SGA fetus that cannot reach its genetically determined growth potential at any gestational age is diagnosed with IUGR (2). According to the literature, fetal IUGR occurs in 4% to 7% of global live births each year and occurs either alone or accompanied by pre-eclampsia (PE) or syndrome hemolytic anemia (HELLP) (3, 4). IUGR is the second leading cause of perinatal mortality (5). IUGR not only increases the incidence of fetal distress, premature delivery, and stillbirth, but also significantly increases the risk of various neurological and respiratory diseases in newborns (6, 7). Moreover, the incidence of cognitive impairment in childhood and the risk of heart disease, hypertension, and type 2 diabetes in adulthood are also increased (8–10).

Fetal growth is a continuous process in which cells, tissues, and organs differentiate and undergo maturation. During this process, the transport of primary nutrients, such as glucose, amino acids, and lipids, is essential for the development of a healthy baby (11). The placenta not only maintains the pregnant state and protects the embryo from infection, but also promotes the exchange of nutrients, gases, and waste products so that the embryo can safely survive and grow in a healthy intrauterine environment (12). In pregnancies complicated by placental dysfunction, oxygen and nutrient supply is inadequate to meet the metabolic demand of the growing fetus. This condition may lead to fetal growth restriction and fetal hypoxia, and in severe cases, irreversible ischemic organ damage and intrauterine fetal death may occur (13). Recent study findings suggested that insufficient placental nutrition transport during hypertensive pregnancy impairs fetal growth by decreasing placental protein O-GlcNAcylation (11). The proper functioning of the placenta depends on the integrity of its structure, which involves trophoblasts, immune cells and other placental cells proliferating, differentiating, and undergoing apoptosis at proper rates and in a balanced state. Unlike other placental cells, cytotrophoblasts (CTBs) have a tendency to fuse during pregnancy, which promotes the form of a multinucleated syncytial barrier that constitutes the interface between the maternal and fetal circulation and has the main function of transporting gases, nutrients and wastes between the fetus and the mother. On the other hand, extravillous trophoblasts (EVTs) invade the decidua and arterial vessels to participate in vascular remodeling. In hypertensive pregnancies, dysfunctional placentas showed a deregulation of cell fusion in the formation of the syncytiotrophoblast (STB) and increased apoptosis (14). In addition, the shallow invasion of trophoblasts and incomplete remodeling of the uterine arteries reduced vessel pulsatility, preventing placentas from achieving a steady blood flow to ensure the perfusion of the intervillous space and adequate transit time for exchange (15). In humans, placental tissues from pregnancies complicated by PE showed a lower STB/CTB ratio than normal placentas (16). Similarly, placental tissues from pregnancies complicated by IUGR showed evidence of placental underdevelopment, including villous hypermaturity and distal villous hypoplasia (17). Moreover, primary CTBs isolated from placentas of PE and IUGR pregnancies showed evidence of impaired syncytialization compared to those from normal pregnancies (18). During the multiple processes of trophoblast syncytialization, specific proteins and several signaling pathways are involved in coordinating these events and regulating placental function. It has been reported that cytokines and growth factors act on different signaling pathways to produce a series of cascade effects and to induce the expression of downstream molecules to regulate the syncytialization of trophoblasts (19). In this article, we discuss the relationships between abnormal trophoblast syncytialization and IUGR caused by placental dysfunction.



The etiology of IUGR

IUGR and PE are two different but clinically relevant pregnancy disorders attributed to an inadequate depth of trophoblast invasion into the maternal endometrium (20). At present, the causes of approximately one-third of IUGR cases including genetic factors, placental dysfunction and maternal influences. The remaining cases of IUGR are classified as idiopathic (21, 22). Although the causes are ambiguous, most of them are frequently associated with placental perfusion insufficiency. In patients with idiopathic IUGR, the placentas are smaller in size, the proliferation of trophoblasts is reduced, and the structures of placental villi are shortened. Interestingly, pathological results show that these small placentas are ischemic, indicating inadequate invasion of trophoblasts into the placental bed and deficient remodeling of the uterine spiral arteries, which eventually leads to chronic placental hypoxia (23, 24).

The development of the placenta depends on the balance of trophoblast proliferation, differentiation, and apoptosis. As with tumor cells, trophoblasts also have the ability to migrate into and invade the endometrium with strict biological regulation (25). On the 12th day after fertilization, CTBs invade STB columns to form primary villi. Approximately 10 days later, the chorionic trophoblasts in contact with maternal decidua differentiate into interstitial cytotrophoblasts (iCTBs) and endovascular cytotrophoblasts (eCTBs). iCTBs then invade the decidual matrix to control the depth of placental implantation and establish contact with decidual matrix cells, giant cells, and uterine natural killer (uNK) cells to accelerate the apoptosis of smooth muscle cells and the degradation of elastin (26–28). The latter passes through arterial walls and replaces vascular endothelial cells to participate in uterine spiral artery remodeling (26). This process changes the state of placental blood vessels from a high-resistance and low-flow state in early pregnancy to a low-resistance and high-volume state in subsequent pregnancy stages, thus improving placental perfusion and promoting villous microvascular formation to ensure sufficient material exchange between the mother and fetus (29). Although the existence of a low oxygen environment in the first trimester of pregnancy is essential to protect the fetus from injury due to excessive oxidative stress, persistently low perfusion with hypoxia can result in the development of pregnancy complications (30). Doppler ultrasound detected increased resistance of uterine spiral arteries in placentas from pregnancies complicated by PE or IUGR (31, 32). Interestingly, the clinical outcomes depend on the number of arteries involved and the extent of arterial involvement in remodeling in these pregnancies (33, 34).

To date, most scholars believe that the reduced migration and survivability of trophoblasts may be a key feature leading to IUGR. However, changes in other trophoblast cell behaviors can also lead to IUGR. In early pregnancy, placental CTBs proliferate and fuse to form a multinucleated syncytial barrier that mediates immune tolerance, steroid and peptide hormone synthesis, nutrient and gas exchange, and waste product removal between the mother and fetus. Apoptosis occurs throughout placental development, which causes senescent trophoblasts or damaged syncytia to be continuously released into the maternal circulation in the form of fragments or vesicles; this process is called syncytial deportation (35). In normal placentas, the formation and deportation of the syncytial barrier are in equilibrium. Nevertheless, as fetal growth is closely correlated with the nutrient supply mediated by the syncytium, the imbalance between trophoblast syncytialization and syncytial deportation could lead to nutrient deficiency and eventually cause pathologies such as PE, fetal IUGR, and embryonic death (36, 37). It has been reported that placentas from patients with pregnancies complicated by IUGR showed a reduced fusion index, which was calculated as “the ratio of the number of nuclei in the syncytia divided by the total number of nuclei”, where the syncytium was defined as at least three nuclei surrounded by a cell membrane (38, 39). In addition, studies have also shown that the proportion of syncytial deportation to the maternal circulation increased, while the expression of the fusion protein syncytin-1, which mediates syncytia formation, was reduced in placentas from pregnancies complicated by PE and IUGR (35). Furthermore, cultured CTBs from pregnancies complicated by PE and HELLP-associated IUGR were correlated with a pronounced lower cell fusion index, human chorionic gonadotropin beta (β-hCG) secretion, syncytin gene expression, and a significantly higher apoptosis rate (14). The above findings suggest that the occurrence of IUGR may be related to insufficient syncytialization of trophoblasts (14, 40).



Trophoblast syncytialization

Cell fusion processes occurring in a variety of biological contexts share many steps that are tightly regulated in space and time. Trophoblast cell fusion is mainly divided into three steps, in which a variety of proteins are involved and function in a space- and time-regulated manner (41, 42). For example, the first stage (competence stage) involves cell morphological changes with proliferative activity loss. The second stage (commitment stage) is characterized by cell adhesion and communication processes that lead to the activation, expression, exposure or assembly of the fusogenic machinery. In this stage, adherens junctions, tight junctions and gap junctions trigger the commitment of primary cells, followed by their fusion (39). The final stage (cell-cell fusion stage) is defined by the merging of two plasma membranes and the mixing of cellular contents (43) (see Figure 1).




Figure 1 | The three stages of trophoblast syncytialization.



In placentas, the process in which CTBs break down cell boundaries, and gradually fuse into a multinucleated STB layer is called trophoblast syncytialization (44). Under the physiological conditions of pregnancy, syncytialization is divided into two stages. The first stage begins on the 7th day and lasts until the 11th day after fertilization. During this phase, trophoblasts make contact with the maternal endometrium and begin to differentiate into STB. Then, STB fuse and lose their cell boundaries to form a multinucleated structure called the primitive syncytium, which facilitates the implantation of the embryo into the maternal endometrium (39, 45). After blastocysts are completely implanted, the fusion between STB ceases, while the proliferation of CTBs continues (39). The second stage begins on the 12th day after fertilization. As the pregnancy progresses, the surface area of the villi is expanded and regenerated, which depends on the continuous fusion of CTBs. This stage continues until delivery (45). These two syncytialization stages involve two different types of trophoblasts, and the processes involved in these two stages may be regulated by different mechanisms (45). The first stage of syncytialization occurs after early apoptosis. A series of apoptotic cascades cause negatively charged phosphatidylserines to accumulate in the outside of the cell membrane, which is a prerequisite for the fusion of trophoblasts (46, 47). However, it is not clear whether these processes of apoptosis or differentiation are the same prior to cell fusion because the initial stages of these two processes depend on the same molecular mechanism (48, 49). During the second stage of syncytialization, when the CTBs begin to fuse into the STB layer, the apoptotic cascade is immediately suppressed by high levels of apoptosis suppressors, such as MCL-1 and BCL-2. After the fusion is completed, the apoptotic cascade is restarted; this induces syncytial knots to be released into the maternal circulation (48). The result of syncytialization is the creation of a complete epithelial-like barrier covering the surface of all villi. The STB layer is supplied by the mother’s blood and transports oxygen and nutrients to the developing fetus. As a barrier between the mother and the fetus, the STB layer protects the fetus from attack by pathogens and the mother’s immune system. In addition, the STB can also secrete a large number of hormones, including β-hCG; the presence of this hormone provides the basis of one of the diagnostic criteria used to confirm early pregnancy (45).



Syncytialization-related proteins

A multitude of proteins are strictly regulated to participate in cell fusion via appropriate mechanisms at the correct place at the right time [reviewed in (39)]. For example, the first stage involves hCG, which has the capacity to induce cell differentiation and the formation of the syncytia. The second stage involves certain gap junction proteins, including connexins, that enhance cellular communication by forming intercellular channels (50). In addition, the expression levels of several cell adhesion molecules, including cadherins and zonula occludens-1 (ZO-1), are altered during the trophoblast syncytialization process. In the final stage, fusogenic proteins (syncytin-1 and syncytin-2), along with their transcription factor (glial cell missing 1 (GCM1)), play a crucial role in trophoblast syncytialization (51). Furthermore, 11β-hydroxysteroid dehydrogenase 2 (11β-HSD2) can convert cortisol into inactive metabolites and is also regarded as a biochemical marker of syncytialization (52).


hCG

During the early stages of pregnancy, hCG is secreted by embryonic trophoblasts. In contrast, during the latter phases of pregnancy, hCG is produced by the STB layer (39). hCG is a heterodimer composed of α and β subunits and serves as the trigger for the formation of the primitive syncytium; it also promotes syncytialization via an autoparacrine loop (53, 54). Research has shown that hCG is vital for the production of estrogen and preventing the decline in progesterone as a result of the degradation of the corpus luteum during early pregnancy (55, 56). hCG is also involved in promoting trophoblast invasion; regulating the growth of the uterus, fetus, and placenta; and protecting the fetus from attack by the mother’s immune system (56, 57). β-hCG is expressed only in the STB layer, and the level rises gradually with cell fusion; consequently, hCG is regarded as a biochemical marker of trophoblast syncytialization (58, 59). Typically, hCG increases intracellular cAMP levels via autocrine methods and regulates the expression of both GCM1 and syncytin-1 through the cAMP/PKA pathway to promote the syncytialization of trophoblasts (60). In addition, the abnormally low or high maternal serum levels of free β-hCG during different trimesters are closely associated with adverse pregnancy outcomes, including fetal IUGR, spontaneous abortion, and preterm birth. For this reason, free β-hCG is also regarded as a predictor of pregnancy complications (61, 62).



Cadherins

Cadherins are calcium-dependent integral member glycoproteins that not only function as cell shape and polarity stabilizers by promoting the formation of adherens junctions but also contribute to the balance of cell proliferation, migration and tissue homeostasis by interacting with the intracellular cytoskeleton (63). Cell-cell adhesion is triggered by the extracellular N-terminal domain of cadherins clustering with cadherins located on neighboring cells. E-cadherin, localized in the cell membrane of epithelial trophoblasts (cell columns and CTBs) and the inner STB, is known to be decreased after cell fusion, and is regarded as a morphological marker of cell fusion (16, 64, 65). Specific antibodies against the extracellular domain of E-cadherin have been shown to impede the human trophoblast syncytialization process by disrupting the aggregation of mononuclear CTBs, indicating that E-cadherin is directly involved in the cellular adhesion step of trophoblast syncytialization (66). It has been reported that E-cadherin is involved in regulating human trophoblast syncytialization by interacting with the β-catenin signaling complex and mediating the formation of cell junctions (67). In contrast to E-cadherin expression, cadherin-11 expression increases during trophoblast syncytialization (68). Cadherin-11 antisense treatment resulted in cellular aggregation but fusion deficiency in human trophoblasts. These data suggest that cadherins are vital for the whole process of trophoblast syncytialization, in which E-cadherin mediates mononuclear cell aggregation, while cadherin-11 is required for syncytialization.

Successful placentation relies on appropriate formation of syncytia and homing of trophoblasts to maternal spiral arteries. These processes involve a number of cell-cell adhesion molecules, the abnormal expression of which ultimately results in impaired placentation (69). In the placentas of pregnancies complicated by PE and IUGR, abnormally elevated cadherin levels may participate in the destruction of epithelial-mesenchymal transition (EMT) and the alteration of epithelial/mesenchymal balance, finally resulting in a shallower depth of trophoblast invasion into the decidua (20). Although cadherins are required for the entire trophoblast syncytialization process and change dynamically in the placentas of pregnancies complicated by IUGR and PE, until recently, there was a lack of direct evidence of abnormal cadherin expression causing fetal IUGR owing to syncytialization deficiency.



ZO-1

Tight junctions consist of transmembrane proteins such as the cytoplasmic scaffolding protein ZO-1 that regulate cell-cell adhesion and contribute to epithelial barrier function (70). ZO-1 is a 220 kDa protein that zips cells together and maintains cell polarity. In a mouse model, ZO-1 knockout (KO) induced defects in mouse placental development, mainly in vascular tree formation and chorioallantoic fusion (71). In humans, the involvement of ZO-1 in cell fusion and subsequent trophoblast differentiation has been established by morphological and biochemical data. ZO-1 is localized mainly in CTBs and at the intercellular boundaries between CTBs and between CTBs and STB, where its expression substantially decreases during cell fusion (72). In human primary trophoblast cultures, ZO-1 was predominant during the aggregation of CTBs and then decreased drastically with cell fusion. It has been proven that the decrease in ZO-1 induces cell fusion by establishing gap junction communication between two fusion-competent cells, where the expression of the gap junction protein connexin 43 is upregulated to initiate cell fusion (39, 72). In PE placentas, the expression levels of E-cadherin and ZO-1 were elevated compared to the controls (73). MiR-200 family members are highly relevant to PE and IUGR pregnancies. MiR-200 family impaired trophoblast invasion and altered the EMT process by stimulating the expression of the epithelial markers E-cadherin and ZO-1 (74). In contrast, Misan et al. reported that ZO-1 levels in both serum and placentas showed no significant difference between IUGR and control groups (75). Although recent study findings suggest that ZO-1 participates in the trophoblast syncytialization process, there is not sufficient evidence to prove that the occurrence of IUGR is related to the syncytialization deficiency caused by abnormal expression of ZO-1, which may be a new direction for future research.



Syncytins

Syncytins are endogenous retroviral envelope proteins containing a disulfide sequence, a furin cleavage site, a fusion peptide, and a receptor-binding domain. There are two pairs of retrovirus-derived envelope genes named syncytin-1 and syncytin-2 in humans and syncytin-A and syncytin-B in mice (76, 77). Both are expressed in placental trophoblasts and specifically mediate the formation of the STB layer, particularly through their fusogenic activity (78–80). In humans, syncytin-1 mediates cell fusion first by seeding its fusion peptide into the targeting membrane, then bending the cytomembrane, and finally forming fusion pores (39). During the spontaneous syncytialization process of human primary CTBs, the expression level of syncytin-1 is increased (81). It has been reported that the silencing of syncytin-1 gene expression could significantly reduce β-hCG secretion and cell fusion (7, 51). In contrast, after transferring syncytin-1 vectors into BeWo choriocarcinoma cell lines without forskolin induction, cell-cell fusion was directly induced, suggesting that syncytin-1 may be directly involved in regulating the syncytialization of trophoblasts (51, 78). Syncytin-2 is another fusion protein expressed only in CTBs, and its receptor, major facilitator superfamily domain-containing 2 (MFSD2), is also found in CTBs (82). A previous study showed that syncytin-2 was confined to G0 cells when all trophoblasts were ready to fuse, and the overexpression of syncytin-2 resulted in the unstable fusion of cells in their S/G2/M phases (83). As syncytin-2 works on CTBs and induces the initiation of cell fusion, syncytin-2 could be regarded as a marker of the initiation of trophoblast syncytialization (84). Reduced expression of syncytin-1 and syncytin-2 was detected in IUGR placentas compared to controls (14, 38). In mice, syncytin-A disruption caused fetal IUGR and embryonic lethality by reducing glucose transport between the maternal-fetal interface (85). Syncytin-A gene KO changed placental morphology, resulting in low expression of neovascularization-related genes and widespread vascular abnormalities in the labyrinth, which were characterized by irregular distribution and reduced numbers of fetal vessels (86). In addition, BCL9L-deficient mice exhibited a striking downregulation of syncytin-A in the placenta with severe disruption of trophoblast fusion (87, 88). Moreover, syncytin-A null mouse embryos died between embryonic days E11.5 and E13.5 due to the failure of placental formation (89). The level of the human antiangiogenic molecule sFlt-1 was markedly increased in syncytin-A KO mice, which prevented spongiotrophoblast from differentiating into glycogen cells and reduced the exchange area of the labyrinth and glycogen stores, which were highly relevant to fetal IUGR (86, 90). Therefore, syncytins directly contribute to trophoblast syncytialization, and placental syncytin deficiency may be associated with the occurrence and development of fetal IUGR in both humans and mice (38).



GCM1

GCM1 is a key transcription factor that regulates placental development and is predominantly expressed in mammalian trophoblasts, regulating cell differentiation, turnover and maintenance (91, 92). GCM1 functions as a regulator of STB formation and the expression of fusogenic genes such as syncytin-1 and syncytin-2 (93, 94). GCM1 regulates syncytin gene expression by binding to two GCM1-binding sites located upstream of the 5’-long terminal repeats of the syncytin-1 promoter region, which is essential for cell fusion (93, 95, 96). A previous study found that syncytin-A was downregulated in the placenta of GCM1-deficient mice (97). In humans, both reduced and increased levels of GCM1 have been described in several pregnancy complications and have been linked with altered trophoblast function in vitro (98–100). The expression level and transcriptional activity of GCM1 are reduced in the primary CTBs of first trimester and term pregnancies under hypoxia, along with syncytia formation deficiency (87, 101, 102). In addition, the excessive expression of syncytin-1 caused by abnormal regulation of GCM1 also leads to extensive cell fusion and cell death (103). Moreover, GCM1 promotes the transcription of syncytin-2 following interaction with the cell cycle inhibitor p21 (83). It has been reported that GCM1 is among the top scoring genes with the greatest negative association with fetal growth in human placentas from pregnancies complicated by IUGR (104). The transcription factor p45 NF-E2 (nuclear factor erythroid derived 2) has recently been found to regulate trophoblast differentiation, and its absence causes placental insufficiency and IUGR in mice (105). P45 NF-E2 negatively regulates human STB differentiation and apoptosis activation by modulating GCM1 acetylation and sumoylation, which is associated with IUGR (92). Collectively, these results suggest that the transcription factor GCM1 may play a crucial role in the trophoblast syncytialization process and that its abnormal regulation may lead to the occurrence of IUGR caused by syncytialization deficiency.



11β-HSD2

11β-HSD2 is an NAD+-dependent oxidase that converts active cortisol to inactive cortisone and is expressed from the earliest 3 weeks after embryo implantation. The levels of 11β-HSD2 drop intensely during the third trimester. 11β-HSD2 localizes in the STB layer, where it acts as a placental glucocorticoid barrier to protect the fetus from excessive maternal glucocorticoid disturbance (106–108). It is reported hCG upsurges 11β-HSD2 expression by activating the cAMP/PKA pathway, resulting in histones modification alteration and specificity protein 1 (Sp1) expression increase, which activates the transcription of HSD11B2 during trophoblast syncytialization (109). In IUGR pregnancy caused by different etiologies, placental 11β‐HSD2 expression is attenuated by distinct mechanisms. For examples, stress and nutritional deprivation reduce 11β‐HSD2 expression by increasing its methylation, while hypoxia decrease 11β‐HSD2 expression via alternative mechanisms rather than by methylation. A recent study revealed that the accumulation of cadmium in the placenta causes fetal IUGR by downregulating 11β‐HSD2 expression via Sp1, which binds to GC‐rich sections of the 11β‐HSD2 promoter region (110, 111; ). Although most of studies have shown the reduced level and activity of placental 11β-HSD2 in pregnancies complicated by PE and fetal IUGR, and the impairment of 11β‐HSD2 glucocorticoid barrier is associated with fetal IUGR and the development of chronic diseases in later life (109, 112, 113). Nevertheless, increased maternal 11β-HSD2 activity was observed many weeks before the clinical manifestations of PE and preterm fetal IUGR appeared (114).




The signaling pathways involved in syncytialization

A wide range of intracellular molecules are known to participate in the regulation of trophoblast syncytialization. In vitro, research has identified several signaling pathways, including the cAMP/PKA, Wnt/β-Catenin, MAPK, PI3K/AKT, JAK/STAT, and TGF-β/SMAD signaling pathways, that regulate trophoblast syncytialization by targeting syncytialization-related proteins or in other ways (see Figure 2). Furthermore, abnormalities in these signaling pathways have also been reported in cases of fetal IUGR caused by placental dysfunction.




Figure 2 | The signaling pathways participate in syncytialization.




cAMP dependent signaling pathways

The cAMP signaling pathway is one of the most common signaling pathways involved in cell fusion; this pathway is strictly controlled by a range of regulators that act in a spatial and temporal manner to convey appropriate messages (115). Signaling molecules, such as hCG and forskolin, first act on their receptors to activate adenylate cyclase (AC). This, combined with ATP catalysis, results in an increase in the intracellular level of cAMP (115). As a second messenger, cAMP then activates various downstream intracellular molecules, such as cAMP-dependent protein kinase (PKA) and the exchange protein that is directly activated by cAMP1 (EPAC1) (116, 117). Both of these factors eventually target fusogenic genes, leading to cell fusion.

PKA mediates many cAMP-induced biological effects, including cell fusion (19). For example, the activation of the cAMP/PKA signaling pathway by forskolin and β-hCG has a positive impact on trophoblast fusion (60, 118). Furthermore, the inhibition of fusion arising from hypoxia can be alleviated through the activation of the PKA pathway (119). Increased levels of fusion were detected in BeWo cells following the transfer of PKA plasmids; this was associated with upregulated transcriptional activity of GCM1 and an increase in the levels of syncytin-1 protein. These studies also showed that fusion was compromised when a PKA inhibitor, such as H89, was added (120, 121). Moreover, the expression levels and distribution of type I and type II PKA showed changes during the fusion between human CTBs; this was considered to be associated with the secretion of hormones and the reorganization of the cytoskeleton (120). Research has also proven that activated cAMP/PKA phosphorylates CREB (cAMP response element-binding protein), a downstream transcription factor that binds to CBP (CREB binding protein) and P300, to increase the expression levels of several fusogenic genes, including syncytins, hCG, GCM1, and Cx43 (39). Furthermore, cAMP, PKA, and CREB upregulate GCM1, then increase the expression levels of syncytin-2 via STAT5B (84). Furthermore, previous research found that cAMP can also upregulate the expression levels of the GTP-binding protein RhoE via cAMP and PKA, while RhoE was shown to influence the fusion of BeWo cells by activating the transcription factor GCM1 (122).

It is reported that ethanol reduces placental 11β-HSD2 expression via cAMP/PKA signaling, thus leads to glucocorticoids over-exposure for fetuses, which eventually induces fetal IUGR (123). Moreover, caffeine reduces placental 11β-HSD2 by decreasing intracellular level of cAMP, which is linked to fetal IUGR (124).



Wnt/β-Catenin signaling pathways

Research has shown that Wnt family members play a key role in embryonic development and tumorigenesis (125). In human cells, Wnt signaling pathways include the classic Wnt/β-catenin signaling pathway, the nonclassic Wnt/Ca2+ signaling pathway, and the nonclassic cell polarity pathway (126). The activation of the classic Wnt signaling pathway depends on the binding of Wnt ligands to the heterodimeric frizzled protein (FZD) or the low-density lipoprotein receptor-related protein (LRP-5/6) receptor on the cytomembrane, thereby destroying the CK1-GSK-3β-AXIN-APC phosphorylation complex; this prevents β-catenin from being degraded after undergoing phosphorylation in the cytoplasm and entering the nucleus to bind to transcription factors such as T-cell factor 4 (TCF4) and lymphocyte enhanced binding factor (LEF). Finally, target genes such as c-Myc, Cyclin D1, and Mmp7 are activated, which causes abnormal cell proliferation and apoptosis (25).

The classic Wnt/β-Catenin signaling pathway is associated with trophoblast syncytialization. In vitro, silencing of TCF-4 or β-Catenin has been shown to inhibit forskolin-induced BeWo cell fusion, at least to a certain extent (88). Other studies found that GCM1 upregulates FZD5 and that elevated levels of FZD5, in combination with nuclear β-Catenin signaling, can maintain the expression of GCM1 during trophoblast differentiation and chorionic branching morphogenesis. These results indicated that Wnt/β-Catenin regulates the syncytialization of trophoblasts by directly targeting GCM1 (127). The expression levels of Wnt10b have also been shown to increase in BeWo cells during the process of forskolin-induced fusion (128). In contrast, the protein levels of Wnt10b, and the nuclear concentration of β-Catenin were both found to be decreased after the addition of a PKA inhibitor. This indicated that cAMP may upregulate Wnt10b via the PKA pathway. Wnt10b promoted the migration of β-Catenin into the nucleus by activating the classic Wnt/β-Catenin signaling pathway, which acts on GCM1 and finally upregulates the expression of syncytin-1 (121).

Dickkopf1 (DKK1) is a secreted glycoprotein that can block the classic Wnt/β-Catenin signaling pathway by binding to LRP5/6 (129). A previous study found that the overexpression of the transcription factor HOXB7 inhibited the differentiation of human trophoblasts by downregulating the expression of DKK1 and the transcription of Wnt1/β-Catenin in the placentas of pregnancies complicated by IUGR. This indicated that the Wnt/β-Catenin signaling pathway may play a significant role in the pathogenesis of IUGR (130). Secreted frizzled-related protein (SFRP) is another Wnt signaling pathway inhibitor. In rats, the increased expression of SFRP4 and the reduced expression of nuclear β-Catenin were related to reduced growth in certain regions of the placenta after glucocorticoid-induced growth restriction (131). Furthermore, SFRP1 and SFRP3 were reported to be highly expressed in human placentas from pregnancies complicated by IUGR (132–134).



The MAPK signaling pathway

The MAPK signaling pathway plays an important role in cell proliferation, differentiation, invasion, aging, and apoptosis (135–138). When signaling molecules act on their receptors, the signal is transmitted to the nucleus by activating a series of factors within the cascade, including MAPKKK, MAPKK, and MAPK, thereby regulating the activity of transcription factors and the expression of target genes; collectively, these actions induce a range of intracellular responses (125). The MAPK family includes four different kinases: extracellular regulated kinase (ERKs), ERK5, c-JUN N-terminal kinase (JNKs), and p38 MAPK (125, 135). ERKs are mainly activated through mitogenic signals, while JNKs and p38 MAPK respond to stress and inflammatory conditions (139).

The ERK1/2 and p38 MAPK signaling pathways regulate the differentiation and fusion of trophoblasts under the effect of various growth factors and cytokines. For example, epidermal growth factor (EGF) and leukemia inhibitory factor (LIF) both exert a positive effect on the syncytialization of trophoblasts via MAPK signaling pathways, while specific inhibitors of MAPKs have an opposite effect on primary trophoblast cultures (140–142). Some data have shown that the MAPK and cAMP/PKA signaling pathways communicate by crosstalk. It has been reported that ERK1/2 can be phosphorylated by either PKA or RAP1, factors that are activated by members of the Ras superfamily (143, 144). Conversely, CREB can also be activated by ERK1/2. Together, these two signaling pathways regulate the expression of fusogenic genes, such as syncytin-1 through GCM1 and collectively mediate cell fusion (145). Furthermore, cAMP/PKA and p38α can both promote the expression of syncytin-1 and hCG via PPARγ/RXRα during the fusion of BeWo cells and primary human trophoblasts (146).

Placental dysfunction could lead to the development of fetal IUGR; these cases were characterized by the significantly reduced expression of p38 MAPK (147). For example, the expression of both p38 and syncytin-1 was both found to be downregulated in placentas from pregnancies complicated by IUGR, while levels of the transcription factor PPARγ/RXRα remained unchanged (146). Previous research found that insulin-like growth factors (IGFs) promoted trophoblast syncytialization and proliferation in vitro by binding to their receptor (IGF-IR) via the MAPK signaling pathway (148). Moreover, marked impairment of the coordinated activation of MAPKs, with reduced p38 and JNK phosphorylation, was observed in placentas from pregnancies complicated by IUGR; these factors resulted in extensive placental apoptosis and the impairment of maternal-fetal exchange functions (149).



The PI3K/AKT signaling pathway

The PI3K/AKT signaling pathway is of great significance for regulating trophoblast proliferation, differentiation, migration, and invasion (150, 151). PI3K is a heterodimer composed of the p85 regulatory subunit and p110 catalytic subunit and has both lipid kinase activity and protein kinase activity (152, 153). When signaling molecules such as hormones and growth factors bind to their receptors on the cell surface, PI3K is activated. Then, activated PI3K phosphorylates phosphatidylinositol-4,5-bisphosphate (PIP2) to phosphatidylinositol-3,4,5-triphosphate (PIP3) (154). Subsequently, AKT is recruited and activated by PIP3 with the help of PDK1, and activated AKT then phosphorylates downstream factors such as mammalian rapamycin (mTOR) to transduce signaling messages (155).

Studies have found that in addition to increasing cAMP levels, simultaneous inhibition of the PI3K/AKT signaling pathway and reduction of intracellular calcium also result in BeWo cell fusion. Moreover, individual blockade of calcium channel function or PI3K/AKT signaling potentiate cell fusion combined with forskolin (156). The above finding suggests that the PI3K/AKT pathway may be involved in the process of trophoblast syncytialization with cAMP activation, but the mechanism of its effects on syncytialization is still unclear.

Researchers have found that some components of the PI3K/AKT signaling pathway are decreased in dysfunctional human placentas, which causes fetal IUGR. For example, defects in p110α signaling impair angiogenesis, leading to placental regional morphogenesis alteration and placental exchange deficiency, which is associated with a severe and early-onset form of IUGR (157–159). Akt-1 KO mice have fetal growth restriction due to placental insufficiency (160). In human placentas of pregnancies complicated by IUGR, the expression level and activity of mTOR and its upstream molecule AKT are reduced, while those of AMPKα, a negative regulator of mTOR, are increased (161).



The JAK/STAT signaling pathway

Cytokines and growth factors interact with RTK on the cell membrane to activate JAK. Activated JAK subsequently phosphorylates tyrosine residues of STAT, and the latter forms dimers or multimers through its SH2 domain and is transported from the cytoplasm to the nucleus, where it combines with DNA sequences to activate gene transcription, leading to cell proliferation, differentiation, migration, and apoptosis (162–166).

A significant increase in STAT3 expression was observed during the process of forskolin-induced syncytialization of BeWo cells, and the spontaneous differentiation of primary trophoblasts was also associated with an increase in STAT3 expression (167). The above results suggest that STAT3 may participate in trophoblast syncytialization in vitro. In addition, the JAK/STAT signaling pathway also participates in BeWo cell fusion and β-hCG secretion mediated by LIF (142).

The study found that the expression of p-STAT3, a key molecule in the JAK/STAT signaling pathway, was decreased in human placentas from pregnancies complicated by IUGR. In addition, the expression of the JAK/STAT signaling pathway target genes IFNAR1 and IFNAR2 was also significantly downregulated in human IUGR placentas, suggesting that the JAK/STAT signaling pathway was inhibited (168). Moreover, the mRNA level of STAT5B is also decreased in the STB of placentas from pregnancies complicated by IUGR, which may affect syncytin-2 expression through GCM1, resulting in insufficient cell fusion (84, 167). STAT3 is located on the STB layer. The decreased level of STAT3 may lead to premature differentiation and increased apoptosis or shedding of STB (48).



The TGF-β/SMAD signaling pathway

TGF-β is a member of the transforming growth factor family, which is important for cell proliferation, differentiation, migration, apoptosis, and extracellular matrix deposition (169). TGF-β transmits signals through SMAD-dependent and non-SMAD-dependent pathways (170–172). For the SMAD-dependent pathway, TGF-β activates its type II receptors and recruits and phosphorylates type I receptors, and the activated dimeric receptor complex in turn activates SMAD transcription factors and induces them to enter the nucleus to regulate target gene transcription (173).

Expressed by STB, TGF-β negatively controls the fusion of CTBs into syncytia (174). A study revealed that after adding TGF-β1 to differentiated human primary trophoblasts, the potential for syncytialization was decreased with a reduction in hCG and human placental prolactin (hPL) secretion, suggesting that TGF-β1 signaling pathway may affect trophoblast syncytialization by generating a negative effect on the differentiation of trophoblasts, but the specific mechanism is not yet clear (175).

Aberrant activation of the TGF-β signaling pathway causes abnormal development of the placenta and induces disorders such as pregnancy-induced hypertension (PIH) (176, 177). It has been reported that TGF-β1 affects trophoblast invasion and migration abilities by suppressing EMT progression, which disrupts placental vascular remodeling, eventually inducing the occurrence and development of PE. At present, most studies have confirmed that the TGF-β1/SMAD signaling pathway is involved in the development of PE, and it is an integral part of PE treatment. For example, placenta-derived peptide regulates placental function during PE progression via the TGF-β1/SMAD signaling pathway (178). In addition, miR-140-5p may be involved in PIH progression by regulating the TGF-β1/SMAD signaling pathway (179). In IUGR placenta, the abnormal TGF-β signaling leads to dysregulated sphingolipoid metabolism, which may favor increased trophoblast cell death (180).

Although these signaling pathways are involved in the regulation of trophoblast syncytialization and the components of which are abnormally expressed in placentas from pregnancies complicated by IUGR, there is still a lack of direct evidence to prove that the aberrant expression of these signaling pathways leads to IUGR by impairing trophoblast syncytialization, which may be a promising direction for further research.




Epigenetic modifications involved in syncytialization

The syncytin-1 gene contains two long terminal repeat (LTR) regions: the 5’LTR and the 3’LTR. The U3 region of the 5’LTR overlaps with the CpG island, which extends from the proximal promoter region to the first exon, and the tissue-specific expression of syncytin-1 is determined by the degree of DNA methylation (181). Studies have found a negative relationship between syncytin-1 expression and gene methylation. Previous studies of both placentas from pregnancies complicated by PE and placentas from pregnancies complicated by IUGR reported the downregulation of syncytin-1 caused by promoter hypermethylation resulting from the overexpression of DNA methyltransferase (14, 182b; 183). However, in another study, Makaroun et al. detected a marked increase in syncytin-1 expression accompanied by reduced levels of syncytin-1 and syncytin-2 methylation in placentas from pregnancies complicated by IUGR (184). This concurred with the findings of Gao et al., who reported that the expression of syncytin-1 was upregulated due to insufficient promoter methylation in the placentas of pregnancies with discordant twins that were SGA (185). One speculation is that this may represent a compensatory mechanism for fetal growth retardation caused by placental dysfunction (186). The administration of 5-AZA-2’deoxycytidine (5-AZA), a DNA demethylation agent, into a range of trophoblast-like cell lines during their fusion process led to a reduction in 5’LTR methylation and an increase in the expression levels of syncytin-1 and hCG (183).



GCM1 ubiquitination, acetylation, and sumoylation

The ubiquitin-proteasome degradation system plays an essential role in many cellular processes, including cell cycle progression, signal transduction, transcriptional regulation, receptor downregulation, and endocytosis. Studies have found that the human GCM1 (HGCM1) protein has poor stability and is degraded by the ubiquitin-proteasome degradation system under the influence of SCF-human F box protein FBW2 (hFBW2)-E3 (SCFhFBW2E3) complex ubiquitination during cell fusion, thereby permitting GCM1 to be regulated on the posttranslational level (187). Given that GCM1 regulates syncytin-1-mediated trophoblast fusion, Yang et al. speculated that the abnormal expression of hFBW2 may hinder placental development (187). In addition, the activated cAMP protects GCM1 from being degraded by FBW2-mediated ubiquitination via two independent pathways: the cAMP/PKA pathway or the cAMP/EPAC1/CaMK1 pathway (60, 188). Studies have already demonstrated reduced levels of HGCM1 protein in the placentas of patients with PE (189). Hypoxia is the leading cause of PE and is known to activate and recruit GSK-3β and FBW2, respectively, to trigger ubiquitination and the degradation of GCM1 via the PI3K/AKT signaling pathway (190). During the fusion of placental trophoblasts, histone acetyltransferases (HATs) and histone deacetylases (HDACs) play a joint role in regulating the degree of GCM1 acetylation and thus determine the transcriptional activity of GCM1 (191). It has been reported that the cAMP/PKA signaling pathway recruits CBP to mediate the acetylation of GCM1 following phosphorylation at the Ser269 and Ser275 sites (60). Moreover, the cAMP/EPAC1/CaMK1 pathway subsequently enhances the binding of GCM1 to its target genes by increasing GCM1 desumoylation (192). Collectively, these actions eventually promote cell fusion by targeting the genes downstream of GCM1, such as syncytins. Furthermore, increased acetylation and desumoylation of GCM1 have been observed in the placentas from pregnancies complicated by IUGR, thus indicating that the posttranslational modification of GCM1 may be involved in the occurrence of fetal IUGR (92).



Metabolism and syncytialization


Hypoxia

In the early stages of embryonic development, the uterus is a hypoxic environment. It continues until the completion of vascular remodeling and the fetal-maternal interface becomes full of blood from the mother, thus providing oxygen to the developing fetus. If vascular remodeling fails, then there is a direct influence on the fetus with respect to the source of oxygen. The failure of vascular modeling can also damage the structure and function of the placenta via a range of different mechanisms; this can also have indirect effects on fetal development, thus leading to IUGR.

CTBs spontaneously fused into multinucleated STB in an environment where the concentration of oxygen is 21%; when the oxygen level was reduced to 10%, the majority of trophoblasts remained mononucleated, and there was a significant reduction in the secretion of hCG and hPL (193). Research has shown that under hypoxic conditions (the concentration of oxygen is 1%), there is a reduction in the expression levels of GCM1 and syncytin-1 in primary human trophoblasts, along with reduced levels of cell fusion (87). Hypoxia-inducible factor (HIF) is a heterodimeric transcription factor, stabilized under low oxygen tension to mediate cellular responses, composed of HIFα and the arylhydrocarbon receptor nuclear translocator (ARNT/HIF1β). Studies have shown that the downregulation of GCM1 caused by hypoxia is regulated by HIF. The increased level of GCM1 in Arnt-null mouse trophoblast stem (TS) cells induces TS cells differentiated into chorionic trophoblasts and syncytiotrophoblasts (194). Similarly, Arnt KO was also shown to partially restore the secretion of hCG in primary human trophoblasts (195). Furthermore, the inhibition of STB differentiation induced by hypoxia is also related to members of the ligand-activated nuclear hormone receptor superfamily, such as peroxisome proliferator-activated receptor gamma (PPARγ). PPARγ is expressed in villous CTBs and is activated during their differentiation into STB (196). It has been reported that PPARγ-deficient embryos die at 10.5-11.5 dpc due to placental labyrinth deformation (197). PPARγ-null TS cells showed a defect in differentiation into labyrinthine trophoblasts (198). GCM1 reduction in mouse placenta leads to defective STB differentiation and gestational hypertension in later pregnancy, a phenotype resembling PE (100). A previously study showed that the treatment of differentiating TS cells with a PPARγ agonist induced GCM1 expression. Conversely, the overexpression of PPARγ in PPARγ-null TS cells promoted both the expression of GCM1 and the formation of multinucleated STB in vitro (199). In addition, the failure to form a labyrinth and midgestation lethality were observed in both GCM1 and PPARγ-null gestations, suggested that PPARγ may regulate syncytiotrophoblast syncytialization via GCM1 (199). In another study, PPARγ agonists resulted in increased secretion of hCG and hPL and reduced expression of the apoptosis-related gene P53 in primary human trophoblasts in a hypoxic environment (the concentration of oxygen is 1%) (200). Hypoxia can play a critical role in the induction of human IUGR by inhibiting the differentiation of STB via GCM1 downregulation. However, there is very little evidence to support the fact that HIF and PPARγ play a role in hypoxia-induced human fetal IUGR. Other studies have shown that hypoxia can lead to an increase in placental oxidative stress and reactive oxygen species (ROS). The latter induces placental dysfunction by increasing the levels of cellular DNA damage, apoptosis, and the peroxidation of both proteins and lipids; these factors can all cause fetal IUGR (201).




Amino acids

Taurine is the most abundant amino acid in the placenta and is expressed in STB layer. Studies have found that taurine can induce the differentiation and fusion of trophoblasts but does not increase the secretion of hCG (202); these findings demonstrated that the biochemical differentiation and morphological differentiation of trophoblasts are two independent processes (198, 203). Studies of placentas from pregnancies complicated by IUGR have identified a reduction in the activity of the taurine transporter (TauT) and syncytia formation failure; the mechanisms underlying these effects, however, remain unknown (202). However, some researchers have speculated that these effects may be related to the involvement of taurine in transducing intracellular differentiation signals or maintaining intercellular molecular exchange (204, 205). Moreover, STB showed enhanced macropinocytosis induced by mTOR signaling inhibition, which serves as an essential adaptation to amino acid shortages in the placentas from pregnancies complicated by fetal growth restriction patients (206).



Senescence and syncytialization

Cellular senescence is characterized by cell cycle arrest accompanied by morphological and metabolic changes, including a shift to a proinflammatory phenotype (207). It has a positive effect with regard to limiting injured cell replication, inhibiting tumor growth, and facilitating cell fusion. However, senescence can also induce tumorigenesis as well as a number of age-related pathologies as senescent cells begin to accumulate (208–210). Senescence is caused by oncogene activation, telomere shortening, oxidative stress, and other types of stress leading to DNA damage (211, 212). Interestingly, the fusion of cells mediated by fusogenic proteins can also induce placental senescence, which p21 is activated and the p53 pathway of senescence becomes functional; this activates the p16-pRb (retinoblastoma protein)-dependent pathway, thus inhibiting the proliferation of CTBs (213–215). Cox et al. considered that senescence involves an extension of cell volume, as it provides sufficient space for the continued formation of multinucleated STB; this would also allow the terminally differentiated syncytia to function well and sustain pregnancy (207, 216). Furthermore, senescence can exert an anti-apoptotic effect (217), thus explaining the existence of nonapoptotic yet Caspase-8-positive STB expressing decoy receptor 2 (DCR2), an anti-apoptotic marker of senescence (217, 218).

Some studies reveal that the occurrence IUGR may provide a link to accelerated placental aging, senescence and major obstetric complications, and an arrested release of syncytial knots are observed in the placentas of pregnancies complicated by IUGR (219, 220). Telomerase is an enzymatic complex that completes the replication of telomeres, genetic elements that cap and protect the ends of chromosomes (221). Suppression of telomerase activity and reduced telomere length was found in IUGR placenta with elevated expression of telomere-induced senescence biomarkers, p21, p16 and elongation factor 1 alpha (EF-1α) (219).



Autophagy and syncytialization

Autophagy protects cells from senescence by degrading and recycling senescence-related components such as misfolded proteins and damaged organelles in a lysosome-embedded manner. Autophagy can be activated under conditions of mild stress and involves two essential organelles: the mitochondria and the endoplasmic reticulum (ER) (222). Calcium can be transferred between these two organelles in a bidirectional manner by virtue of the mitochondria-associated ER membrane (MAM), which is similar to the synapses of the nervous system. The MAM features a large number of calcium transporters and ion channels and is known to play an important role in both oxidative and ER stress (223, 224). Another study showed that an important prerequisite for autophagy was the differentiation-dependent downregulation of p53 (225). Autophagy is a constitutive process, and is activated during villous CTBs syncytialization, which provides energy to cells under situations involving the moderate depletion of nutrients or oxidative stress, and is advantageous in terms of the reorganization of organelles and the degradation of cytoplasmic contents (226–228). A change in autophagy activation in response to chemical treatments or the modulation of Beclin-1 expression was shown to result in a reduction in trophoblastic syncytialization (228). Furthermore, the unfolded protein response (UPR) is activated and protects cells suffering from ER stress during syncytialization, thus inducing autophagy and apoptosis. Consequently, autophagy plays a pivotal role in cell fusion and differentiation. However, increased levels of autophagy have been reported in placentas from pregnancies complicated by IUGR with or without PE; this process provides a nutritional reserve to protect the fetus from acute deprivation (229, 230).



Conclusion

In this review, we primarily discuss the regulators of trophoblast syncytialization and their aberrant expression in placentas of pregnancies complicated by IUGR. For syncytialization-related proteins, hCG, cadherins, ZO-1, syncytins, GCM1, and 11β-HSD2 are strictly regulated to participate in cell fusion via appropriate mechanisms at different fusion stages. Signaling pathways, including the cAMP/PKA, Wnt/β-Catenin, MAPK, PI3K/AKT, JAK/STAT, and TGF-β/SMAD signaling pathways, are involved in coordinating trophoblast syncytialization events and regulating placental function. The DNA methylation of syncytin-1 and the posttranslational modifications of GCM1 are reported to affect trophoblast syncytialization and associate with fetal IUGR. In addition, metabolic mechanisms, senescence and autophagy are also vital elements involved in regulating the trophoblast syncytialization process.

Thus far, research has shown that the PI3K/AKT, JAK/STAT, and TGF-β/SMAD signaling pathways play key roles in trophoblast syncytialization in vitro; however, it is not yet clear how these pathways act on downstream factors and cause syncytialization. Furthermore, little is known about whether the aberrant expression of cAMP/PKA, Wnt/β-Catenin, MAPK, PI3K/AKT, JAK/STAT, and TGF-β/SMAD signaling pathways leads to IUGR by affecting other biological behaviors of trophoblasts, as the etiologies of IUGR are diverse. Thus, clarifying whether these signaling pathways participate in the pathology of IUGR caused by inadequate trophoblast syncytialization and how they act on syncytialization-related molecules is of great significance to clarify the mechanism underlying IUGR development.

This review provides us with not only a better understanding of the pathogenesis of placental dysfunction caused by insufficient trophoblast syncytialization, but also new ideas and insights to select a comprehensive approach to therapy and prevent fetal IUGR occurrence.



Author contributions

HJZ wrote the article. HJZ, CZ, PW, and WY made the figures and drafted the article. HYZ and SZ critically reviewed the article. All authors contributed to the article and approved the submitted version.



Funding

This article is supported by the National Key Research and Development Program of China (2018YFC1004800), the National Natural Science Foundation of China (81601236 and 81601308), the Natural Science Foundation of Zhejiang Province (LY19H040009 and LY22H040007).



Acknowledgments

We sincerely thanks to the help from Department of Obstetrics and Gynecology of the Sir Run Run Shaw Hospital. We thank Editage (www.editage.com) and Shannyn W. senior editor from American Journal Experts (www.aje.com) for editing the English text of a draft of this manuscript.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



References

1. American College of, O, and Gynecologists. ACOG practice bulletin no. 204: Fetal growth restriction. Obstet Gynecol (2019) 133(2):e97–e109. doi: 10.1097/AOG.0000000000003070

2. Beckmann, CRB, and Gynecologists, ACO. Obstetrics and gynecology. Lippincott Williams & Wilkins (2010).

3. Wilson, ML, Goodwin, TM, Pan, VL, and Ingles, SA. Molecular epidemiology of preeclampsia. Obstet Gynecol Surv (2003) 58(1):39–66. doi: 10.1097/00006254-200301000-00022

4. Cetin, I, Foidart, JM, Miozzo, M, Raun, T, Jansson, T, Tsatsaris, V, et al. Fetal growth restriction: a workshop report. Placenta (2004) 25(8-9):753–7. doi: 10.1016/j.placenta.2004.02.004

5. Nardozza, LM, Caetano, AC, Zamarian, AC, Mazzola, JB, Silva, CP, Marcal, VM, et al. Fetal growth restriction: current knowledge. Arch Gynecol Obstet (2017) 295(5):1061–77. doi: 10.1007/s00404-017-4341-9

6. Resnik, R. Intrauterine growth restriction. Obstet Gynecol (2002) 99(3):490–6. doi: 10.1016/s0029-7844(01)01780-x

7. Albu, AR, Anca, AF, Horhoianu, VV, and Horhoianu, IA. Predictive factors for intrauterine growth restriction. J Med Life (2014) 7(2):165–71.

8. Barker, DJ, and Clark, PM. Fetal undernutrition and disease in later life. Rev Reprod (1997) 2(2):105–12. doi: 10.1530/ror.0.0020105

9. Barker, DJ. Adult consequences of fetal growth restriction. Clin Obstet Gynecol (2006) 49(2):270–83. doi: 10.1097/00003081-200606000-00009

10. Pallotto, EK, and Kilbride, HW. Perinatal outcome and later implications of intrauterine growth restriction. Clin Obstet Gynecol (2006) 49(2):257–69. doi: 10.1097/00003081-200606000-00008

11. Dos Passos Junior, RR, de Freitas, RA, Dela Justina, V, San Martin, S, Lima, VV, and Giachini, FR. Protein O-GlcNAcylation as a nutrient sensor signaling placental dysfunction in hypertensive pregnancy. Front Endocrinol (Lausanne) (2022) 13:1032499. doi: 10.3389/fendo.2022.1032499

12. Burton, GJ, Fowden, AL, and Thornburg, KL. Placental origins of chronic disease. Physiol Rev (2016) 96(4):1509–65. doi: 10.1152/physrev.00029.2015

13. Baadsgaard, K, Hansen, DN, Peters, DA, Frokjaer, JB, Sinding, M, and Sorensen, A. T2* weighted fetal MRI and the correlation with placental dysfunction. Placenta (2022) 131:90–7. doi: 10.1016/j.placenta.2022.12.002

14. Langbein, M, Strick, R, Strissel, PL, Vogt, N, Parsch, H, Beckmann, MW, et al. Impaired cytotrophoblast cell-cell fusion is associated with reduced syncytin and increased apoptosis in patients with placental dysfunction. Mol Reprod Dev (2008) 75(1):175–83. doi: 10.1002/mrd.20729

15. Burton, GJ, Woods, AW, Jauniaux, E, and Kingdom, JC. Rheological and physiological consequences of conversion of the maternal spiral arteries for uteroplacental blood flow during human pregnancy. Placenta (2009) 30(6):473–82. doi: 10.1016/j.placenta.2009.02.009

16. Sheridan, RM, Stanek, J, Khoury, J, and Handwerger, S. Abnormal expression of transcription factor activator protein-2alpha in pathologic placentas. Hum Pathol (2012) 43(11):1866–74. doi: 10.1016/j.humpath.2012.01.011

17. Mifsud, W, and Sebire, NJ. Placental pathology in early-onset and late-onset fetal growth restriction. Fetal Diagn Ther (2014) 36(2):117–28. doi: 10.1159/000359969

18. Newhouse, SM, Davidge, ST, Winkler-Lowen, B, Demianczuk, N, and Guilbert, LJ. In vitro differentiation of villous trophoblasts from pregnancies complicated by intrauterine growth restriction with and without pre-eclampsia. Placenta (2007) 28(10):999–1003. doi: 10.1016/j.placenta.2007.04.008

19. Gupta, SK, Malhotra, SS, Malik, A, Verma, S, and Chaudhary, P. Cell signaling pathways involved during invasion and syncytialization of trophoblast cells. Am J Reprod Immunol (2016) 75(3):361–71. doi: 10.1111/aji.12436

20. Kokkinos, MI, Murthi, P, Wafai, R, Thompson, EW, and Newgreen, DF. Cadherins in the human placenta–epithelial-mesenchymal transition (EMT) and placental development. Placenta (2010) 31(9):747–55. doi: 10.1016/j.placenta.2010.06.017

21. Chen, CP, Bajoria, R, and Aplin, JD. Decreased vascularization and cell proliferation in placentas of intrauterine growth-restricted fetuses with abnormal umbilical artery flow velocity waveforms. Am J Obstet Gynecol (2002) 187(3):764–9. doi: 10.1067/mob.2002.125243

22. Chaddha, V, Viero, S, Huppertz, B, and Kingdom, J. Developmental biology of the placenta and the origins of placental insufficiency. Semin Fetal Neonatal Med (2004) 9(5):357–69. doi: 10.1016/j.siny.2004.03.006

23. Burton, GJ, and Jauniaux, E. Pathophysiology of placental-derived fetal growth restriction. Am J Obstet Gynecol (2018) 218(2S):S745–61. doi: 10.1016/j.ajog.2017.11.577

24. Zur, RL, Kingdom, JC, Parks, WT, and Hobson, SR. The placental basis of fetal growth restriction. Obstet Gynecol Clin North Am (2020) 47(1):81–98. doi: 10.1016/j.ogc.2019.10.008

25. Zhang, Z, Wang, X, Zhang, L, Shi, Y, Wang, J, and Yan, H. Wnt/beta-catenin signaling pathway in trophoblasts and abnormal activation in preeclampsia (Review). Mol Med Rep (2017) 16(2):1007–13. doi: 10.3892/mmr.2017.6718

26. Pijnenborg, R, Dixon, G, Robertson, WB, and Brosens, I. Trophoblastic invasion of human decidua from 8 to 18 weeks of pregnancy. Placenta (1980) 1(1):3–19. doi: 10.1016/s0143-4004(80)80012-9

27. Hustin, J, Jauniaux, E, and Schaaps, JP. Histological study of the materno-embryonic interface in spontaneous abortion. Placenta (1990) 11(6):477–86. doi: 10.1016/s0143-4004(05)80193-6

28. Harris, LK. IFPA gabor than award lecture: Transformation of the spiral arteries in human pregnancy: key events in the remodelling timeline. Placenta (2011) 32(Suppl 2):S154–158. doi: 10.1016/j.placenta.2010.11.018

29. Caniggia, I, and Winter, JL. Adriana and luisa castellucci award lecture 2001. hypoxia inducible factor-1: oxygen regulation of trophoblast differentiation in normal and pre-eclamptic pregnancies–a review. Placenta (2002) 23(Suppl A):S47–57. doi: 10.1053/plac.2002.0815

30. Aouache, R, Biquard, L, Vaiman, D, and Miralles, F. Oxidative stress in preeclampsia and placental diseases. Int J Mol Sci (2018) 19(5):1496. doi: 10.3390/ijms19051496

31. Zygmunt, M. Placental circulation: Clinical significance. Early Pregnancy (2001) 5(1):72–3.

32. Zygmunt, M, Herr, F, Munstedt, K, Lang, U, and Liang, OD. Angiogenesis and vasculogenesis in pregnancy. Eur J Obstet Gynecol Reprod Biol (2003) 110(Suppl 1):S10–18. doi: 10.1016/s0301-2115(03)00168-4

33. Brosens, I, Puttemans, P, and Benagiano, G. Placental bed research: I. the placental bed: from spiral arteries remodeling to the great obstetrical syndromes. Am J Obstet Gynecol (2019) 221(5):437–56. doi: 10.1016/j.ajog.2019.05.044

34. Turco, MY, and Moffett, A. Development of the human placenta. Development (2019) 146(22):dev163428. doi: 10.1242/dev.163428

35. Mayhew, TM. Turnover of human villous trophoblast in normal pregnancy: What do we know and what do we need to know? Placenta (2014) 35(4):229–40. doi: 10.1016/j.placenta.2014.01.011

36. Thame, M, Osmond, C, Bennett, F, Wilks, R, and Forrester, T. Fetal growth is directly related to maternal anthropometry and placental volume. Eur J Clin Nutr (2004) 58(6):894–900. doi: 10.1038/sj.ejcn.1601909

37. Racca, AC, Ridano, ME, Camolotto, S, Genti-Raimondi, S, and Panzetta-Dutari, GM. A novel regulator of human villous trophoblast fusion: the kruppel-like factor 6. Mol Hum Reprod (2015) 21(4):347–58. doi: 10.1093/molehr/gau113

38. Ruebner, M, Strissel, PL, Langbein, M, Fahlbusch, F, Wachter, DL, Faschingbauer, F, et al. Impaired cell fusion and differentiation in placentae from patients with intrauterine growth restriction correlate with reduced levels of HERV envelope genes. J Mol Med (Berl) (2010) 88(11):1143–56. doi: 10.1007/s00109-010-0656-8

39. Gerbaud, P, and Pidoux, G. Review: An overview of molecular events occurring in human trophoblast fusion. Placenta (2015) 36:S35–42. doi: 10.1016/j.placenta.2014.12.015

40. Huppertz, B. Placental origins of preeclampsia: challenging the current hypothesis. Hypertension (2008) 51(4):970–5. doi: 10.1161/hypertensionaha.107.107607

41. Pérot, P, Montgiraud, C, Lavillette, D, and Mallet, F. A comparative portrait of retroviral fusogens and syncytins. In:  L-I Larsson, editor. Cell fusions: Regulation and control. Dordrecht: Springer Netherlands (2011). p. 63–115.

42. Aguilar, PS, Baylies, MK, Fleissner, A, Helming, L, Inoue, N, Podbilewicz, B, et al. Genetic basis of cell-cell fusion mechanisms. Trends Genet (2013) 29(7):427–37. doi: 10.1016/j.tig.2013.01.011

43. Chernomordik, LV, and Kozlov, MM. Membrane hemifusion: Crossing a chasm in two leaps. Cell (2005) 123(3):375–82. doi: 10.1016/j.cell.2005.10.015

44. Gauster, M, and Huppertz, B. Fusion of cytothrophoblast with syncytiotrophoblast in the human placenta: factors involved in syncytialization. J für Reproduktionsmedizin und Endokrinologie-Journal Reprod Med Endocrinol (2008) 5(2):76–82.

45. Potgens, AJ, Schmitz, U, Bose, P, Versmold, A, Kaufmann, P, and Frank, HG. Mechanisms of syncytial fusion: a review. Placenta (2002) 23(Suppl A):S107–113. doi: 10.1053/plac.2002.0772

46. Lyden, TW, Ng, AK, and Rote, NS. Modulation of phosphatidylserine epitope expression by BeWo cells during forskolin treatment. Placenta (1993) 14(2):177–86. doi: 10.1016/s0143-4004(05)80259-0

47. Adler, RR, Ng, AK, and Rote, NS. Monoclonal antiphosphatidylserine antibody inhibits intercellular fusion of the choriocarcinoma line, JAR. Biol Reprod (1995) 53(4):905–10. doi: 10.1095/biolreprod53.4.905

48. Huppertz, B, Frank, HG, Kingdom, JC, Reister, F, and Kaufmann, P. Villous cytotrophoblast regulation of the syncytial apoptotic cascade in the human placenta. Histochem Cell Biol (1998) 110(5):495–508. doi: 10.1007/s004180050311

49. Bernischke, K, Kaufmann, P, and Baergen, R. Pathology of the human placenta. 4th edition. (New-York: Springer-Verlag) (2000).

50. Frendo, JL, Cronier, L, Bertin, G, Guibourdenche, J, Vidaud, M, Evain-Brion, D, et al. Involvement of connexin 43 in human trophoblast cell fusion and differentiation. J Cell Sci (2003) 116(16):3413–21. doi: 10.1242/jcs.00648

51. Frendo, JL, Olivier, D, Cheynet, V, Blond, JL, Bouton, O, Vidaud, M, et al. Direct involvement of HERV-W env glycoprotein in human trophoblast cell fusion and differentiation. Mol Cell Biol (2003) 23(10):3566–74. doi: 10.1128/mcb.23.10.3566-3574.2003

52. Mikelson, C, Kovach, MJ, Troisi, J, Symes, S, Adair, D, Miller, RK, et al. Placental 11beta-hydroxysteroid dehydrogenase type 2 expression: Correlations with birth weight and placental metal concentrations. Placenta (2015) 36(11):1212–7. doi: 10.1016/j.placenta.2015.09.011

53. Shi, QJ, Lei, ZM, Rao, CV, and Lin, J. Novel role of human chorionic gonadotropin in differentiation of human cytotrophoblasts. Endocrinology (1993) 132(3):1387–95. doi: 10.1210/endo.132.3.7679981

54. Sharony, R, Sharon-Weiner, M, Kidron, D, Sukenik-Halevy, R, Biron-Shental, T, Manor, M, et al. The association between maternal serum first trimester free betahCG, second trimester intact hCG levels and foetal growth restriction and preeclampsia. J Obstet Gynaecol (2018) 38(3):363–6. doi: 10.1080/01443615.2017.1340441

55. Tulchinsky, D, and Hobel, CJ. Plasma human chorionic gonadotropin, estrone, estradiol, estriol, progesterone, and 17 alpha-hydroxyprogesterone in human pregnancy. 3. early normal pregnancy. Am J Obstet Gynecol (1973) 117(7):884–93. doi: 10.1016/0002-9378(73)90057-4

56. Cole, LA. Biological functions of hCG and hCG-related molecules. Reprod Biol Endocrinol (2010) 8:102. doi: 10.1186/1477-7827-8-102

57. Cole, LA. hCG, the wonder of today's science. Reprod Biol Endocrinol (2012) 10:24. doi: 10.1186/1477-7827-10-24

58. Kato, Y, and Braunstein, GD. Discordant secretion of placental protein hormones in differentiating trophoblasts in vitro. J Clin Endocrinol Metab (1989) 68(4):814–20. doi: 10.1210/jcem-68-4-814

59. Clabault, H, Flipo, D, Guibourdenche, J, Fournier, T, Sanderson, JT, and Vaillancourt, C. Effects of selective serotonin-reuptake inhibitors (SSRIs) on human villous trophoblasts syncytialization. Toxicol Appl Pharmacol (2018) 349:8–20. doi: 10.1016/j.taap.2018.04.018

60. Cheong, ML, Wang, LJ, Chuang, PY, Chang, CW, Lee, YS, Lo, HF, et al. A positive feedback loop between glial cells missing 1 and human chorionic gonadotropin (hCG) regulates placental hCGbeta expression and cell differentiation. Mol Cell Biol (2016) 36(1):197–209. doi: 10.1128/mcb.00655-15

61. Ong, CY, Liao, AW, Spencer, K, Munim, S, and Nicolaides, KH. First trimester maternal serum free β human chorionic gonadotrophin and pregnancy associated plasma protein a as predictors of pregnancy complications. BJOG: Int J Obstetrics Gynaecology (2000) 107(10):1265–70. doi: 10.1111/j.1471-0528.2000.tb11618.x

62. Sirikunalai, P, Wanapirak, C, Sirichotiyakul, S, Tongprasert, F, Srisupundit, K, Luewan, S, et al. Associations between maternal serum free beta human chorionic gonadotropin (beta-hCG) levels and adverse pregnancy outcomes. J Obstet Gynaecol (2016) 36(2):178–82. doi: 10.3109/01443615.2015.1036400

63. Maitre, JL, and Heisenberg, CP. Three functions of cadherins in cell adhesion. Curr Biol (2013) 23(14):R626–633. doi: 10.1016/j.cub.2013.06.019

64. Liu, L, Wang, Y, Shen, C, He, J, Liu, X, Ding, Y, et al. Benzo(a)pyrene inhibits migration and invasion of extravillous trophoblast HTR-8/SVneo cells via activation of the ERK and JNK pathway. J Appl Toxicol (2016) 36(7):946–55. doi: 10.1002/jat.3227

65. Hahn, L, Meister, S, Mannewitz, M, Beyer, S, Corradini, S, Hasbargen, U, et al. Gal-2 increases H3K4me(3) and H3K9ac in trophoblasts and preeclampsia. Biomolecules (2022) 12(5):707. doi: 10.3390/biom12050707

66. Coutifaris, C, Kao, LC, Sehdev, HM, Chin, U, Babalola, GO, Blaschuk, OW, et al. E-cadherin expression during the differentiation of human trophoblasts. Development (1991) 113(3):767–77. doi: 10.1242/dev.113.3.767

67. Getsios, S, Chen, GT, and MacCalman, CD. Alpha-, beta-, gamma-catenin, and p120(CTN) expression during the terminal differentiation and fusion of human mononucleate cytotrophoblasts in vitro and in vivo. Mol Reprod Dev (2001) 59(2):168–77. doi: 10.1002/mrd.1019

68. Getsios, S, and MacCalman, CD. Cadherin-11 modulates the terminal differentiation and fusion of human trophoblastic cells in vitro. Dev Biol (2003) 257(1):41–54. doi: 10.1016/s0012-1606(03)00041-1

69. Multhaup, A, Huppertz, B, Gohner, C, Bohringer, M, Mai, M, Markert, U, et al. N-cadherin knockdown leads to disruption of trophoblastic and endothelial cell interaction in a 3D cell culture model - new insights in trophoblast invasion failure. Cell Adh Migr (2018) 12(3):259–70. doi: 10.1080/19336918.2017.1386822

70. Leonard, F, Collnot, EM, and Lehr, CM. A three-dimensional coculture of enterocytes, monocytes and dendritic cells to model inflamed intestinal mucosa in vitro. Mol Pharm (2010) 7(6):2103–19. doi: 10.1021/mp1000795

71. Katsuno, T, Umeda, K, Matsui, T, Hata, M, Tamura, A, Itoh, M, et al. Deficiency of zonula occludens-1 causes embryonic lethal phenotype associated with defected yolk sac angiogenesis and apoptosis of embryonic cells. Mol Biol Cell (2008) 19(6):2465–75. doi: 10.1091/mbc.e07-12-1215

72. Pidoux, G, Gerbaud, P, Gnidehou, S, Grynberg, M, Geneau, G, Guibourdenche, J, et al. ZO-1 is involved in trophoblastic cell differentiation in human placenta. Am J Physiol - Cell Physiol (2010) 298(6):C1517–26. doi: 10.1152/ajpcell.00484.2008

73. Du, L, Kuang, L, He, F, Tang, W, Sun, W, and Chen, D. Mesenchymal-to-epithelial transition in the placental tissues of patients with preeclampsia. Hypertens Res (2017) 40(1):67–72. doi: 10.1038/hr.2016.97

74. Su, MT, Tsai, PY, Wang, CY, Tsai, HL, and Kuo, PL. Aspirin facilitates trophoblast invasion and epithelial-mesenchymal transition by regulating the miR-200-ZEB1 axis in preeclampsia. BioMed Pharmacother (2021) 139:111591. doi: 10.1016/j.biopha.2021.111591

75. Misan, N, Michalak, S, Rzymski, P, Poniedzialek, B, Kapska, K, Osztynowicz, K, et al. Molecular indicators of blood-brain barrier breakdown and neuronal injury in pregnancy complicated by fetal growth restriction. Int J Mol Sci (2022) 23(22):13798. doi: 10.3390/ijms232213798

76. Blaise, S, de Parseval, N, and Heidmann, T. Functional characterization of two newly identified human endogenous retrovirus coding envelope genes. Retrovirology (2005) 2:19. doi: 10.1186/1742-4690-2-19

77. Imakawa, K, Nakagawa, S, and Kusama, K. [Placental development and endogenous retroviruses]. Uirusu (2016) 66(1):1–10. doi: 10.2222/jsv.66.1

78. Mi, S, Lee, X, Li, X, Veldman, GM, Finnerty, H, Racie, L, et al. Syncytin is a captive retroviral envelope protein involved in human placental morphogenesis. Nature (2000) 403(6771):785–9. doi: 10.1038/35001608

79. Vargas, A, Moreau, J, Landry, S, LeBellego, F, Toufaily, C, Rassart, E, et al. Syncytin-2 plays an important role in the fusion of human trophoblast cells. J Mol Biol (2009) 392(2):301–18. doi: 10.1016/j.jmb.2009.07.025

80. Dupressoir, A, Vernochet, C, Harper, F, Guegan, J, Dessen, P, Pierron, G, et al. A pair of co-opted retroviral envelope syncytin genes is required for formation of the two-layered murine placental syncytiotrophoblast. Proc Natl Acad Sci U.S.A. (2011) 108(46):E1164–1173. doi: 10.1073/pnas.1112304108

81. Leisser, C, Saleh, L, Haider, S, Husslein, H, Sonderegger, S, and Knofler, M. Tumour necrosis factor-alpha impairs chorionic gonadotrophin beta-subunit expression and cell fusion of human villous cytotrophoblast. Mol Hum Reprod (2006) 12(10):601–9. doi: 10.1093/molehr/gal066

82. Hayward, MD, Potgens, AJ, Drewlo, S, Kaufmann, P, and Rasko, JE. Distribution of human endogenous retrovirus type W receptor in normal human villous placenta. Pathology (2007) 39(4):406–12. doi: 10.1080/00313020701444572

83. Lu, X, Wang, R, Zhu, C, Wang, H, Lin, HY, Gu, Y, et al. Fine-tuned and cell-Cycle-Restricted expression of fusogenic protein syncytin-2 maintains functional placental syncytia. Cell Rep (2017) 21(5):1150–9. doi: 10.1016/j.celrep.2017.10.019

84. Kusama, K, Bai, R, and Imakawa, K. Regulation of human trophoblast cell syncytialization by transcription factors STAT5B and NR4A3. J Cell Biochem (2018) 119(6):4918–27. doi: 10.1002/jcb.26721

85. Wang, YN, Ye, YX, Guo, ZW, Xiong, ZL, Sun, QS, Zhou, D, et al. Inducible knockout of syncytin-a leads to poor placental glucose transport in mice. Placenta (2022) 121:155–63. doi: 10.1016/j.placenta.2022.03.016

86. Qiao, S, Wang, F, Chen, H, and Jiang, SW. Inducible knockout of syncytin-a gene leads to an extensive placental vasculature deficiency, implications for preeclampsia. Clin Chim Acta (2017) 474:137–46. doi: 10.1016/j.cca.2017.09.012

87. Wich, C, Kausler, S, Dotsch, J, Rascher, W, and Knerr, I. Syncytin-1 and glial cells missing a: hypoxia-induced deregulated gene expression along with disordered cell fusion in primary term human trophoblasts. Gynecol Obstet Invest (2009) 68(1):9–18. doi: 10.1159/000209396

88. Matsuura, K, Jigami, T, Taniue, K, Morishita, Y, Adachi, S, Senda, T, et al. Identification of a link between wnt/beta-catenin signalling and the cell fusion pathway. Nat Commun (2011) 2:548. doi: 10.1038/ncomms1551

89. Dupressoir, A, Vernochet, C, Bawa, O, Harper, F, Pierron, G, Opolon, P, et al. Syncytin-a knockout mice demonstrate the critical role in placentation of a fusogenic, endogenous retrovirus-derived, envelope gene. Proc Natl Acad Sci U.S.A. (2009) 106(29):12127–32. doi: 10.1073/pnas.0902925106

90. Kuhnel, E, Kleff, V, Stojanovska, V, Kaiser, S, Waldschutz, R, Herse, F, et al. Placental-specific overexpression of sFlt-1 alters trophoblast differentiation and nutrient transporter expression in an IUGR mouse model. J Cell Biochem (2017) 118(6):1316–29. doi: 10.1002/jcb.25789

91. Kim, J, Jones, BW, Zock, C, Chen, Z, Wang, H, Goodman, CS, et al. Isolation and characterization of mammalian homologs of the drosophila gene glial cells missing. Proc Natl Acad Sci U.S.A. (1998) 95(21):12364–9. doi: 10.1073/pnas.95.21.12364

92. Kohli, S, Hoffmann, J, Lochmann, F, Markmeyer, P, Huebner, H, Fahlbusch, FB, et al. p45 NF-E2 regulates syncytiotrophoblast differentiation by post-translational GCM1 modifications in human intrauterine growth restriction. Cell Death Dis (2017) 8(4):e2730–0. doi: 10.1038/cddis.2017.127

93. Yu, C, Shen, K, Lin, M, Chen, P, Lin, C, Chang, GD, et al. GCMa regulates the syncytin-mediated trophoblastic fusion. J Biol Chem (2002) 277(51):50062–8. doi: 10.1074/jbc.M209316200

94. Liang, CY, Wang, LJ, Chen, CP, Chen, LF, Chen, YH, and Chen, H. GCM1 regulation of the expression of syncytin 2 and its cognate receptor MFSD2A in human placenta. Biol Reprod (2010) 83(3):387–95. doi: 10.1095/biolreprod.110.083915

95. Lin, C, Lin, M, and Chen, H. Biochemical characterization of the human placental transcription factor GCMa/1. Biochem Cell Biol (2005) 83(2):188–95. doi: 10.1139/o05-026

96. Malassine, A, Blaise, S, Handschuh, K, Lalucque, H, Dupressoir, A, Evain-Brion, D, et al. Expression of the fusogenic HERV-FRD env glycoprotein (syncytin 2) in human placenta is restricted to villous cytotrophoblastic cells. Placenta (2007) 28(2-3):185–91. doi: 10.1016/j.placenta.2006.03.001

97. Schubert, SW, Lamoureux, N, Kilian, K, Klein-Hitpass, L, and Hashemolhosseini, S. Identification of integrin-alpha4, Rb1, and syncytin a as murine placental target genes of the transcription factor GCMa/Gcm1. J Biol Chem (2008) 283(9):5460–5. doi: 10.1074/jbc.M710110200

98. Baczyk, D, Drewlo, S, Proctor, L, Dunk, C, Lye, S, and Kingdom, J. Glial cell missing-1 transcription factor is required for the differentiation of the human trophoblast. Cell Death Differ (2009) 16(5):719–27. doi: 10.1038/cdd.2009.1

99. McCaig, D, and Lyall, F. Hypoxia upregulates GCM1 in human placenta explants. Hypertens Pregnancy (2009) 28(4):457–72. doi: 10.3109/10641950802629691

100. Bainbridge, SA, Minhas, A, Whiteley, KJ, Qu, D, Sled, JG, Kingdom, JC, et al. Effects of reduced Gcm1 expression on trophoblast morphology, fetoplacental vascularity, and pregnancy outcomes in mice. Hypertension (2012) 59(3):732–9. doi: 10.1161/HYPERTENSIONAHA.111.183939

101. Genbacev, O, Zhou, Y, Ludlow, JW, and Fisher, SJ. Regulation of human placental development by oxygen tension. Science (1997) 277(5332):1669–72. doi: 10.1126/science.277.5332.1669

102. Colson, A, Sonveaux, P, Debieve, F, and Sferruzzi-Perri, AN. Adaptations of the human placenta to hypoxia: opportunities for interventions in fetal growth restriction. Hum Reprod Update (2021) 27(3):531–69. doi: 10.1093/humupd/dmaa053

103. Knofler, M, Vasicek, R, and Schreiber, M. Key regulatory transcription factors involved in placental trophoblast development–a review. Placenta (2001) 22(Suppl A):S83–92. doi: 10.1053/plac.2001.0648

104. Deyssenroth, MA, Li, Q, Lacasana, M, Nomura, Y, Marsit, C, and Chen, J. Expression of placental regulatory genes is associated with fetal growth. J Perinat Med (2017) 45(7):887–93. doi: 10.1515/jpm-2017-0064

105. Kashif, M, Hellwig, A, Kolleker, A, Shahzad, K, Wang, H, Lang, S, et al. p45NF-E2 represses Gcm1 in trophoblast cells to regulate syncytium formation, placental vascularization and embryonic growth. Development (2011) 138(11):2235–47. doi: 10.1242/dev.059105

106. Audette, MC, Greenwood, SL, Sibley, CP, Jones, CJP, Challis, JRG, Matthews, SG, et al. Dexamethasone stimulates placental system a transport and trophoblast differentiation in term villous explants. Placenta (2010) 31(2):97–105. doi: 10.1016/j.placenta.2009.11.016

107. Harris, A, and Seckl, J. Glucocorticoids, prenatal stress and the programming of disease. Horm Behav (2011) 59(3):279–89. doi: 10.1016/j.yhbeh.2010.06.007

108. Gurugubelli Krishna, R, and Vishnu Bhat, B. Molecular mechanisms of intrauterine growth restriction. J Maternal-Fetal Neonatal Med (2018) 31(19):2634–40. doi: 10.1080/14767058.2017.1347922

109. Zhu, P, Wang, W, Zuo, R, and Sun, K. Mechanisms for establishment of the placental glucocorticoid barrier, a guard for life. Cell Mol Life Sci (2019) 76(1):13–26. doi: 10.1007/s00018-018-2918-5

110. Wu, S, Chen, N, Tong, X, Xu, X, Chen, Q, and Wang, F. Selenium attenuates the cadmium-induced placenta glucocorticoid barrier damage by up-regulating the expression of specificity protein 1. J Biochem Mol Toxicol (2022) 36(7):e23056. doi: 10.1002/jbt.23056

111. Chen, N, Tong, X, Wu, S, Xu, X, Chen, Q, and Wang, F. Cadmium induces placental glucocorticoid barrier damage by suppressing the cAMP/PKA/Sp1 pathway and the protective role of taurine. Toxicol Appl Pharmacol (2022) 440:115938. doi: 10.1016/j.taap.2022.115938

112. Kajantie, E, Dunkel, L, Turpeinen, U, Stenman, UH, Wood, PJ, Nuutila, M, et al. Placental 11 beta-hydroxysteroid dehydrogenase-2 and fetal cortisol/cortisone shuttle in small preterm infants. J Clin Endocrinol Metab (2003) 88(1):493–500. doi: 10.1210/jc.2002-021378

113. Cottrell, EC, Seckl, JR, Holmes, MC, and Wyrwoll, CS. Foetal and placental 11beta-HSD2: a hub for developmental programming. Acta Physiol (Oxf) (2014) 210(2):288–95. doi: 10.1111/apha.12187

114. Jayasuriya, NA, Hughes, AE, Sovio, U, Cook, E, Charnock-Jones, DS, and Smith, GCS. A lower maternal cortisol-to-Cortisone ratio precedes clinical diagnosis of preterm and term preeclampsia by many weeks. J Clin Endocrinol Metab (2019) 104(6):2355–66. doi: 10.1210/jc.2018-02312

115. Gerbaud, P, Tasken, K, and Pidoux, G. Spatiotemporal regulation of cAMP signaling controls the human trophoblast fusion. Front Pharmacol (2015) 6:202. doi: 10.3389/fphar.2015.00202

116. Meinkoth, JL, Alberts, AS, Went, W, Fantozzi, D, Taylor, SS, Hagiwara, M, et al. Signal-transduction through the camp-dependent protein-kinase. Mol Cell Biochem (1993) 128:179–86. doi: 10.1007/Bf01076769

117. Bos, JL. Epac proteins: multi-purpose cAMP targets. Trends Biochem Sci (2006) 31(12):680–6. doi: 10.1016/j.tibs.2006.10.002

118. Dubey, R, Malhotra, SS, and Gupta, SK. Forskolin-mediated BeWo cell fusion involves down-regulation of miR-92a-1-5p that targets dysferlin and protein kinase cAMP-activated catalytic subunit alpha. Am J Reprod Immunol (2018) 79(6):e12834. doi: 10.1111/aji.12834

119. Knerr, I, Schubert, SW, Wich, C, Amann, K, Aigner, T, Vogler, T, et al. Stimulation of GCMa and syncytin via cAMP mediated PKA signaling in human trophoblastic cells under normoxic and hypoxic conditions. FEBS Lett (2005) 579(18):3991–8. doi: 10.1016/j.febslet.2005.06.029

120. Keryer, G, Alsat, E, Tasken, K, and Evain-Brion, D. Cyclic AMP-dependent protein kinases and human trophoblast cell differentiation in vitro. J Cell Sci (1998) 111(Pt 7):995–1004. doi: 10.1242/jcs.111.7.995

121. Malhotra, SS, Banerjee, P, Chaudhary, P, Pal, R, and Gupta, SK. Relevance of Wnt10b and activation of beta-catenin/GCMa/syncytin-1 pathway in BeWo cell fusion. Am J Reprod Immunol (2017) 78(4):e12676. doi: 10.1111/aji.12676

122. Collett, GP, Goh, XF, Linton, EA, Redman, CW, and Sargent, IL. RhoE is regulated by cyclic AMP and promotes fusion of human BeWo choriocarcinoma cells. PloS One (2012) 7(1):e30453. doi: 10.1371/journal.pone.0030453

123. Yu, L, Zhou, J, Zhang, G, Huang, W, Pei, L, Lv, F, et al. cAMP/PKA/EGR1 signaling mediates the molecular mechanism of ethanol-induced inhibition of placental 11beta-HSD2 expression. Toxicol Appl Pharmacol (2018) 352:77–86. doi: 10.1016/j.taap.2018.05.029

124. Sharmin, S, Guan, H, Williams, AS, and Yang, K. Caffeine reduces 11beta-hydroxysteroid dehydrogenase type 2 expression in human trophoblast cells through the adenosine A(2B) receptor. PloS One (2012) 7(6):e38082. doi: 10.1371/journal.pone.0038082

125. Knofler, M. Critical growth factors and signalling pathways controlling human trophoblast invasion. Int J Dev Biol (2010) 54(2-3):269–80. doi: 10.1387/ijdb.082769mk

126. Kestler, HA, and Kuhl, M. From individual wnt pathways towards a wnt signalling network. Philos Trans R Soc Lond B Biol Sci (2008) 363(1495):1333–47. doi: 10.1098/rstb.2007.2251

127. Lu, J, Zhang, S, Nakano, H, Simmons, DG, Wang, S, Kong, S, et al. A positive feedback loop involving Gcm1 and Fzd5 directs chorionic branching morphogenesis in the placenta. PloS Biol (2013) 11(4):e1001536. doi: 10.1371/journal.pbio.1001536

128. Malhotra, SS, Suman, P, and Gupta, SK. Alpha or beta human chorionic gonadotropin knockdown decrease BeWo cell fusion by down-regulating PKA and CREB activation. Sci Rep (2015) 5:11210. doi: 10.1038/srep11210

129. Cselenyi, CS, and Lee, E. Context-dependent activation or inhibition of wnt-beta-catenin signaling by kremen. Sci Signal (2008) 1(8):pe10. doi: 10.1126/stke.18pe10

130. Huang, L, Ying, H, Chen, Z, Zhu, YL, Gu, Y, Hu, L, et al. Down-regulation of DKK1 and Wnt1/beta-catenin pathway by increased homeobox B7 resulted in cell differentiation suppression of intrauterine fetal growth retardation in human placenta. Placenta (2019) 80:27–35. doi: 10.1016/j.placenta.2019.03.001

131. Hewitt, DP, Mark, PJ, Dharmarajan, AM, and Waddell, BJ. Placental expression of secreted frizzled related protein-4 in the rat and the impact of glucocorticoid-induced fetal and placental growth restriction. Biol Reprod (2006) 75(1):75–81. doi: 10.1095/biolreprod.105.047647

132. Partl, JZ, Fabijanovic, D, Skrtic, A, Vranic, S, Martic, TN, and Serman, L. Immunohistochemical expression of SFRP1 and SFRP3 proteins in normal and malignant reproductive tissues of rats and humans. Appl Immunohistochem Mol Morphol (2014) 22(9):681–7. doi: 10.1097/PAI.0000000000000019

133. Wang, A, Zsengeller, ZK, Hecht, JL, Buccafusca, R, Burke, SD, Rajakumar, A, et al. Excess placental secreted frizzled-related protein 1 in maternal smokers impairs fetal growth. J Clin Invest (2015) 125(11):4021–5. doi: 10.1172/JCI80457

134. Zmijanac Partl, J, Karin, V, Skrtic, A, Nikuseva-Martic, T, Serman, A, Mlinarec, J, et al. Negative regulators of wnt signaling pathway SFRP1 and SFRP3 expression in preterm and term pathologic placentas. J Matern Fetal Neonatal Med (2018) 31(22):2971–9. doi: 10.1080/14767058.2017.1359830

135. Sun, Y, Liu, WZ, Liu, T, Feng, X, Yang, N, and Zhou, HF. Signaling pathway of MAPK/ERK in cell proliferation, differentiation, migration, senescence and apoptosis. J Recept Signal Transduct Res (2015) 35(6):600–4. doi: 10.3109/10799893.2015.1030412

136. Liu, C, Liang, X, Wang, J, Zheng, Q, Zhao, Y, Khan, MN, et al. Protein O-fucosyltransferase 1 promotes trophoblast cell proliferation through activation of MAPK and PI3K/Akt signaling pathways. BioMed Pharmacother (2017) 88:95–101. doi: 10.1016/j.biopha.2017.01.026

137. Ding, L, Li, S, Zhang, Y, Gai, J, and Kou, J. MXRA5 is decreased in preeclampsia and affects trophoblast cell invasion through the MAPK pathway. Mol Cell Endocrinol (2018) 461:248–55. doi: 10.1016/j.mce.2017.09.020

138. Qian, S, and Liu, R. miR-30b facilitates preeclampsia through targeting MXRA5 to inhibit the viability, invasion and apoptosis of placental trophoblast cells. Int J Clin Exp Pathol (2019) 12(11):4057–65.

139. Kyriakis, JM, and Avruch, J. Mammalian mitogen-activated protein kinase signal transduction pathways activated by stress and inflammation. Physiol Rev (2001) 81(2):807–69. doi: 10.1152/physrev.2001.81.2.807

140. Daoud, G, Amyot, M, Rassart, E, Masse, A, Simoneau, L, and Lafond, J. ERK1/2 and p38 regulate trophoblasts differentiation in human term placenta. J Physiol (2005) 566(Pt 2):409–23. doi: 10.1113/jphysiol.2005.089326

141. Johnstone, ED, Sibley, CP, Lowen, B, and Guilbert, LJ. Epidermal growth factor stimulation of trophoblast differentiation requires MAPK11/14 (p38 MAP kinase) activation. Biol Reprod (2005) 73(6):1282–8. doi: 10.1095/biolreprod.105.044206

142. Leduc, K, Bourassa, V, Asselin, E, Leclerc, P, Lafond, J, and Reyes-Moreno, C. Leukemia inhibitory factor regulates differentiation of trophoblastlike BeWo cells through the activation of JAK/STAT and MAPK3/1 MAP kinase-signaling pathways. Biol Reprod (2012) 86(2):54. doi: 10.1095/biolreprod.111.094334

143. Lange-Carter, C, Pleiman, C, Gardner, A, Blumer, K, and Johnson, G. A divergence in the MAP kinase regulatory network defined by MEK kinase and raf. Science (1993) 260:315–9. doi: 10.1126/science.8385802

144. Kawasaki, H, Springett, GM, Mochizuki, N, Toki, S, Nakaya, M, Matsuda, M, et al. A family of cAMP-binding proteins that directly activate Rap1. Science (1998) 282(5397):2275–9. doi: 10.1126/science.282.5397.2275

145. Delidaki, M, Gu, M, Hein, A, Vatish, M, and Grammatopoulos, DK. Interplay of cAMP and MAPK pathways in hCG secretion and fusogenic gene expression in a trophoblast cell line. Mol Cell Endocrinol (2011) 332(1-2):213–20. doi: 10.1016/j.mce.2010.10.013

146. Ruebner, M, Langbein, M, Strissel, PL, Henke, C, Schmidt, D, Goecke, TW, et al. Regulation of the human endogenous retroviral syncytin-1 and cell-cell fusion by the nuclear hormone receptors PPARgamma/RXRalpha in placentogenesis. J Cell Biochem (2012) 113(7):2383–96. doi: 10.1002/jcb.24110

147. Corradetti, A, Saccucci, F, Emanuelli, M, Vagnoni, G, Cecati, M, Sartini, D, et al. The role of p38alpha mitogen-activated protein kinase gene in the HELLP syndrome. Cell Stress Chaperones (2010) 15(1):95–100. doi: 10.1007/s12192-009-0125-x

148. Sferruzzi-Perri, AN, Sandovici, I, Constancia, M, and Fowden, AL. Placental phenotype and the insulin-like growth factors: resource allocation to fetal growth. J Physiol (2017) 595(15):5057–93. doi: 10.1113/JP273330

149. Laviola, L, Perrini, S, Belsanti, G, Natalicchio, A, Montrone, C, Leonardini, A, et al. Intrauterine growth restriction in humans is associated with abnormalities in placental insulin-like growth factor signaling. Endocrinology (2005) 146(3):1498–505. doi: 10.1210/en.2004-1332

150. Li, Z, Zhou, G, Jiang, L, Xiang, H, and Cao, Y. Effect of STOX1 on recurrent spontaneous abortion by regulating trophoblast cell proliferation and migration via the PI3K/AKT signaling pathway. J Cell Biochem (2018) 120(5):8291–9. doi: 10.1002/jcb.28112

151. Chen, J, Yue, C, Xu, J, Zhan, Y, Zhao, H, Li, Y, et al. Downregulation of receptor tyrosine kinase-like orphan receptor 1 in preeclampsia placenta inhibits human trophoblast cell proliferation, migration, and invasion by PI3K/AKT/mTOR pathway accommodation. Placenta (2019) 82:17–24. doi: 10.1016/j.placenta.2019.05.002

152. Walker, EH, Perisic, O, Ried, C, Stephens, L, and Williams, RL. Structural insights into phosphoinositide 3-kinase catalysis and signalling. Nature (1999) 402(6759):313–20. doi: 10.1038/46319

153. Rathinaswamy, MK, and Burke, JE. Class I phosphoinositide 3-kinase (PI3K) regulatory subunits and their roles in signaling and disease. Adv Biol Regul (2020) 75:100657. doi: 10.1016/j.jbior.2019.100657

154. Li, X, Wu, C, Chen, N, Gu, H, Yen, A, Cao, L, et al. PI3K/Akt/mTOR signaling pathway and targeted therapy for glioblastoma. Oncotarget (2016) 7(22):33440–50. doi: 10.18632/oncotarget.7961

155. Sarbassov, DD, Guertin, DA, Ali, SM, and Sabatini, DM. Phosphorylation and regulation of Akt/PKB by the rictor-mTOR complex. Science (2005) 307(5712):1098–101. doi: 10.1126/science.1106148

156. Vatish, M, Tesfa, L, Grammatopoulos, D, Yamada, E, Bastie, CC, and Pessin, JE. Inhibition of akt activity and calcium channel function coordinately drive cell-cell fusion in the BeWO choriocarcinoma placental cell line. PloS One (2012) 7(1):e29353. doi: 10.1371/journal.pone.0029353

157. Anson-Cartwright, L, Dawson, K, Holmyard, D, Fisher, SJ, Lazzarini, RA, and Cross, JC. The glial cells missing-1 protein is essential for branching morphogenesis in the chorioallantoic placenta. Nat Genet (2000) 25(3):311–4. doi: 10.1038/77076

158. Sferruzzi-Perri, AN, Lopez-Tello, J, Fowden, AL, and Constancia, M. Maternal and fetal genomes interplay through phosphoinositol 3-kinase(PI3K)-p110alpha signaling to modify placental resource allocation. Proc Natl Acad Sci U.S.A. (2016) 113(40):11255–60. doi: 10.1073/pnas.1602012113

159. Lopez-Tello, J, Perez-Garcia, V, Khaira, J, Kusinski, LC, Cooper, WN, Andreani, A, et al. Fetal and trophoblast PI3K p110alpha have distinct roles in regulating resource supply to the growing fetus in mice. Elife (2019) 8:e45282. doi: 10.7554/eLife.45282

160. Yang, ZZ, Tschopp, O, Hemmings-Mieszczak, M, Feng, J, Brodbeck, D, Perentes, E, et al. Protein kinase b alpha/Akt1 regulates placental development and fetal growth. J Biol Chem (2003) 278(34):32124–31. doi: 10.1074/jbc.M302847200

161. Fahlbusch, FB, Hartner, A, Menendez-Castro, C, Nogel, SC, Marek, I, Beckmann, MW, et al. The placental mTOR-pathway: correlation with early growth trajectories following intrauterine growth restriction? J Dev Orig Health Dis (2015) 6(4):317–26. doi: 10.1017/S2040174415001154

162. Schindler, C, and Darnell, JE Jr. Transcriptional responses to polypeptide ligands: the JAK-STAT pathway. Annu Rev Biochem (1995) 64:621–51. doi: 10.1146/annurev.bi.64.070195.003201

163. Hoey, T, and Schindler, U. STAT structure and function in signaling. Curr Opin Genet Dev (1998) 8(5):582–7. doi: 10.1016/s0959-437x(98)80015-4

164. Rawlings, JS, Rosler, KM, and Harrison, DA. The JAK/STAT signaling pathway. J Cell Sci (2004) 117(Pt 8):1281–3. doi: 10.1242/jcs.00963

165. Morris, R, Kershaw, NJ, and Babon, JJ. The molecular details of cytokine signaling via the JAK/STAT pathway. Protein Sci (2018) 27(12):1984–2009. doi: 10.1002/pro.3519

166. Xin, P, Xu, X, Deng, C, Liu, S, Wang, Y, Zhou, X, et al. The role of JAK/STAT signaling pathway and its inhibitors in diseases. Int Immunopharmacol (2020) 80:106210. doi: 10.1016/j.intimp.2020.106210

167. Borg, AJ, Yong, HE, Lappas, M, Degrelle, SA, Keogh, RJ, Da Silva-Costa, F, et al. Decreased STAT3 in human idiopathic fetal growth restriction contributes to trophoblast dysfunction. Reproduction (2015) 149(5):523–32. doi: 10.1530/REP-14-0622

168. Gal, H, Lysenko, M, Stroganov, S, Vadai, E, Youssef, SA, Tzadikevitch-Geffen, K, et al. Molecular pathways of senescence regulate placental structure and function. EMBO J (2019) 38(18). doi: 10.15252/embj.2018100849

169. Harradine, KA, and Akhurst, RJ. Mutations of TGFbeta signaling molecules in human disease. Ann Med (2006) 38(6):403–14. doi: 10.1080/07853890600919911

170. Attisano, L, and Wrana, JL. Signal transduction by the TGF-beta superfamily. Science (2002) 296(5573):1646–7. doi: 10.1126/science.1071809

171. Lu, L, Wang, J, Zhang, F, Chai, Y, Brand, D, Wang, X, et al. Role of SMAD and non-SMAD signals in the development of Th17 and regulatory T cells. J Immunol (2010) 184(8):4295–306. doi: 10.4049/jimmunol.0903418

172. Xiong, S, Cheng, JC, Klausen, C, Zhao, J, and Leung, PC. TGF-beta1 stimulates migration of type II endometrial cancer cells by down-regulating PTEN via activation of SMAD and ERK1/2 signaling pathways. Oncotarget (2016) 7(38):61262–72. doi: 10.18632/oncotarget.11311

173. Shi, Y, and Massague, J. Mechanisms of TGF-beta signaling from cell membrane to the nucleus. Cell (2003) 113(6):685–700. doi: 10.1016/s0092-8674(03)00432-x

174. Lysiak, JJ, Hunt, J, Pringle, GA, and Lala, PK. Localization of transforming growth factor β and its natural inhibitor decorin in the human placenta and decidua throughout gestation. Placenta (1995) 16(3):221–31. doi: 10.1016/0143-4004(95)90110-8

175. Morrish, DW, Bhardwaj, D, and Paras, MT. Transforming growth factor beta 1 inhibits placental differentiation and human chorionic gonadotropin and human placental lactogen secretion. Endocrinology (1991) 129(1):22–6. doi: 10.1210/endo-129-1-22

176. Huang, Z, Li, S, Fan, W, and Ma, Q. Transforming growth factor beta1 promotes invasion of human JEG-3 trophoblast cells via TGF-beta/Smad3 signaling pathway. Oncotarget (2017) 8(20):33560–70. doi: 10.18632/oncotarget.16826

177. Jia, Y, Xie, H, Zhang, J, and Ying, H. Induction of TGF-beta receptor I expression in a DNA methylation-independent manner mediated by DNMT3A downregulation is involved in early-onset severe preeclampsia. FASEB J (2020) 34(10):13224–38. doi: 10.1096/fj.202000253RR

178. Chen, T, Zhang, Z, Lu, Q, and Ma, J. Screening and functional analysis of the differential peptides from the placenta of patients with healthy pregnancy and preeclampsia using placental peptidome. Front Genet (2022) 13:1014836. doi: 10.3389/fgene.2022.1014836

179. Li, JY, Jin, Y, Cao, YM, and Wu, GM. MiR-140-5p exerts a protective function in pregnancy-induced hypertension via mediating TGF-beta/Smad signaling pathway. Hypertens Pregnancy (2022) 41(2):116–25. doi: 10.1080/10641955.2022.2056195

180. Chauvin, S, Yinon, Y, Xu, J, Ermini, L, Sallais, J, Tagliaferro, A, et al. Aberrant TGFbeta signalling contributes to dysregulation of sphingolipid metabolism in intrauterine growth restriction. J Clin Endocrinol Metab (2015) 100(7):E986–996. doi: 10.1210/jc.2015-1288

181. Matoušková, M, Blažková, J, Pajer, P, Pavlíček, A, and Hejnar, J. CpG methylation suppresses transcriptional activity of human syncytin-1 in non-placental tissues. Exp Cell Res (2006) 312(7):1011–20. doi: 10.1016/j.yexcr.2005.12.010

182. Chen, CP, Wang, KG, Chen, CY, Yu, C, Chuang, HC, and Chen, H. Altered placental syncytin and its receptor ASCT2 expression in placental development and pre-eclampsia. BJOG: Int J Obstetrics Gynaecology (2006) 113(2):152–8. doi: 10.1111/j.1471-0528.2005.00843.x

183. Ruebner, M, Strissel, PL, Ekici, AB, Stiegler, E, Dammer, U, Goecke, TW, et al. Reduced syncytin-1 expression levels in placental syndromes correlates with epigenetic hypermethylation of the ERVW-1 promoter region. PloS One (2013) 8(2):e56145. doi: 10.1371/journal.pone.0056145

184. Makaroun, SP, and Himes, KP. Differential methylation of syncytin-1 and 2 distinguishes fetal growth restriction from physiologic small for gestational age. AJP Rep (2018) 8(1):e18–24. doi: 10.1055/s-0038-1627473

185. Gao, Y, He, Z, Wang, Z, Luo, Y, Sun, H, Zhou, Y, et al. Increased expression and altered methylation of HERVWE1 in the human placentas of smaller fetuses from monozygotic, dichorionic, discordant twins. PloS One (2012) 7(3):e33503. doi: 10.1371/journal.pone.0033503

186. Huang, Q, Chen, H, Li, J, Oliver, M, Ma, X, Byck, D, et al. Epigenetic and non-epigenetic regulation of syncytin-1 expression in human placenta and cancer tissues. Cell Signal (2014) 26(3):648–56. doi: 10.1016/j.cellsig.2013.11.002

187. Yang, CS, Yu, C, Chuang, HC, Chang, CW, Chang, GD, Yao, TP, et al. FBW2 targets GCMa to the ubiquitin-proteasome degradation system. J Biol Chem (2005) 280(11):10083–90. doi: 10.1074/jbc.M413986200

188. Chang, CW, Chang, GD, and Chen, H. A novel cyclic AMP/Epac1/CaMKI signaling cascade promotes GCM1 desumoylation and placental cell fusion. Mol Cell Biol (2011) 31(18):3820–31. doi: 10.1128/MCB.05582-11

189. Chen, CP, Chen, CY, Yang, YC, Su, TH, and Chen, H. Decreased placental GCM1 (glial cells missing) gene expression in pre-eclampsia. Placenta (2004) 25(5):413–21. doi: 10.1016/j.placenta.2003.10.014

190. Chiang, MH, Liang, FY, Chen, CP, Chang, CW, Cheong, ML, Wang, LJ, et al. Mechanism of hypoxia-induced GCM1 degradation: implications for the pathogenesis of preeclampsia. J Biol Chem (2009) 284(26):17411–9. doi: 10.1074/jbc.M109.016170

191. Chuang, HC, Chang, CW, Chang, GD, Yao, TP, and Chen, H. Histone deacetylase 3 binds to and regulates the GCMa transcription factor. Nucleic Acids Res (2006) 34(5):1459–69. doi: 10.1093/nar/gkl048

192. Chou, CC, Chang, C, Liu, JH, Chen, LF, Hsiao, CD, and Chen, H. Small ubiquitin-like modifier modification regulates the DNA binding activity of glial cell missing drosophila homolog a. J Biol Chem (2007) 282(37):27239–49. doi: 10.1074/jbc.M700351200

193. Alsat, E, Wyplosz, P, Malassine, A, Guibourdenche, J, Porquet, D, Nessmann, C, et al. Hypoxia impairs cell fusion and differentiation process in human cytotrophoblast, in vitro. J Cell Physiol (1996) 168(2):346–53. doi: 10.1002/(SICI)1097-4652(199608)168:2<346::AID-JCP13>3.0.CO;2-1

194. Maltepe, E, Krampitz, GW, Okazaki, KM, Red-Horse, K, Mak, W, Simon, MC, et al. Hypoxia-inducible factor-dependent histone deacetylase activity determines stem cell fate in the placenta. Development (2005) 132(15):3393–403. doi: 10.1242/dev.01923

195. Wakeland, AK, Soncin, F, Moretto-Zita, M, Chang, C-W, Horii, M, Pizzo, D, et al. Hypoxia directs human extravillous trophoblast differentiation in a hypoxia-inducible factor-dependent manner. Am J Pathol (2017) 187(4):767–80. doi: 10.1016/j.ajpath.2016.11.018

196. Shoaito, H, Petit, J, Chissey, A, Auzeil, N, Guibourdenche, J, Gil, S, et al. The role of peroxisome proliferator-activated receptor gamma (PPARgamma) in Mono(2-ethylhexyl) phthalate (MEHP)-mediated cytotrophoblast differentiation. Environ Health Perspect (2019) 127(2):27003. doi: 10.1289/EHP3730

197. Kadowaki, T, Hara, K, Kubota, N, Tobe, K, Terauchi, Y, Yamauchi, T, et al. The role of PPARgamma in high-fat diet-induced obesity and insulin resistance. J Diabetes Complications (2002) 16(1):41–5. doi: 10.1016/s1056-8727(01)00206-9

198. Tache, V, Ciric, A, Moretto-Zita, M, Li, Y, Peng, J, Maltepe, E, et al. Hypoxia and trophoblast differentiation: a key role for PPARgamma. Stem Cells Dev (2013) 22(21):2815–24. doi: 10.1089/scd.2012.0596

199. Parast, MM, Yu, H, Ciric, A, Salata, MW, Davis, V, and Milstone, DS. PPARgamma regulates trophoblast proliferation and promotes labyrinthine trilineage differentiation. PloS One (2009) 4(11):e8055. doi: 10.1371/journal.pone.0008055

200. Elchalal, U, Humphrey, RG, Smith, SD, Hu, C, Sadovsky, Y, and Nelson, DM. Troglitazone attenuates hypoxia-induced injury in cultured term human trophoblasts. Am J Obstet Gynecol (2004) 191(6):2154–9. doi: 10.1016/j.ajog.2004.05.009

201. Aljunaidy, MM, Morton, JS, Cooke, CM, and Davidge, ST. Prenatal hypoxia and placental oxidative stress: linkages to developmental origins of cardiovascular disease. Am J Physiol Regul Integr Comp Physiol (2017) 313(4):R395–9. doi: 10.1152/ajpregu.00245.2017

202. Desforges, M, Parsons, L, Westwood, M, Sibley, CP, and Greenwood, SL. Taurine transport in human placental trophoblast is important for regulation of cell differentiation and survival. Cell Death Dis (2013) 4:e559. doi: 10.1038/cddis.2013.81

203. Williams, JL, Fyfe, GK, Sibley, CP, Baker, PN, and Greenwood, SL. K+ channel inhibition modulates the biochemical and morphological differentiation of human placental cytotrophoblast cells in vitro. Am J Physiol Regul Integr Comp Physiol (2008) 295(4):R1204–1213. doi: 10.1152/ajpregu.00193.2008

204. Fukuda, T, Ikejima, K, Hirose, M, Takei, Y, Watanabe, S, and Sato, N. Taurine preserves gap junctional intercellular communication in rat hepatocytes under oxidative stress. J Gastroenterol (2000) 35(5):361–8. doi: 10.1007/s005350050361

205. Park, SH, Lee, H, Park, KK, Kim, HW, and Park, T. Taurine-responsive genes related to signal transduction as identified by cDNA microarray analyses of HepG2 cells. J Med Food (2006) 9(1):33–41. doi: 10.1089/jmf.2006.9.33

206. Shao, X, Cao, G, Chen, D, Liu, J, Yu, B, Liu, M, et al. Placental trophoblast syncytialization potentiates macropinocytosis via mTOR signaling to adapt to reduced amino acid supply. Proc Natl Acad Sci U.S.A. (2021) 118(3):e2017092118. doi: 10.1073/pnas.2017092118

207. Cox, LS, and Redman, C. The role of cellular senescence in ageing of the placenta. Placenta (2017) 52:139–45. doi: 10.1016/j.placenta.2017.01.116

208. Munoz-Espin, D, Canamero, M, Maraver, A, Gomez-Lopez, G, Contreras, J, Murillo-Cuesta, S, et al. Programmed cell senescence during mammalian embryonic development. Cell (2013) 155(5):1104–18. doi: 10.1016/j.cell.2013.10.019

209. Regulski, MJ. Cellular senescence: What, why, and how. Wounds (2017) 29(6):168–74.

210. Herranz, N, and Gil, J. Mechanisms and functions of cellular senescence. J Clin Invest (2018) 128(4):1238–46. doi: 10.1172/JCI95148

211. Cindrova-Davies, T, Fogarty, NME, Jones, CJP, Kingdom, J, and Burton, GJ. Evidence of oxidative stress-induced senescence in mature, post-mature and pathological human placentas. Placenta (2018) 68:15–22. doi: 10.1016/j.placenta.2018.06.307

212. Manna, S, McCarthy, C, and McCarthy, FP. Placental ageing in adverse pregnancy outcomes: Telomere shortening, cell senescence, and mitochondrial dysfunction. Oxid Med Cell Longev (2019) 2019:3095383. doi: 10.1155/2019/3095383

213. Campisi, J, and d'Adda di Fagagna, F. Cellular senescence: when bad things happen to good cells. Nat Rev Mol Cell Biol (2007) 8(9):729–40. doi: 10.1038/nrm2233

214. Kuilman, T, Michaloglou, C, Mooi, WJ, and Peeper, DS. The essence of senescence. Genes Dev (2010) 24(22):2463–79. doi: 10.1101/gad.1971610

215. Storer, M, and Keyes, WM. Detection of senescence markers during mammalian embryonic development. Methods Mol Biol (2017) 1534:199–210. doi: 10.1007/978-1-4939-6670-7_19

216. Chuprin, A, Gal, H, Biron-Shental, T, Biran, A, Amiel, A, Rozenblatt, S, et al. Cell fusion induced by ERVWE1 or measles virus causes cellular senescence. Genes Dev (2013) 27(21):2356–66. doi: 10.1101/gad.227512.113

217. Wang, E, Lee, MJ, and Pandey, S. Control of fibroblast senescence and activation of programmed cell death. J Cell Biochem (1994) 54(4):432–9. doi: 10.1002/jcb.240540410

218. Gauster, M, and Huppertz, B. The paradox of caspase 8 in human villous trophoblast fusion. Placenta (2010) 31(2):82–8. doi: 10.1016/j.placenta.2009.12.007

219. Davy, P, Nagata, M, Bullard, P, Fogelson, NS, and Allsopp, R. Fetal growth restriction is associated with accelerated telomere shortening and increased expression of cell senescence markers in the placenta. Placenta (2009) 30(6):539–42. doi: 10.1016/j.placenta.2009.03.005

220. Goldman-Wohl, D, and Yagel, S. United we stand not dividing: the syncytiotrophoblast and cell senescence. Placenta (2014) 35(6):341–4. doi: 10.1016/j.placenta.2014.03.012

221. Cech, TR. Beginning to understand the end of the chromosome. Cell (2004) 116(2):273–9. doi: 10.1016/s0092-8674(04)00038-8

222. Burton, GJ, Yung, HW, and Murray, AJ. Mitochondrial - endoplasmic reticulum interactions in the trophoblast: Stress and senescence. Placenta (2017) 52:146–55. doi: 10.1016/j.placenta.2016.04.001

223. Hayashi, T, Rizzuto, R, Hajnoczky, G, and Su, TP. MAM: more than just a housekeeper. Trends Cell Biol (2009) 19(2):81–8. doi: 10.1016/j.tcb.2008.12.002

224. Bravo, R, Gutierrez, T, Paredes, F, Gatica, D, Rodriguez, AE, Pedrozo, Z, et al. Endoplasmic reticulum: ER stress regulates mitochondrial bioenergetics. Int J Biochem Cell Biol (2012) 44(1):16–20. doi: 10.1016/j.biocel.2011.10.012

225. Gauster, M, Maninger, S, Siwetz, M, Deutsch, A, El-Heliebi, A, Kolb-Lenz, D, et al. Downregulation of p53 drives autophagy during human trophoblast differentiation. Cell Mol Life Sci (2018) 75(10):1839–55. doi: 10.1007/s00018-017-2695-6

226. Curtis, S, Jones, CJ, Garrod, A, Hulme, CH, and Heazell, AE. Identification of autophagic vacuoles and regulators of autophagy in villous trophoblast from normal term pregnancies and in fetal growth restriction. J Matern Fetal Neonatal Med (2013) 26(4):339–46. doi: 10.3109/14767058.2012.733764

227. Fortini, P, Iorio, E, Dogliotti, E, and Isidoro, C. Coordinated metabolic changes and modulation of autophagy during myogenesis. Front Physiol (2016) 7:237. doi: 10.3389/fphys.2016.00237

228. Bastida-Ruiz, D, Yart, L, Wuillemin, C, Ribaux, P, Morris, N, Epiney, M, et al. The fine-tuning of endoplasmic reticulum stress response and autophagy activation during trophoblast syncytialization. Cell Death Dis (2019) 10(9):651. doi: 10.1038/s41419-019-1905-6

229. Broad, KD, and Keverne, EB. Placental protection of the fetal brain during short-term food deprivation. Proc Natl Acad Sci U.S.A. (2011) 108(37):15237–41. doi: 10.1073/pnas.1106022108

230. Hung, TH, Chen, SF, Lo, LM, Li, MJ, Yeh, YL, and Hsieh, TT. Increased autophagy in placentas of intrauterine growth-restricted pregnancies. PloS One (2012) 7(7):e40957. doi: 10.1371/journal.pone.0040957


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Zhou, Zhao, Wang, Yang, Zhu and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo-14-1107182-g001.jpg
Cytotrophoblasts

Competence stage
..'.' " O "¢'
9 o0, ] § ”
X €8 oA

Human bléstocyst
Commitment stage

Cytoskeleton

~
.

Cytotrophoblasts Adherens junction
Cell-cell fusion stage _
fusogenic
signals o’j’chMp

Syncytins Gap junction Hemifusion

g ——

Fusion Pore





OEBPS/Images/fendo-14-1107182-g002.jpg
LRP

K

s\

(e

B-catenin

© Phosphorylation™.
— Activation
............... » Inhibi‘tion
— Crosstalk
............... > Unknown .'"-..----........-..:::::::::::::::. FUSion






OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Regulators involved in trophoblast syncytialization in the placenta of intrauterine growth restriction

      

        		

          Introduction

        



        		

          The etiology of IUGR

        



        		

          Trophoblast syncytialization

        



        		

          Syncytialization-related proteins

        

          		

            hCG

          



          		

            Cadherins

          



          		

            ZO-1

          



          		

            Syncytins

          



          		

            GCM1

          



          		

            11β-HSD2

          



        



        



        		

          The signaling pathways involved in syncytialization

        

          		

            cAMP dependent signaling pathways

          



          		

            Wnt/β-Catenin signaling pathways

          



          		

            The MAPK signaling pathway

          



          		

            The PI3K/AKT signaling pathway

          



          		

            The JAK/STAT signaling pathway

          



          		

            The TGF-β/SMAD signaling pathway

          



        



        



        		

          Epigenetic modifications involved in syncytialization

        



        		

          GCM1 ubiquitination, acetylation, and sumoylation

        



        		

          Metabolism and syncytialization

        

          		

            Hypoxia

          



        



        



        		

          Amino acids

        



        		

          Senescence and syncytialization

        



        		

          Autophagy and syncytialization

        



        		

          Conclusion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo.2023.1107182_cover.jpg
, frontiers | Frontiers in Endocrinology

Regulators involved in
trophoblast syncytialization in
the placenta of intrauterine
growth restriction





