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ABSTRACT 

 

The fetal component of the human placenta is comprised of cells termed trophoblasts and 

the proper differentiation of these cells is pivotal for maintaining maternal and fetal health 

throughout pregnancy. The placental syncytiotrophoblast layer is a key secretory portion of the 

placenta and is produced through fusion of underlying progenitor cytotrophoblast cells with the 

multinucleated syncytiotrophoblast layer. The MacPhee laboratory has previously established 

that fusion or syncytialization of cytotrophoblasts is aided by expression of integrin-linked 

kinase (ILK), a cytoplasmic adapter protein. Nuclear enzyme Poly ADP-ribose Polymerase-1 

(PARP-1) and the transcriptional repressor Snail-1 work with ILK to downregulate epithelial 

cell-cell adhesion. This process would also be necessary for proper trophoblast syncytialization. 

Thus, it was hypothesized that PARP-1 would be an important mediator of syncytiotrophoblast 

development.  To test this hypothesis, immunofluorescence analysis of PARP-1 and Snail 

expression in human chorionic villi from first and second trimester as well as from term 

pregnancy was conducted. Furthermore, co-localization between PARP-1 and Snail-1 were 

evaluated. Lastly, human PARP-1 was overexpressed in the BeWo trophoblast derived cell line, 

under fusion promoting conditions, to directly test the ability of PARP-1 to regulate trophoblast 

fusion. Throughout the first and second trimester, PARP-1 and Snail were highly expressed and 

co-localized in villous cytotrophoblast nuclei.  In contrast, PARP-1 was rarely detectable in 

syncytiotrophoblast nuclei, while Snail was highly expressed. Upon transient overexpression of 

PARP-1 in BeWo cells, fusion was robustly promoted. Furthermore, the mean number of nuclei 

per syncytium was markedly higher in PARP-overexpressing cells compared to control cells. 
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However, PARP-1 overexpression did not regulate trophoblast hormonal differentiation. In 

conclusion, PARP-1 does appear to be a key enzyme in the process of trophoblast 

syncytialization. Lastly, a comparative analysis of PARP-1 was conducted in the mouse placenta. 

It was found that PARP-1 was highly detectable in nuclei of mononuclear trophoblast as well as 

the nuclei in the syncytiotrophoblast bilayer of the mouse labyrinth. Additionally, PARP-1 was 

localized to the nuclei of other trophoblast populations, including spongiotrophoblasts, 

trophoblast giant cell, and glycogen trophoblast giant cells, which are involved in the invasive 

pathway of trophoblast differentiation.   
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CHAPTER 1. INTRODUCTION   

             

1.1 The Importance of Proper Placenta Development 

 

The “Barker Hypothesis” is a theory that showed a relationship between low birth weight 

infants and the increased frequency of severe chronic diseases later in adulthood (Barker, 1997). 

Today, this premise is widely accepted and associates low birth weight and preterm birth with 

increased risk of diseases such as hypertension (Alexander, 2006), coronary heart disease 

(Barker, 2007) and type II diabetes (Kaijser et al., 2009). This hypothesis states that developing 

fetuses have to adapt and cope to any limited supply of nutrients, hormones, and respiratory 

gases and as a result, their physiology can be altered permanently. These physiological changes 

compensate for maternal supply deficiencies and are thought to underlie the development of 

chronic diseases later in life. The placenta is undeniably the most critical organ that mediates the 

intimate physiological relationship between the mother and developing fetus. Specifically, 

floating chorionic villi are responsible for maintaining sufficient transport of nutrients, wastes 

and respiratory gases to and from the fetus, as well as producing central hormones necessary for 

proper development (Castellucci and Kaufmann, 2006). 

 

Preterm birth (<37 weeks of gestational age) is a relevant public health concern, as it 

accounts for approximately 75% of all infant mortalities and morbidities throughout the perinatal 

period in economically developed nations such as Canada, England and the United States of 

America (Huppertz et al., 2002; Canadian Institute for Health Information, 2009). Gestational 
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diseases such as preeclampsia (PE) and intrauterine growth restriction (IUGR), which underlie 

and are the most prevalent disorders to cause preterm birth, are thought to exclusively affect the 

mother and fetus during pregnancy. However, research has shown that the effects of preterm 

birth can be observed into adulthood (Saigal and Doyle, 2008). Throughout childhood, extreme 

preterm infants (<25 weeks of gestational age) have an increased likelihood of experiencing 

neurodevelopmental disorders and other developmental insufficiencies (Doyle, 2004). Also, a 

large proportion of preterm babies are hospitalized within the first year of life for respiratory 

related illnesses (Pramana et al., 2011). During adolescence, increased incidences of cognitive 

and behavioral disorders such as attention deficit hyperactivity disorder (De Kieviet et al., 2012), 

bi-polar affective and depressive disorders (Nosarti et al., 2012) are correlated with preterm 

babies. Finally, in adulthood, the frequency of gastrointestinal complications, cardiovascular 

disease, and other chronic diseases that impact vital organs is significantly high in preterm 

infants in comparison to term infants (40 weeks of gestational age) (Saigal and Doyle, 2008) 

 

Due to the nature of preterm birth and the range of health related risks throughout the 

neonatal period (up to 28 days after delivery), health care costs are substantially increased. These 

increased health care costs are attributed to longer hospital stays, the use of specialized 

equipment (i.e. a controlled environment in an incubator), and the increase amount of health care 

personnel required to monitor preterm infants. During the neonatal period, the reported health 

care costs for preterm infants in Canada during 2005-2006 was approximately nine times greater 

in comparison to term infants. Furthermore, the long-term health care costs associated with 
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preterm birth are expected to follow a similar trend into adulthood (Canadian Institute for Health 

Information, 2009). 

 

It is crucial that we further characterize the cellular and molecular biochemistry that 

underlies normal trophoblast syncytialization as maldevelopment appears to be associated with 

the development of pregnancies complicated by PE and IUGR (Krebs et al., 1996; Huppertz and 

Kingdom, 2004), which in turn leads to preterm births, and maternal and fetal morbidity and 

mortality in both short and long term sequelae. Such findings could provide both researchers and 

clinicians the tools to construct predictive and preventative strategies for pregnancies 

complicated by PE and IUGR, as well as new methods of treatment if such diseases arise. For 

example, research could elucidate crucial proteins or enzymes required for the development and 

maintenance of chorionic villi or establishing biomarkers for pregnancies complicated by PE 

and/or IUGR. 

 

1.2 The Placenta and its Functions During Pregnancy 

 

The placenta is a critical organ formed during pregnancy that provides an intra-uterine 

environment whereby an embryo and subsequent fetus can develop. The success of pregnancy is 

circumstantiated on the proper development of the placenta, which is an organ that serves as a 

hemochorial maternal-fetal interface (Figure 1) (Norwitz et al., 2001). Even though the maternal 

and fetal circulatory systems are separated during pregnancy, the placenta possesses an array of 

specialized respiratory, gastrointestinal, renal, and endocrine functions that permit proper fetal  
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development and the maintenance of maternal health. The functional units of the human placenta 

are floating chorionic villi, which emanate from the chorionic plate and provides a significant 

increase in surface area (Gude et al., 2004).  Anatomically, floating chorionic villi are composed 

of a mesenchymal core, fetal vessels, and outer epithelial bilayer, which comes in direct contact 

with circulating maternal blood in the intervillous space (Boyd and Hamilton, 1970). The outer 

epithelial bilayer is composed of villous cytotrophoblast (CTB) cells that rest on a basement 

membrane and an overlying, continuous, multinucleated villous syncytiotrophoblast (STB) layer 

(Figure 2). Critically, the epithelial bilayer must be maintained, as it is a key player in the 

maternal-fetal transport and hormonal functions mentioned above, and is the first line of contact 

with maternal blood (Aplin, 1991; Benirschke et al., 2006). 

 

1.2.1 Gas, Nutrient, Ion, and Amino Acid Transport 

 

Given that during the entire pregnancy the fetus is in an aqueous environment and fetal 

lungs are not fully developed, gas exchange between mother and fetus is mediated by the 

placenta. The passage of respiratory gases such as oxygen and carbon dioxide from the maternal 

to fetal circulatory systems, and vice versa, is accomplished via simple diffusion (Carter, 2009). 

Additionally, fetal hemoglobin has a much higher affinity for oxygen in comparison to maternal 

hemoglobin, which creates an additional driving force for gas exchange (Papassotiriou et al., 

1998).  

 

Throughout pregnancy, the transport of nutrients, amino acids, ions and waste is highly  
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dependent on proper placental development (Jansson et al., 1993; Brown et al., 2011; Dilworth 

and Sibley, 2013). Unlike gas transport, fetal nutrients such as glucose are polar and high 

molecular weight molecules. Given the properties of the phospholipid bilayer of the cell 

membrane, such molecules cannot readily pass through. However, facilitated diffusion permits 

the passage of maternal nutrients and ions into the fetal circulatory system, which is a carrier 

system that operates on a chemical gradient (Atkinson et al., 2006).  For example, glucose 

transporters (GLUT) are highly expressed in the human placenta such as GLUT1, GLUT3, 

GLUT4, as well as GLUT9-12 (Carter, 2012). It is important to note that the spatial distribution 

of GLUT1, the caretaker of the GLUT family of transport proteins, is asymmetric. There is a 

three-fold increase in GLUT1 detection in the apical surface of the STB in comparison to the 

basal surface. Therefore, it could be hypothesized that glucose transport at the basal surface of 

the STB is the rate-determining step (Jansson et al 1993).  

 

Similar to nutrient exchange, ions can be transported transepithelial through the chorionic 

villous bilayer via facilitated diffusion. However, active transport is also utilized, which involves 

the pumping of ions against a chemical gradient, in an energy-dependent manner (Dilworth and 

Sibley, 2013). For example, both apical and basal surfaces of STB contain high densities calcium 

ATPases, as well as voltage gated calcium channels (Strid et al., 2003) and to a lesser extent 

Na+/Ca2+ exchange pumps (Kamath and Smith, 1994). Importantly, pregnancies complicated by 

IUGR are associated with fetal hypocalcaemia, as a consequence of dysregulated calcium 

transport. Ultimately, such dysregulation results in poor fetal bone mineralization (Strid et al., 

2003). 
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Throughout pregnancy, a fetus must acquire a sufficient amount of protein for proper 

fetal development. Even though most proteins (with the exception of immunoglobulin G (IgG)) 

do not cross the placenta, amino acids readily enter the fetal circulation. Thereafter, protein 

synthesis begins by using fetal molecular machinery (Atkinson et al., 2006).  For example, 

placenta sodium-coupled neutral amino acid transporters are abundant at the maternal-facing 

STB, and are responsible for the transport of neutral amino acids such as glutamine, cysteine and 

asparagine (Johnson and Smith, 1988). In the context of IUGR, placenta sodium-coupled neutral 

amino acid transporters are down-regulated and result in restricted fetal growth (Jansson et al., 

2006). 

 

1.2.2 Endocrine Functions of the Placenta 

 

During pregnancy, the placenta produces a large variety of molecules such as platelet 

activating factor, corticotropin-releasing hormone, chemokines and cytokines. However, the 

placenta is more known as the endocrine factory of pregnancy, resulting in the production of 

critical hormones, such as, estrogen, progesterone, human chorionic  gonadotropin (hCG), 

human chorionic somatomammotropin (CSH1, classically known as placental lactogen), and 

human placental growth hormone (PGH) (Castellucci and Kaufmann, 2006). 

 

Upon ovulation, a ruptured follicle differentiates into a corpus luteum (CL), comprised of 

small and large luteal cells, which appear to have a dense population of luteinizing hormone 
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(LH) receptors (Smith et al., 1994). CL-derived progesterone is implicated in maintaining the 

uterus in a quiescence state throughout the first trimester of pregnancy (Chwalisz, 1994). This is 

accomplished via the inhibitory mechanisms of progesterone on myometrial smooth muscle 

(Soloff et al., 2011). Consequently, the production of CL-derived hormones permits blastocyst 

implantation, and the proper development of both the fetus and placenta (Creasy et al., 2009). 

Throughout a non-pregnant menstrual cycle, the CL would normally undergo luteolysis 14 days 

post-ovulation as a result of LH withdrawal. However, immediately proceeding blastocyst 

implantation, the primitive STB begins to produce hCG (Jameson and Hollenberg, 1993). Both 

LH and hCG are heterodimeric glycoproteins that share analogous alpha subunits comprised of 

92 amino acids, and can both interact with LH receptors on luteal cells. Therefore, hCG has LH-

like activity and can rescue and maintain the CL during early pregnancy, acting as a maternal 

recognition of pregnancy molecule (Moyle et al., 1995).  Critically, at approximately 10 weeks 

of gestation, an endocrine luteal-placenta shift takes place, where the CL is no longer required 

for pregnancy and the placenta is responsible for the production of both progesterone and 

estrogen. The placenta produces progesterone by using maternal cholesterol as a precursor 

(Strauss et al., 1996). However, the synthesis of placental-derived estrogen utilizes an alternative 

mechanism, as trophoblasts lack 17α-hydroxylase, a key enzyme responsible for converting 

pregnenolone to the androgenic C19 steroid, dehydroepiandrosterone (DHEA). Therefore, the 

placenta is unable to produce estrogen de novo, and relies on the fetal adrenal cortex and the 

maternal adrenal cortex as a source of DHEA. Specifically, cholesterol passes through the 

placenta and enters the fetal circulatory system. Subsequently, cholesterol is processed by the 

fetal adrenal cortex, which abundantly expresses 17α-hydroxylase. Consequently, 60% of total 
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DHEA is produced by the fetal adrenal cortex, where it is then utilized by the placenta and 

converted to estradiol via aromatase. The remaining 40% of DHEA is produced by the maternal 

adrenal cortex (Van Leusden and Villee, 1965; Mesiano and Jaffe, 1997; Kaludjerovic and Ward, 

2012).  

 

As pregnancy progresses, the metabolic needs of the developing fetus substantially 

increase. Therefore, maternal supply must coincide with the metabolic demand of the fetus 

(Freemark, 2006). Amongst the many hormones that are almost exclusively produced by the 

placental STB, CSH and PGH are of particular importance and can be detected in maternal blood 

serum at approximately 8 weeks gestation, increasing in concentration until 35 weeks gestation 

(Mirlesse et al., 1993). These fetal-derived hormones interact with maternal receptors. 

Specifically, CSH and PGH have a high affinity for maternal prolactin receptor and growth 

hormone receptor, respectively (Haig, 2008). CSH and PGH work together in concert along an 

Insulin-like Growth Factor-1 axis, stimulating the release of fatty acids and other essential 

nutrients such as glucose and amino acids to the placenta for fetal consumption (Caufriez et al., 

1993; Freemark, 2010). Therefore, both CSH and PGH are central players in regulating fetal 

growth, as aberrant maternal serum concentrations are observed in pregnancies complicated with 

IUGR (Hensleigh et al., 1977; Caufriez et al., 1993).  

    

1.3 Trophoblast Development 

 

1.3.1 Implantation and Early Placental Development  
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Upon ovulation, a follicle ruptures, releasing an ovum into the fallopian tube, where 

sperm will fertilize it and produce a zygote. The zygote will then undergo multiple rounds of 

mitotic divisions, giving rise to a morula, and subsequently differentiate into a blastocyst 

(Norwitz et al., 2001). When the blastocyst reaches the uterus, it hatches from the zona pellucida. 

Implantation begins with apposition and attachment, where weaker adhesion is achieved through 

the interaction of the embryo with Mucin-1, which is secreted by the endometrium (Hoozemans 

et al, 2004). Simultaneously, L-selectin is produced at the surface of the blastocyst, which 

interacts and binds to endometrial oligosaccharides (Genbacev et al., 2003). Thereafter, the 

blastocyst is firmly attached by integrins α1β1, α4β1, and αvβ3, expressed by both the blastocyst 

and the endometrium (Lindhard et al., 2002). Subsequently, the trophoblastic shell, which 

consists of mitotically active CTBs and an outer STB, acquires an invasive phenotype and 

penetrates the basement membrane of the maternal decidua and vasculature, where the formation 

of primary villi will occur. Lining the coelom of the placenta are mesenchymal cells that 

extensively proliferate, where core mesenchyme protrudes the trophoblastic shell and gives rise 

to secondary villi (Norwitz et al., 2001). Consequently, the CTBs of secondary villi grow and 

peripherally join to the trophoblastic shell. The production of tertiary villi is typically 

characterized by the vascularization of fetal mesenchyme within the floating chorionic villous 

trees (Aplin et al., 1998).  

 

1.3.2 Anchoring Villous Differentiation: Trophoblast Invasion  
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In the invasion pathway (Figure 3), polarized progenitor CTB cells from the peripheral 

trophoblast population located at the edges of the placenta differentiate into highly invasive non-

polarized extravillous trophoblast (EVT) cells. Subsequently, EVT cells penetrate the 

endometrium and inner third of the myometrium (Huppertz et al., 2005). The invasive properties 

of EVT aid the placenta in attaching to the uterine wall. Furthermore, CTB in anchoring 

branches of floating chorionic villous origin migrate from the villous membrane, penetrate the 

STB, and also differentiate into EVT cells, creating additional anchorage sites for the placenta 

(Kaufmann et al., 2003). Changes in the spatial distribution, synthesis and breakdown of the 

extracellular matrix (ECM) is associated with higher development of anchoring villi, as well as 

the specific spatial and temporal expression of adhesion molecules, such as E-cadherin, α6β4 

integrin, and laminin (Damsky et al., 1992; Aplin et al., 1999; Floridon et al., 2000; Goffin et al., 

2003). EVT can differentiate into two subpopulations of trophoblast: interstitial and 

endovascular trophoblasts (Pijnenborg et al., 2006). In terms of adhesion molecules, interstitial 

and endovascular trophoblast highly express integrins α5β1 and α1β1, fibronectin and type IV 

collagen (Damsky et al., 1992; Kam et al., 1999). Endovascular trophoblasts invade, remodel, 

and dilate the maternal spiral arteries by displacing vessel endothelium (Pijnenborg et al., 1983). 

Initial contact is made with the decidua at ~8 weeks of pregnancy, but invasion of the 

myometrium and maternal spiral arteries is not complete until ~ 24 weeks of pregnancy 

(Kaufmann et al., 2003). The result is an increase in blood supply to the intervillous space, as the 

nutritional, metabolic and gas exchange requirements of the fetus increase with development 

(Carter, 2011). Interstitial trophoblast has been shown to have multiple roles in placenta 

development, such as participating in the modulation of the maternal spiral arteries and secreting   
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hormones such as hCG (Tsampalas et al., 2010), preceding endovascular trophoblast invasion 

(Enders and Blankenship, 2012). Terminally, interstitial trophoblasts fuse with non-invasive 

placenta giant cells. Unfortunately, the function of placenta giant cells has yet to be elucidated 

(Knöfler and Pollheimer, 2012). 

 

1.3.3 Floating Villous Differentiation: The Regulation of Trophoblast Syncytialization 

 

Maintaining the integrity of floating chorionic villi in the human placenta is a tightly 

regulated process, termed trophoblast turnover, involving three main physiological events: 

proliferation, syncytialization, and shedding. A continuous STB is maintained via 

syncytialization of adjacent proliferated daughter CTB via syncytialization. Subsequently, aged 

nuclei that reside in the syncytium are shed into the maternal circulation, as syncytial knots, 

through potential apoptotic mechanisms (Figure 4). Proper placental development requires 

equilibrium amongst proliferation, syncytialization, and shedding, resulting in a fully functional 

floating chorionic villous tree. However, if trophoblast turnover is disturbed, clinical pathologies 

such as PE and IUGR may arise, as they have been associated with abnormal or deficient 

placental development (Kaufmann et al., 2003). Epithelial-mesenchymal transition (EMT) is a 

dynamic process whereby cell-cell and cell-ECM contacts are transformed through the regulation 

of adherens junctions containing E-cadherin. This process results in a change from an epithelial 

to mesenchymal phenotype, and studies have elucidated the pivotal roles of E-cadherin 

regulation in cell differentiation and invasion throughout cancer development and cancer cell 

invasion (Thiery, 2002). These findings have enabled investigators to begin determining the  
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potential molecular mechanisms regulating trophoblast syncytialization and invasion, as it is 

thought that they involve EMT-like processes but do not differentiate into mesenchymal cells 

(Lala et al., 2002). Hallmark EMT genes, such as Integrin-linked kinase (ILK) and Snail-1, are 

regulatory factors that are associated with cancer progression, as well as being involved in early 

tissue development (Sun et al., 2011).  Previous studies from the MacPhee laboratory have 

already established that ILK regulates trophoblast syncytialization (Butler et al., 2009). Snail-1 is 

a transcriptional repressor of E-cadherin in prostate cancer cells and recent research has 

identified Poly (ADP-ribose) polymerase-1 (PARP-1) as a novel Snail1 transcription factor that 

is downstream of ILK (McPhee et al., 2008).  

 

The formation and maintenance of gap junctional intercellular communication is a key 

prerequisite for trophoblast syncytialization, as it plays a central role in cell growth and 

differentiation. Gap junctions are transmembrane channels comprised of connexin hexamers and 

permit cell-cell communication (Kardami et al., 2007). Specifically, connexin 43 (Cx43) is 

ubiquitously expressed at CTB-CTB and CTB-STB contacts within floating chorionic villous 

trees, permitting the exchange of pivotal signaling molecules, secondary messengers, and ions 

such as inositol triphosphate, cyclic AMP (cAMP), and calcium (Cronier et al., 2003).  

 

Trophoblast syncytialization involves multiple dynamic cellular processes and results in 

an alteration in the expression and functional roles of transcription factors. In turn, these 

transcription factors are responsible for the regulation and expression of genes important for 

placental development (Chui et al., 2011). For example, a molecule shown to regulate 
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trophoblast syncytialization is human endogenous retrovirus-w (HERV-W)/ Syncytin-1, which is 

a fusogenic envelope glycoprotein (Frendo et al., 2003). Specifically, Syncytin-1 mediates its 

effects by binding its receptor, solute carrier family 1 member 5 (SLC1A5) (Lavillette et al, 

2002), which is abundantly expressed on the basal surface of STB, resulting in trophoblast 

syncytialization (Potgens et al., 2004). The fusogenic power of Syncytin-1 was demonstrated by 

Mi et al (2000), where Syncytin-1 overexpression lead to extensive trophoblast syncytialization 

in untreated BeWo cells. In contrast, siRNA mediated knockdown of HERV-W lead to cell cycle 

arrest in the G1 phase (Huang et al., 2013). Syncytin-1 mRNA regulation is mediated by glial 

cells missing-1 (GCM1), a transcription factor that binds and recognizes two GCM1 binding 

sites in the upstream region of the 5’-long terminal repeat of the syncytin-1 harboring HERV-W 

family members. Upon binding of GCM1, syncytin-1 expression is upregulated, leading to 

subsequent cell fusion (Yu et al., 2002). Dunk et al., (2012) demonstrated that Cx43 knockdown 

prevents cAMP mediated stimulation of GCM1 and Syncytin-1 and causes CTB to remain in a 

proliferative state. Other molecules that are differentially regulated and contribute to successful 

trophoblast syncytialization include, Cadherin-11, ADAMs, tight junction and nectin proteins 

(reviewed in Aplin, 2009). 

 

Additional intracellular junctions found within trophoblast are desmosomes, which are 

spot-like adhesion complexes found at the CTB-CTB and CTB-STB cell interfaces (Metz and 

Weihe, 1980). The intracellular cytokeratin family of intermediate filaments is abundantly 

expressed in villous CTB and STB, specifically keratins 7, 13 and 17 (Muhlhauser et al, 1995). 

These keratin proteins interact with desmosomal plasma membrane proteins, desmocollins and 
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desmogleins, which are also members of the cadherin superfamily of adhesion proteins. 

However, desmocollins and desmogleins are dissimilar to classical cadherins in that they have 

different cytosolic domains and promote the recruitment of plakoglobin, plakophilin, and 

desmoplakin, which in turn link to intermediate filaments (Beham et al., 1988; Aplin et al., 

2009).  

 

Progenitor CTB cells reside between the STB and the villous basement membrane. 

During early placentation, they are arranged in a continuous monolayer (Jones and Fox, 1991). 

As placentation progresses, the population of CTB decreases, and a switch from lateral CTB-

CTB adhesion to CTB-STB adhesion occurs (Jones and Fox, 1991). Adhesion between CTB, the 

villous basement membrane, and STB is accomplished via a large repertoire of adhesion 

molecules, such as integrins and cadherins. Subsequent CTB syncytialization with the STB is 

regulated through the modulation or remodeling of these adhesion molecules (Aplin et al., 2009).   

 

1.3.4 Integrin-linked kinase (ILK) as an upstream regulator of E-cadherin 

 

Integrins play a significant role in outside-in signal transduction. This feature of integrins 

allows a cell to sense their adhesive state, location, as well as its extracellular environment 

(Miranti and Brugge, 2002). Depending on the nature of the signal from the extracellular 

environment, cellular responses range from increased or decreased migration, motility, viability, 

and differentiation (Calderwood, 2004). Trophoblast can accomplish this sensing ability in part 

by integrins (Damsky et al., 1994). Integrins are transmembrane proteins that are 
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heterodimerically composed of α and β subunits (Humphries, 2000). Integrin complexes are 

comprised of larger extracellular domains that serve as cell surface receptors and modulate 

adhesion between neighboring cells, tissues, or the ECM. The cytoplasmic domain of integrins is 

relatively small, but plays a crucial role in linking the cytoskeleton and intracellular signaling 

through signaling enzymes and adaptor proteins (Zeng et al., 2007). A key adhesion molecule, 

integrin α6β4, is expressed in the basal periphery of CTB and STB (Burrows et al., 1993). The 

basement membrane of floating chorionic villous trees consists of laminin, which in turn 

interacts and binds with integrin α6β4 and establish trophoblast anchorage (Aplin, 1993). During 

trophoblast syncytialization, a down-regulation of integrin α6β4 has been observed, followed by 

an up-regulation of integrin α5β1 (Coutifaris et al., 2005).  

 

Integrin signal transduction incorporates a large network of signaling molecules. 

Therefore, for simplicity, only components that are candidate facilitators of trophoblast 

syncytialization will be described. Integrins are only functional upon activation, or inside-out 

signal transduction, which is mediated by the binding of Talin (Goksoy et al., 2008) to the β 

integrin cytosolic tail, as well as the stimulation of Protein Kinase C (PKC) (Ivaska et al., 2003). 

In addition to their role in promoting Axin-2 expression via Wnt signaling (see section 1.3.6), the 

Kindlin family of proteins also play a role in integrin activation by interacting with the β1 

integrin cytosolic tail, which is its more common and well documented role in regulating cell 

adhesion (Montanez et al., 2008). Subsequently, integrin activation causes a change in the 

overall tertiary structure of the extracellular domain. Specifically, integrins change from a low-

affinity bent conformation to an extended high affinity conformation (Takagi et al., 2002). 
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Consequently, integrin engagement occurs, where the ligand binds to the extracellular receptor, 

causing downstream integrin clustering into focal adhesion structures (Giannone and Sheetz, 

2006). Fibronectin production by CTB appears to be increased during human trophoblast 

syncytialization, which acts as the extracellular matrix ligand for integrin α5β1 (Coutifaris et al., 

2005). Binding of the integrin α5β1 ligand stimulates the recruitment of signaling and 

cytoskeletal scaffolding proteins. A noteworthy protein involved in integrin signaling is ILK.  

 

ILK, which is an adaptor protein as well as a threonine/serine kinase, is comprised of 452 

amino acids and has a molecular mass of 59 kDa (Hannigan and Dedhar, 1997). It is composed 

of four amino-terminal ankyrin repeats, a central pleckstrin homology (PH)-like domain and a 

catalytic domain located on the carboxy-terminal portion (Figure 5A) (Hannigan et al., 2005). 

ILK binds directly with the integrin β1 subunit (Hannigan et al., 1996), as well as Kindlins 

(Montanez et al., 2008). The ankyrin repeats interact with the LIM domains of particularly 

interesting Cys-His-rich protein (PINCH), which subsequently binds to receptor tyrosine kinases 

(RTK) through non-coding region of tyrosine kinase-2 (McDonald, et al, 2008), whereas the 

catalytic domain binds to Parvin, Paxillin and Vinculin (Nikolopoulos and Turner, 2001; Fukuda 

et al., 2009). Together, this complex plays a pivotal role for ILK localization to focal adhesions 

through binding to the actin cytoskeleton (Wu and Dedhar, 2001). Interestingly, Hannigan et al 

(1996) detected ILK with β1 integrin in proximity of focal adhesion sites, however, not at cell-

cell adhesion complexes containing elevated levels of the β1 integrin. ILK is transiently 
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activated by integrin engagement, where its kinase activity is phosphoinositide 3-kinase (PI3K) 

dependant (Delcommenne et al., 1998). PI3K is a receptor proximal intracellular effector that is 

activated by RTK through rat sarcoma (RAS) protein signaling (Vivacano and Sawyers, 2002). 

Consequently, PI3K modulates ILK kinase activity through phosphorylating phosphatidylinositol 

4,5-bisphosphate (PIP2), producing phosphatidylinositol 3,4,5-triphosphate (PIP3), which acts as 

a second messenger by recruiting PH domain containing proteins to the plasma membrane 

(Vivacano and Sawyers, 2002; Pasquali et al., 2007). However, PI3K activity is reversible and 

can be antagonized by phosphatase and tensin homolog (PTEN), which dephosphorylates PIP3 

back to PIP2 (Vivacano and Sawyers, 2002). Delcommenne el al. (1998) has demonstrated that 

PIP3 can activate ILK in vitro, and has suggested that ILK activity is dependent on the addition 

of PIP3 to the PH-like domain of ILK. Protein kinase B (Akt), is a central ILK kinase target. Akt 

activity is dependent on its phosphorylation by protein dependent kinase (PDK)-1 and PKD-2 at 

threonine 308 and serine 473, respectively, and ILK has been shown to have PDK-2-like activity 

(Delcommenne et al., 1998; Dong and Liu, 2005; Keledjian et al., 2012). The function of Akt 

varies, but most notably, it plays a pivotal role in the cell cycle and transcriptional regulation. 

Akt is an important component of downstream ILK signaling, as it enhances β-catenin/ 

Lymphoid enhancing Factor (LEF)-1/T-cell factor (TCF) transcription through glycogen 

synthase kinase (GSK)-3β inhibition (Cross et al., 1995).  

 

ILK has been reported to phosphorylate and inhibit GSK-3β activity directly (Tan et al., 

2001) and indirectly through Akt (Cross et al., 1995). The primary roles of GSK-3β are 

regulating cell proliferation and glycogen synthesis. However, this function is lost upon the 
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phosphorylation of serine 9, which results in the stabilization of β-catenin and increased Snail-1 

levels in bladder cancer cells (Zhu et al., 2012). The regulation of Snail-1 has major impacts of 

cell morphology, gene expression and EMT transition. During early placental development, 

Elustondo et al (2006) reported that ILK is highly localized to the CTB, destined for both fusion 

and invasion. Recently, Butler et al (2009) identified ILK as a novel facilitator of trophoblast 

syncytialization, as ILK overexpression in BeWo trophoblast cells resulted in the down-

regulation of E-cadherin expression and localization at cell-cell adhesions.  

 

1.3.5 E-cadherin and β-catenin signaling 

 

The type 1 classical cadherin, E-cadherin, is highly expressed in the CTB layer and is 

thought to be one of the caretakers of the epithelial phenotype, as it connects neighboring cells at 

the CTB-CTB and CTB-STB interfaces (Coutifaris et al., 1991). It mediates homophilic, calcium 

dependent cell-cell adhesion complexes, which are pivotal to the development of adherens 

junctions (Peyrieras et al., 1983). The down-regulation of E-cadherin has been suggested to be 

critical, but not a sufficient step in acquiring a mesenchymal phenotype through EMT (Dunk et 

al., 2012), which is thought to be the mechanism underlying trophoblast syncytialization 

(Kokkinos et al., 2010). The formation and down-regulation of adherens junctions is critical to 

the development of epithelial cells, such as the CTB layer and the multinucleated STB, 

respectively (Brown et al., 2005).  Therefore, the dysregulation of E-cadherin expression and 

function has profound effects with regards to trophoblast turnover. 
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E-cadherin is composed of five extracellular domains, where the most distal domain has a 

highly conserved histidine-alanine-valine motif that mediates the homophilic interactions with 

adjacent cells (Renaud-Young and Gallin, 2002). Furthermore, E-cadherin has a single pass 

transmembrane domain (Shapiro and Weis, 2009). In contrast, the cytosolic domain mediates 

dynamic interactions with the actin cytoskeleton via binding proteins such as α and β catenin  

(Halbleib and Nelson, 2006).  

 

In addition to mediating cell-cell adhesion complexes, E-cadherin also plays a substantial 

role in relaying information through networks of intracellular signaling proteins, such as β-

catenin, and interactions with the actin cytoskeleton (Brembeck et al., 2006). The cytosolic 

domain of E-cadherin is assembled into complexes containing β-catenin and α-catenin, which 

results in a direct link to the actin cytoskeleton. In adherens junctions, the actin binding protein, 

α-catenin, interacts with β-catenin, which is bound to E-cadherin (Halbleib and Nelson, 2006). 

Furthermore, β-catenin function is not exclusive to adherens junctions, as it plays a central role 

in the Wnt signaling pathway.  

 

In the Wnt signaling pathway, β-catenin mediates transcription of various target genes via 

its interaction with LEF and TCF (Hayashi et al., 2007). However, in the absence of Wnt 

signaling, axin, adenomatous polyposis coli (APC), GSK-3β and casein kinase (CK)-1α 

phosphorylate β-catenin within a destruction complex. The phosphorylation of β-catenin 

promotes its ubiquitination by β-transducin repeat-containing protein (β-TrCP), which in turn 
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triggers its subsequent proteasomal degradation. This results in the maintenance of low cytosolic 

levels of β-catenin (Ikeda et al., 1998; Liu et al., 2002).  

  

Alternatively, the presence of a Wnt signal to the cysteine-rich domain of G-protein 

coupled receptor, frizzled (FZD), promotes its dimerization with lipoprotein receptor-related 

protein co-receptor (LRP) (Cong et al., 2004). Consequently, Wnt signaling promotes the 

association of disheveled to FZD and subsequent dissociation of the destruction complex, 

resulting in the inhibition of β-catenin phosphorylation. As a result, β-catenin is stabilized in 

cytoplasmic pools and is subsequently translocated to the nucleus, where it forms a complex with 

TCF and LEF. This complex then mediates Wnt target gene transcription (reviewed in Galli et 

al., 2012). In Drosophila, the β-catenin orthologue, armadillo, binds to pygopus through the 

adaptor legless, which is a transcriptional co-activator (Kramps et al., 2002). B-cell lymphoma-

9-like (BCL9L) is a mammalian homologue of Drosophila legless that binds to the β-

catenin/TCF/LEF transcription complex, which is required for Wnt signaling (Deka et al., 2010).  

Crucially, Matsuura et al (2011) have identified GCM1 as a β-catenin/TCF/BCL9L target 

through chromatin immunoprecipitation experiments, using the forskolin treated BeWo human 

trophoblast model. Daughter CTBs highly express the transcription factor, GCM1, where it plays 

a crucial role in regulation of syncytialization and trophoblast turnover (Baczyk et al., 2004; 

Baczyk et al., 2009).  It is thought that the syncytialization effects of GCM-1 are attributed to the 

up-regulation of the GCM1-mediated fusogenic protein Syncytin-1 (Figure 6) (Lin et al., 2005; 

Baczyk et al., 2009).   
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Figure 6. Proposed Wnt-mediated trophoblast syncytialization signaling pathway. Integrin-linked 

kinase (ILK) and AKT dependent inhibition of glycogen synthesis kinase (GSK)-3β results in the 

stabilization of β-catenin cytoplasmic pools and subsequent nuclear translocation. Simultaneous 

ILK-dependent poly (ADP-ribose) polymerase (PARP)-1 activation leads to PARP-1 nuclear 

translocation, where it complexes with β-catenin, T-cell factor (TCF)-4, Lymphoid enhancing 

factor (LEF), B-cell lymphoma-9-like (BCL9L) and Pygopus (Pygo). In turn, this complex 

mediates active gene transcription of a variety of genes such as glial-cells missing-1 (GCM1) and 

ultimately syncytin-1 to induce syncytialization. 
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1.3.6 Snail-1 and E-cadherin expression 

 

The down-regulation of E-cadherin has been demonstrated to be a critical component of 

trophoblast syncytialization (Coutifaris et al, 1991). The E-cadherin promoter contains E-box 

motifs, which are central to the repression of E-cadherin expression (Bolos et al., 2003). Several 

transcriptional repressors are found to interact with E-box motifs, such as the Twist, Zeb and 

Snail families of transcription factors (Batlle et al., 2000; Ohira et al., 2003; Onder et al., 2008). 

 

The Snail superfamily members are relatively conserved as they have similar C-terminal 

regions, composed of four to six cysteine-cysteine-histidine-histidine zinc fingers, which enables 

DNA binding and subsequent transcriptional repression (Manzanares et al., 2001). However, 

Snail proteins have dissimilar N-terminal regions (Manzanares et al., 2001). The Snail 

superfamily is subdivided into two main groups: the snail group containing Snail-1, Snail-2/Slug 

and Snail-3/Smuc, whereas the second group is composed of Scratch proteins (Barrallo-Gimeno 

and Nieto, 2009). Even though all members of the Snail superfamily are E-cadherin 

transcriptional repressors, the SNAG domain of Snail-1 appears to possess the highest affinity 

for the E-box motif (Figure 5B) (Bolos et al., 2003). Snail-1 expression and protein levels are 

regulated through a variety of signaling pathways. Snail-1 protein levels appear to be regulated 

through Wnt signaling. Similar to β-catenin, Snail-1 is subject to phosphorylation by GSK-3β, 

which leads to β-TrCP-mediated ubiquitination and subsequent proteasomal degradation (Yook 

et al., 2005). Even though Axin-2 has been associated with tumor suppression, it has been shown 

to compartmentalize nuclear pools of GSK-3β to the cytoplasm (Yook et al., 2006). This 
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alteration in GSK-3β localization alleviates nuclear Snail-1 phosphorylation, resulting in E-

cadherin suppression (Yook et al., 2006). Recently, the Fermitin family (Kindlin family) has 

been identified as a key player in Axin-2 regulation, by interacting with β-catenin and TCF-4 

during Wnt signaling and promoting its transcription (Yu et al., 2012) 

 

1.3.7 The Mouse Placenta  

 

Even though no two placentas within the mammalian class are identical (Carter, 2007), 

the human and mouse placenta share many commonalities (Adamson et al, 2002; Georgiades et 

al, 2002). The mouse placenta is an excellent model for studying the human placenta, as it is also 

hemochorial and discoid. During human and murine placentation, maternal blood is transported 

to the placenta via large maternal spiral arteries, contained within a densely vascularized 

decidua. Subsequently, maternal blood percolates through trophoblast-lined blood channels in 

which an elaborate fetal capillary network is situated in close proximity. The functional units, or 

site of fetal-maternal exchange of the human and mouse placenta is termed floating chorionic 

villous tree and the labyrinth, respectively (Georglades et al., 2002).  

 

The main caveat when comparing the mouse and human placenta is how transport of 

molecules is accomplished. The same mechanisms, such as passive, active, and facilitated 

diffusion are utilized in placental transport of nutrients, wastes and respiratory gases within both 

species (Sibley and Boyd, 2004; Carter, 2009). However, trophoblast orientation is slightly 

different. In the human placenta, an epithelial bilayer covers floating chorionic villi (Huppertz et 
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al., 2002; see section 1.3.3.). In contrast, the mouse placenta exhibits a trilaminar layer of 

trophoblast that separates the maternal and fetal vasculatures. Specifically, a STB bilayer 

encloses the fetal vasculature, whereas mitotically active CTBs displace the endothelial cells of 

maternal sinusoids, forming a monolayer (Figure 7) (Adamson et al., 2002). Therefore, placental 

transport is achieved by crossing three and four cell layers in human and mouse, respectively 

(Watson and Cross, 2005).   

 

Even though the human and mouse placenta show morphological similarities, only 

recently has microarray and proteomic data become available. Importantly, Cox et al  

(2009) have identified approximately 7,000 orthologous genes with 70% co-expression in 

microdissected placental tissue from human floating chorionic villous trees and the  

mouse labyrinth at or close to term. Interestingly, Cox et al (2011) have identified 1,181 plasma 

membrane specific proteins in the murine placenta, with a 70% conservation of expression in 

human placenta.  

 

Murine placenta development starts during embryonic day (E) 3.5, where the 

trophectodermal epithelium and inner cell mass (ICM) can be observed (Cross et al., 1994). 

Trophoblast differentiation is not apparent until approximately the time of implantation (E4.5), 

where the extra-embryonic ectoderm (chorion) and ectoplacental cone develop, which are 

composed of polar trophectodermal cells (Copp, 1979). Simultaneously, an additional lineage of 

mural trophectodermal cells arises, polyploid trophoblast giant cells (TGC), which are highly 

invasive cells that surround the periphery of the conceptus (Rossant and Cross, 2001). At E8.5,   
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the extra-embryonic mesoderm, derived from the allantois, attaches and fuses with the chorion 

through a process called chorioallantoic attachment (Downs, 2002; Cross et al., 2003b). 

Subsequently, placental villi develop from the folding of the chorion at E9.0, where it becomes 

highly vascularized from allantois-derived fetal blood vessels (Cross et al., 2003a). As a result, 

the labyrinth develops, which is an analogous structure to human floating chorionic villous trees 

(Adamson et al., 2002), co-expressing genes such as GCM1 (Basyuk et al., 1999) and epidermal 

growth factor receptor (Cox et al., 2009). Interestingly, the mouse labyrinth also expresses the 

genes syncytin-A and syncytin-B, which are homologous to the syncytin genes expressed in the 

human placenta. These murine envelope proteins have a similar function as the human syncytin 

family of glycoproteins, as they induce trophoblast syncytialization (Dupressoir et al., 2005). 

During early murine placentation, the labyrinth is typically supported by a different lineage of 

trophoblast called spongiotrophoblast cells, which are wedged between TGCs, and are derived 

from the ectoplacental cone. Spongiotrophoblast populations are highly invasive, and are 

analogous to extravillous EVT columns of the human placenta (Simmons and Cross, 2005), and 

to co-expressing genes such as vascular endothelial growth factor receptor-1/fms-like tyrosine 

kinase-1 (Georgiades et al, 2002). Thereafter, at approximately E12.5, some spongiotrophoblasts 

will differentiate into glycogen interstitial trophoblast, which are comparable to human 

interstitial trophoblast, as they co-express genes such as insulin-like growth factor II (Redline et 

al., 1993; Ji et al., 2012). Glycogen interstitial trophoblasts are also invasive and penetrate the 

decidua diffusely (Adamson et al., 2002). Endovascular TGCs are typically responsible for 

continually invading the maternal spiral arteries (Figure 7) (Simmons and Cross, 2005). 
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1.4 Poly (ADP-ribose) Polymerase-1 

 

Identified in 1963 (Chambon et al., 1963), PARP-1 is a ubiquitous, and highly conserved 

nuclear protein of approximately 113 kDa in molecular weight (D’Amours et al., 1999). PARP-1 

consists of three independently folded domains (Figure 5): the C-terminal catalytic domain 

(CAT), the central automodification domain (AMD), and the N-terminal DNA binding domain 

(DBD) (Schreiber et al., 2006; Hakme et al., 2008). The intrinsic catalytic activity of the CAT 

domain is mediated by the conserved PARP signature motif, which catalyzes the addition of 

ADP-ribose (PAR) units, from nicotinamide adenine dinucleotide (NAD+) molecules onto target 

proteins (D’Amours et al., 1999). This process is termed PARylation, whereby polymers of up to 

200 PAR units are linked together via glycosidic bonds in a linear or branched manner (Hayashi 

et al., 1983) on target protein glutamic acid, aspartic acid, or lysine amino acid residues via ester 

bonds (Riquelme et al, 1979; Althaus and Richter, 1987). Although PARP-1 is the major target 

of PARP-1 mediated PARylation, through an automodification reaction (Masaoka el al., 2012), a 

number of other targets have been described, including histone H1 and a variety of nuclear 

proteins involved in gene regulation (Krishnakumar and Kraus, 2010a). This post-translational 

modification typically inhibits target protein function (Masaoka el al., 2012). Furthermore, PAR 

metabolism not only accounts for PARylation, but also the reverse reaction: PAR polymer 

degradation. Specifically, poly (ADP-ribose) glycohydrolase (PARG) catalyzes the hydrolysis of 

PAR, yielding individual ADP-ribose units (Thomassin et al., 1992; Isabelle et al, 2010).  
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The DBD domain is composed of three zinc fingers, the first two are Cys-Cys-His-Cys 

zinc fingers important for DNA binding (Eustermann et al., 2011), and the third zinc finger is 

crucial with regards to DNA-dependant enzyme activation (Langelier et al., 2008). The DBD is 

also comprised of a nuclear localization signal (NLS) and a Caspase-3 cleavage site. The DBD is 

able to interact with various DNA structures, including single and double strand breaks and 

specific DNA consensus sequences (Hakme et al., 2008). Finally, the central AMD domain 

contains a BRCA1 C Terminus (BRCT) domain and a tryptophan-glycine-arginine-rich (WGR) 

domain, which mediates protein-protein interactions and RNA-dependent activation of PARP-1, 

respectively (Figure 5C) (Bork et al., 1997; Huambachano et al., 2011). The most understood 

role of PARP-1 is its role during DNA damage repair and apoptosis (D’Amours el al., 1999). 

The repair of DNA and the surveillance of genomic integrity were amongst the earliest described 

functions of PARP-1 (D’Amours el al., 1999). Specifically, PARP-1 was shown to be involved 

in the initiation of double-strand break, single-strand break, as well as base excision repair DNA 

repair mechanisms, which utilizes PARP-1 catalytic activity (Woodhouse and Dianov, 2008). 

Additionally, PARP-2 has been shown to have the same capacity for regulating DNA repair 

(Schreiber et al., 2002). Although neither PARP-1 or PARP-2 knockout is essential for 

embryonic viability in mice, double knockout mice are lethal. Therefore, PARP-2 must have the 

ability to compensate for the functions of PARP-1, and vice versa. However, PARP-1 or PARP-2 

deficient mice exhibit chromosomal abnormalities and faulty DNA repair mechanisms, 

suggesting that these proteins can only partially compensate for each other (Menissier de Murcia 

et al, 2003). During apoptosis, PARP-1 stimulates the release of mitochondrial apoptosis-

inducing factor (AIF). Specifically, PAR accumulation appears to be involved in AIF production 
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and nuclear translocation through unknown mechanisms, whereas poly (ADP-ribose) 

glycohydrolase prevents PARP-1-mediated apoptosis (Yu et al., 2006). During the execution 

phase of apoptosis, caspase-3 and caspase-7 actively cleave PARP-1 into a 24-kDa DBD and an 

89-kDa catalytic fragment (Lazebnik et al., 1994; Margolin et al., 1997). The 89-kDa fragment 

containing the AMD and the PARP signature motif is unable to interact with DNA and is 

translocated from the nucleus to the cytosol (Soldani et al, 2001). In contrast, the 24-kDa 

fragment contains the DBD and retains the ability to bind to damaged DNA, resulting in the 

inhibition of full length PARP-1 and attenuating DNA repair (D'Amours et al., 2001). The 

authors also suggest a model by which the cleavage of PARP-1 promotes apoptosis via the 

inhibition of DNA repair mechanisms (D'Amours et al., 2001).  

 

Interestingly, PARP-1 participation in epigenetic regulation has recently emerged (Caiafa 

et al, 2009; Krishnakumar and Kraus, 2010b). Additionally, PARP-1 activity has been implicated 

in a variety of pathways that impact gene expression, mainly but not exclusive to modulating 

chromatin structure (Krishnakumar et al., 2008) and acting as a transcriptional activator, co-

activator, or repressor (Kraus, 2008).  

 

1.4.1 PARP-1 in Chromatin Remodeling 

 

Normal cell physiology and gene expression are dependent on precise regulation by 

transcription factors. Nonetheless, chromatin remodeling by epigenetic changes also has a 

profound effect on gene expression. Specifically, post-translational modifications such as 
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methylation can change chromatin architecture from a closed to an open state, going from 

quiescent to active gene transcription, respectively (Reik et al, 2001). For example, Syncytin-1 

expression is regulated by the transcription factor GCM1 during trophoblast syncytialization (Yu 

et al., 2002). However, as a consequence of promoter hypermethylation, reduced Syncytin-1 

levels have been observed in PE and IUGR. Therefore, levels of transcription factors may 

become inconsequential during trophoblast syncytialization, depending on the epigenetic status 

of the respective gene promoter (Ruebner et al., 2013).  

 

Linker histone H1 (H1) and PARP-1 have been shown to interact with nucleosomes, 

resulting in altered chromatin architecture and gene transcription (Kim et al., 2005; Woodcock et 

al., 2006). Interestingly, PARP-1 and linker histone H1 were found to have superimposed 

binding sites along the dyad axis of nucleosomes (Kim et al., 2004). Furthermore, through the 

use of microarray, chromatin immunoprecipitation (ChIP) assays and MCF-7 human breast 

cancer cells, both proteins exhibited reciprocal binding pattern, whereby PARP-1 excluded H1 

from a small subset of target gene promoters (Krishnakumar et al., 2008). Furthermore, 

Krishnakumar and Kraus (2010b) investigated the impacts of PARP-1 knockdown on genes 

whose expression requires PARP-1. Silencing PARP-1 resulted in a significant increase in the 

binding of H1, as well as a significant decrease in the binding of the basal transcription 

machinery (i.e. TATA-binding protein, transcription factor IIB and RNA polymerase II) at target 

gene promoters (Krishnakumar and Kraus, 2010b). 
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Moreover, PARP-1 has been found to play a role in regulating methylation epigenetic 

marks on transcription start sites within target gene promoters in breast cancer cells. Specifically, 

PARP-1 was found to inhibit demethylase activity via PARylation (Krishnakumar and Kraus, 

2010b). The histone H3 lysine 4 trimethylation (H3K4me3) post-translation modification is 

typically found within promoters and is associated with open chromatin architecture, which 

provides a permissive environment for subsequent transcription (Sims et al., 2003). Histone 

methylation was once thought of as an irreversible process; however, this paradigm was 

debunked with the discovery of histone H3 lysine 4 (H3K4) demethylation. The demethylation 

of H3K4 is accomplished via the amine oxidase family member, lysine demethylase (KDM)-1, 

which also possesses transcriptional repressor characteristics. Additionally, KDM-1 is mono- and 

di-methylated H3K4-specific (Shi et al., 2004). More recently, Yamane et al (2007) 

demonstrated that H3K4me3 was also a reversible/removable epigenetic mark that is mediated 

by the KDM5 family of demethylases. Crucially, Krishnakumar and Kraus (2010b) demonstrated 

that H3K4me3 was removed by KDM5B at the transcription start sites of genes whose 

expression requires PARP-1. Furthermore, the role PARP-1 was elucidated through the 

utilization of MCF-7 human breast cancer cells and short hairpin RNA-mediated PARP-1 

knockdown, as well as ChIP and immunoprecipitation assays. Collectively, Krishnakumar and 

Kraus (2010b) illustrated that PARP-1 actively binds and PARylates KDM5B. As a result, 

KDM5B function is inhibited, preventing the removal of H3K4me3. Consequently, H3K4me3 

levels are increased at the transcription start sites of PARP-1-dependent genes, resulting in the 

maintenance of an active chromatin environment. 
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Huang et al. (2011) have identified the H3K4me3 post-translational modification within 

the E-cadherin promoter, and the presence of KDM5B in the nuclei of LNCaP prostate cancer 

cells. The authors have indicated that there is a functional link between H3 hyperacetylation and 

increased H3K4me3 marks on the E-cadherin promoter.  Specificity protein-1 (Sp1) is a 

transcription factor that has been implicated in KDM5B expression (Catteau et al., 2004). 

Interestingly, histone deacetylase (HDAC) activity has been shown to play a significant role in 

the up-regulation of Sp1. Specifically, the introduction of HDAC inhibitors to LNCaP human 

prostate adenocarcinoma cells result in the down-regulation of Sp1 and subsequent KDM5B 

suppression. Consequently, the H3K4me3 mark remained in the E-cadherin promoter and E-

cadherin was actively expressed (Huang et al. 2011). Of particular relevance to the thesis, 

through the immunohistochemical analysis of first trimester human chorionic villi, Ellery et al 

(2009) have demonstrated that H3K4me3 was largely localized to CTB, as well as stromal 

mesenchyme, whereas immunoreactivity was scarce in the STB.  

 

1.4.2 Transcriptional Regulation by PARP-1  

 

Upon integrin activation, Tan et al. (2001) demonstrated that ILK overexpression up-

regulated Snail-1 transcription through an unknown mechanism, which lead to E-cadherin 

repression in IEC-18 epithelial cells. The Snail-ILK-Responsive Element (SIRE) is a 65 base 

pair region located in the 5’ promoter of Snail-1 (Tan et al. 2001). McPhee et al. (2008) used an 

affinity chromatography strategy and synthetic biotinylated SIRE oligonucleotides as bait to 

elucidate candidate SIRE binding partners. PARP-1 was identified as a binding partner. Through 
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the use of electromobility shift assays (EMSA), sodium dodecyl sulfate (SDS)- polyacrylamide 

gel electrophoresis (PAGE) protein separation, and mass spectrometry with small interfering 

RNA (siRNA) control PC3 cells, the authors observed an upward shift in electrophoretic 

mobility containing labeled SIRE sequences. In contrast, ILK siRNA-treated PC3 cells resulted 

in a reduced supershift of the tagged SIRE oligonucleotides. Similarly, PARP-1 siRNA 

knockdown showed a similar effect. Subsequently, the effects of siRNA-mediated PARP-1 

knockdown on Snail-1 mRNA and E-cadherin protein levels were analyzed in PC3 cells. PARP-

1 knockdown resulted in a significant decrease in Snail-1 mRNA levels and the rescue of E-

cadherin protein levels (McPhee et al., 2008) Together, these results indicate that PARP-1 is a 

novel SIRE-interacting protein downstream of ILK that plays a crucial role in the modulation of 

E-cadherin and subsequent EMT processes.  

 

1.5 Hypothesis and Objectives 

 

Trophoblast syncytialization utilizes biochemical processes similar to EMT in 

maintaining the epithelial covering of floating chorionic villi, which is central to placental 

respiratory, nutrition, excretion, endocrine, and metabolic functions. PARP-1 is largely a 

multifaceted protein that is involved in an array of molecular outcomes, including chromatin 

remodeling and transcriptional regulation. The regulation of the transcriptional repressor, Snail-

1, is essential in the regulation of E-cadherin during EMT. PARP-1 has been observed to be 

involved in ILK-dependent Snail-1 expression in cancer cells. Furthermore, through 

immunohistochemical analysis of both normal and preeclamptic term placentae, Snail-1 was 
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reported to be upregulated in EVT columns, whereas slight increases in immunoreactivity was 

observed in CTB (Blechschmidt et al., 2007). In contrast, Fedorova et al (2012) reported a 

reduction in Snail-1 expression via immunoblot and immunohistochemical analysis of normal 

and preeclamptic term placentae. Furthermore, the authors found limited EVT invasion in 

preeclamptic placentae, where Snail-1 was dominantly localized to CTB. Therefore, based on the 

reported roles for both PARP-1 and Snail-1 in cancer studies (McPhee et al., 2008), as well as 

Snail-1 (Blechschmidt et al., 2007; Fedorova et al., 2012) and ILK (Butler et al., 2009) 

characterizations in EVT and BeWo cells, respectively, we hypothesize that they could play a 

key role in regulating trophoblast syncytialization in the human placenta by regulating 

EMT and E-cadherin expression. Our primary objectives were as follows: A) 

Comprehensively characterize the immunolocalization of both PARP-1 and Snail-1 in normal 

human first and second trimester as well as term chorionic villi, B) Determine the consequences 

of PARP-1 overexpression on syncytialization and its impacts on hormonal differentiation in 

BeWo cells, and C) Conduct a comparative analysis of PARP-1 immunolocalization in the 

mouse placenta. 
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CHAPTER 2.  MATERIALS AND METHODS 

 

2.1 Human Placenta Tissue Collection 

 

Ethics approval for the study (Protocol #03.44) was acquired from the The Health Care 

Corporation of St. John's Research Proposals Approval Committee and the Human Investigation 

Committee of Memorial University of Newfoundland. Human placental tissue was collected 

from elective terminations at weeks 8 – 14 of gestation, following dilatation and curettage, as 

well as term placenta (37 – 40 weeks) at the Health Science Center (Memorial University of 

Newfoundland). Tissues were placed in 1 x phosphate-buffered saline (PBS; pH 7.40) and 

processed within 20 minute (min)s post-acquisition by personnel in the laboratory of Dr. 

MacPhee. Chorionic villous tissue samples were removed from the decidua, following a 

thorough wash in ice-cold PBS. Dissected tissues were fixed in 4% paraformaldehyde in PBS 

overnight at room temperature (RT). 

 

Following fixation, tissues were placed in PBS on a shaker overnight. Tissue processing, 

embedding and sectioning were conducted by the Histology Unit of the Faculty of Medicine, 

Memorial University of Newfoundland. Briefly, tissue dehydration consisted of transferring 

tissue samples through baths of progressively more concentrated ethanol solutions. Tissue 

samples were then penetrated with xylene and embeded in paraffin wax. Subsequently, paraffin 

wax blocks containing human chorionic villlous tissue were sectioned with a rotary microtome, 
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where two 5 µm thick serial sections were mounted per microscopy slides (Elustondo et al., 

2006).  

 

2.2 Immunofluorescence Analysis with Human Placental Chorionic Villous Tissue 

 

Placental tissue sections were deparaffinized in xylene with three 5 min incubations. 

Subsequently, tissue sections were then rehydrated via 3 min incubations in 100%, 95%, 90%, 

80%, 70% and 50% ethanol solutions, and finally immersed in 1 x PBS for 10 mins. Tissue 

sections were then marked off on the slide using an ImmEdge Hydrophobic Barrier Pen (Cat. # 

H-4000; Vector Laboratories, Burlington, Ontario, Canada). Epitope retrieval was conducted in 

one of two ways: heat-induced epitope retrieval and enzyme-induced epitope retrieval. Heat-

induced epitope retrieval consisted of submerging placental tissue sections in boiling 0.01 M 

sodium citrate buffer (pH 6.0) for three or four 10 min incubations. Subsequently, tissue sections 

were brought back to RT over a 20 min cool-down period and placed in 1 x PBS for 10 min. 

Enzyme-induced epitope retrieval was conducted through the incubation of tissue sections in an 

aqueous 0.1% trypsin solution (Cat. #T7168; Sigma Chemical Co, St. Louis, Missouri, USA) at 

RT for a 10 mins and then washed in 1 x PBS twice for 5 min. Following epitope retrieval, 

sections were incubated in blocking solution (5% normal goat serum/1% horse serum/1% fetal 

bovine serum (FBS) in PBS) for 1 hour (h) at RT. Thereafter, primary antisera (Table 1) were 

diluted in blocking solution and placed on one tissue section overnight at 4oC. Affinity-purified 

IgG (matched species and concentration of primary antisera) was also diluted in blocking 

solution and placed on the adjacent tissue section overnight at 4oC. These sections served as a 



!
!
!
!
!

49 

negative control. Subsequently, tissue sections were washed two times for 5 mins in 1 x PBS. 

Fluorescent secondary antiserum (Table 1) were diluted in blocking solution, applied to tissue 

sections, and incubated for 1 h at RT, followed by three 5 min washes in 1 x PBS containing 

0.02% Tween 20 (PBT). Finally, tissue sections were mounted with 24 mm x 50 mm coverslips 

using Vectashield containing DAPI (Cat. # H-1200; Vector Laboratories Inc., Burlington, 

Ontario, Canada) and sealed with nail polish. When conducting co-immunofluorescence 

experiments, tissue sections were washed three times for 5 min in PBT after the first secondary 

antisera incubation. Subsequently, tissue sections were blocked, appropriate primary and 

secondary antisera (Table 1) were applied overnight at 4oC, and for 1h at RT, respectively. 

Sections were then washed three times in PBT for 5 mins, followed by mounting as described 

above.  For PARP-1 and E-cadherin co-immunofluorescence experiments, tissue sections were 

observed using an Olympus Fluoview 300 confocal microscope. Fluoview 300 Image Analysis 

software was used for image capture (Olympus America Inc, Center Valley, PA, USA). For 

Snail-1 and E-cadherin co-immunofluorescence experiments, tissue sections were observed using 

a Leica DM-IRE2 inverted microscope (Leica Microsystems Inc., Ontario, Canada) equipped for 

epifluorescence illumination and attached to a Retiga EXi CCD camera (Qimaging Inc., Surrey, 

British Columbia, Canada). Openlab Image Analysis software (PerkinElmer Inc., Waltham, MA, 

USA) was used for image capture and analysis. For co-localization analysis, tissue sections were 

observed using a Zeiss laser scanning microscope (LSM) 710 confocal microscope to obtain 3D 

Z-stack images. Zen 209 Image Analysis software was used for image capture (Carl Zeiss,  
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Germany). 

 

2.3 Processing of 3D Z-stack Images  

 

Collected 3D Z-stack images (see section 2.2) were deconvulated with Autoquant X3  

(Media Cybernetics, Rockville, MD, USA). Since Autoquant X3 cannot process files greater 

than 4 million pixels, the 3D Z-stack images were first opened in Imaris Pro 7.6  (Bitplane AG, 

Badenerstrasse, Zürich, Switzerland) and cropped to fewer than 4 million pixels without losing 

data. Cropped images were saved as Nikon ® NIS-Elements (*.nd2) files. Subsequently, images 

were opened in Autoquant X3 and subjected to blind deconvolution. Spherical aberrations, 

channel sample refractive index, and channel distance from coverslip were evaluated throughout 

the deconvolution process and were saved as Carl Zeiss (*.lsm) files. Deconvolved images were 

converted and saved as Nikon (*.ids) files, where they were processed using Imaris Pro 7.6 

containing Imaris Colocalization and Imaris Track modules. Maximum threshold values of pixel 

intensity for each channel were determined via manual estimation. Furthermore, these threshold 

values were consistently used in each photograph. Consequently, an additional colocalization 

channel was generated with corresponding colocalization values in percent (%). 

 

2.4 Mouse Placenta Tissue Collection, Processing and Paraffin Embedding  

 

 Experimental procedures were approved by Animal Care Committee (Protocols # 07-03-

DM to 08-03-DM) of Memorial University of Newfoundland. C57BL/6J mice, purchased from 
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Charles River (Wilmington, Maine, USA) were housed in microisolator cages, mated and 

exposed to 12h light/12h dark photoperiods. The presence of a vaginal plug was designated as 

E0.5. Mice underwent anesthesia via carbon dioxide  exposure and euthanized through cervical 

dislocation. Mouse conceptuses were collected from pregnant mice between E7.5 and E17.5. 

Mouse placental tissue fixation was accomplished via an overnight incubation in 4% 

paraformaldehyde/PBS while shaking at RT. Subsequently, tissues were incubated in 1 x PBS on 

a shaker overnight.  Tissues were then dehydrated, embedded, and sectioned as described in 

section 2.1.  

 

2.5 Immunohistochemistry with Mouse Placental Tissue  

 

Tissue section deparaffinization and rehydration was conducted as described in section 

2.2. Heat-induced epitope retrieval was then performed by submerging placenta tissue section in 

boiling 0.01 M sodium citrate buffer (pH 6.0) three times for 10 min each. Subsequently, tissue 

sections were brought back to RT over a 20 min cool-down period and washed twice in 1 x PBS 

for 5 min. Following epitope retrieval, endogenous peroxidase activity was blocked by 

incubating placental tissue sections in fresh 3% H2O2 for five min. Tissue sections were then 

incubated in blocking solution for 1 h at RT. Thereafter, primary antisera (Table 1) were diluted 

in blocking solution and placed on the innermost tissue section overnight at 4oC. Affinity-

purified IgG (Table 1; matched species and concentration of primary antisera) was also diluted in 

blocking solution, which was incubated on the adjacent tissue section for 1 h at RT. These 

sections served as a negative control. Subsequently, tissue samples were washed two times for 5 
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min each in 1 x PBS. Horseradish peroxidase (HRP)-conjugated IgG secondary antisera (Table 

1) were diluted in blocking solution, applied to tissue sections, and incubated for 1 h at RT, 

followed by three 5 min washes in PBT. Tissue sections were then incubated in 3,3’-

diaminobenzidine (DAB) Peroxidase Substrate (Cat. # SK-4100; Vector Laboratories Inc., 

Burlington, Ontario, Canada), until appropriate colour development was achieved, and 

immediately immersed in tap H2O for 5 min. Subsequently, placenta tissue sections were 

counterstained in Hematoxylin QS (Cat. # H-3404; Vector Laboratories Inc., Burlington, 

Ontario, Canada) for 30 seconds and rinsed in H2O. Tissue sections were then dehydrated via 2 

min incubations in 50%, 70%, 95%, and 100% ethanol solutions. Finally, tissue sections were 

incubated in xylene for 10 min and mounted in Permount (Cat. # SP15-500; Fisher Scientific 

Inc., Toronto, Ontario, Canada) with a 24 mm x 50 mm coverslip. Slides were allowed to cure 

for at least 24h. 

 

Tissue sections were photographed using an Olympus VS110 virtual microscope and 

images were captured using OlyVIA Image Analysis software (Version 2.4; Olympus America 

Inc, Center Valley, PA, USA).  

 

2.6 Cell Culture 

 

The BeWo trophoblast cell line was obtained from the American Type Culture Collection 

(Cat.  CCL-98, Manassas, VA, USA) and was originally derived from a human choriocarcinoma 

(Pattillo and Gey, 1968). BeWo cells were cultured at 37oC and 5% carbon dioxide/95% air in 
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Ham’s F-12 media containing L-glutamine (Cat. # 11765-062; Invitrogen Ltd., Burlington, 

Ontario, Canada) and supplemented with 1% penicillin/streptomycin (Cat. # 15140-122; 

Invitrogen Ltd., Burlington, Ontario, Canada) and 10 % FBS (Cat. # A05-701; PAA Laboratories 

Inc., Ontario, Canada) within 75 cm2 culture flasks according to methods previously published 

(Al-Nasiry et al., 2006; Butler et al., 2009). This media was designed to stimulate BeWo cell 

proliferation, and was replenished on a daily basis until the cells reached approximately 80% 

confluence. Subsequently, BeWo cells were passaged at a ratio of 1:3, using a trypsin (0.05%) – 

EDTA solution (Cat. # 15400054; Invitrogen Ltd., Burlington, Ontario, Canada) into new 75 cm2 

culture flasks containing new media. The stimulation of BeWo cell syncytialization was 

accomplished through exposure to syncytialization promoting culture conditions, which was 

comprised of Ham’s F-12K media (Cat. # 21127-022; Invitrogen Ltd., Burlington, Ontario, 

Canada) containing 50 µM forskolin (Cat. # F6886; Sigma Chemical Co, St. Louis, Missouri, 

USA), 1% penicillin/streptomycin and 10 % FBS.  This media was replenished on a daily basis. 

 

2.7 Plasmids  

 

Three expression vectors were utilized for transient transfection experiments. A p3X-

FLAG-CMV-7.1 (Cat. # E4026; Sigma Chemical Co, St. Louis, Missouri, USA), and pmax 

green fluorescent protein (GFP) vector (Lonza Amaxa Biosystems, Germany) were used as 

positive controls. The p3X-FLAG-CMV-7.1-human PARP-1 (generously provided by Dr. Girish 

Shah –Université Laval, Quebéc, Canada) was used to transiently overexpress PARP-1 in BeWo 

cells. Upon receipt of the plasmid from Dr. Shah, the plasmid was cultured using Subcloning 
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Efficiency™ DH5α™ Competent E. coli Cells  (Cat. # 18265-017; Invitrogen Ltd., Burlington, 

Ontario, Canada) and isolated using a Gen Elute™ HP Plasmid Midiprep Kit (Cat. #NA0200S; 

Sigma Chemical Co, St. Louis, Missouri, USA) 

 

2.8 Transient BeWo Cell Transfection via Electroporation  

 

In order to determine the impacts of PARP-1 overexpression on trophoblast 

syncytialization and hormonal differentiation, BeWo cells were cultivated in 75 cm2 culture 

flasks until approximately 80% confluent. Subsequently, cells were treated with trypsin and 

counted. Three million cells were re-suspended in cell line solution L (Cat. # VCA-1005) and 

transfected with an Amaxa Nucleofection machine using 1.5µg of empty p3X-FLAG-CMV-7.1, 

pmaxGFP vector, or p3X-FLAG-CMV-7.1-human PARP-1 according to the manufacturer’s 

instructions using program X-005 (Forbes et al., 2009) (Lonza Amaxa Biosystems, Germany). 

Following transfection, approximately 5 × 105 cells were plated on 22 × 22 cm glass coverslips 

seated in 6-well plates. Additional coverslips were seeded with untreated cells to serve as IgG 

controls. BeWo cells were then allowed to settle and adhere to the coverslip overnight in 

proliferation culture conditions. The next morning, cell media was collected from each 6-well 

plate to serve as 0h samples for each transfection condition. Subsequently, BeWo cells were 

cultured under syncytialization promoting conditions for a total of 48h and media was collected 

and replenished every 24h. The 0, 24, and 48h cell media samples were stored at -20oC until 

analyzed for hCG content. In addition, cells on coverslips were fixed with 4% 
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paraformaldehyde/PBS at 0, 24 and 48h. Fixed cells were stored in PBS at 4OC until required for 

immunocytochemistry experiments. Transfection efficiency observed was 70%. 

 

2.9 Immunocytochemical Analysis of Transiently Transfected BeWo Cells 

 

 PBS was aspirated from each well and cells were then washed in PBS containing 0.1% 

Triton X-100 (PBTX) for 15 mins under constant agitation. Cells were washed in PBS for 5 min, 

and incubated in blocking solution for 1h under constant agitation at RT. Thereafter, cells were 

incubated in primary antisera (Table 1), diluted in blocking solution overnight at 4oC. The next 

morning, cells were washed twice in PBTX for 5 min and then washed in PBS for 5 min before a 

1h incubation in appropriate fluorescent secondary antisera (Table 1). Cells were then washed in 

PBTX for 5 min, followed by a 5 min wash in PBS and a 1h incubation in blocking solution 

under constant agitation at RT. BeWo cells were then incubated overnight in the appropriate 

primary antisera (Table 1) at 4oC. The following day, cells were washed twice in PBTX for 5 

min and then incubated in the appropriate fluorescent secondary antisera (Table 1), followed by 

two 5 min washes in PBTX. Finally, cells were mounted with Vectashield mounting media 

containing DAPI (Vector Laboratories Inc.) on glass microscope slides and sealed with nail 

polish.   

 

 Fluorescently labeled BeWo cells were observed using a Leica DM-IRE2 inverted 

microscope equipped for epifluorescence illumination and attached to a Retiga EXi CCD camera 

or an Olympus BX51 upright microscope equipped for epifluorescence illumination and attached 
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to a Olympus DP70 CCD camera (Olympus America Inc, Center Valley, PA, USA). Openlab 

Image Analysis software was used for image capture and analysis. The incidence of 

syncytialization in transfected cells was scored by the presence or absence of E-cadherin 

immunostaining in twenty microscopic high power fields of view (400x observed magnification). 

For each field, incidence of fusion was calculated by counting the number of nuclei in 

multinucleated transfected cells ( ≥ 3 nuclei) and dividing by the total number of nuclei in 

transfected cells within a given field.   

 

2.10 Polyacrylamide Gel Electrophoresis and Immunoblot Analysis 

  

2.10.1 Cell Lysate Preparation of BeWo Cells Following Transient PARP-1 Transfection  

 

Cell lysates were prepared from untransfected and transfected BeWo cells grown in 6-

well plates. One hundred microliters of RIPA lysis buffer (50mM Tris-HCl, pH 7.5, 150mM 

NaCl, 10% SDS, 1% Triton X100, 1% sodium deoxycholate) were added to each well. 

Subsequently, lysates from two wells were pooled together, creating three two hundred 

microliter samples and a triplicate for the given time point. Sample lysates were created by 

repeated pipetting for 1-2 min, followed by centrifugation at 14,000 x g at 4OC for 15 min. 

Finally, the supernatants were aliquoted into a fresh microcentrifuge tube and the pellet was 

discarded. Samples were stored at -20OC until required for SDS-PAGE.  

 

2.10.2 Protein Quantitation, SDS-PAGE and Western Blot Analysis 
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For SDS-PAGE and subsequent immunoblot analysis, total protein concentrations were 

quantified for each cell lysate sample with Bradford Protein assays, using a Bio-Rad Protein 

Assay Kit II (Cat. # 500-0002; Bio-Rad Laboratories Inc., Mississauga, Ontario, Canada). All 

protein samples (20µg) were combined with appropriate volumes of loading RIPA lysis buffer to 

make up volume and then mixed with equal volumes of 2x SDS gel loading buffer (100mM Tris-

HCL, pH 6.8, 4% SDS, 20% glycerol, 0.2% bromophenol blue, 10% 2-mercaptoethanol) 

followed by heating to 95OC for 5 min.  

 

Subsequently, protein samples and Bio-Rad molecular weight marker (Cat. # 161-0363; Bio-Rad 

laboratories, Mississauga, Ontario, Canada) were separated electrophoretically on a 10% 

polyacrylamide gel at 100 volts under denaturing conditions. Proteins were then electroblotted to 

Bio-Rad 0.2µm nitrocellulose membranes (Cat. # 162 0115; Bio-Rad Laboratories Inc., 

Mississauga, Ontario, Canada) at 100 volts for 1h in transfer buffer (25mM Tris, 0.192M 

glycine, 20% methanol, 0.1% SDS, pH 8.3). Immunoblots were stained for total protein with a 

reversible memcode staining kit (Cat. # 24580; Pierce Biotechnology Inc.,!Rockford, IL, USA). 

Membranes were then washed under constant agitation in Tris-buffered saline Tween-20 (TBST; 

20mM Tris base, 137 mM NaCl, and 0.1% Tween-20, pH 7.6) and then blocked with 5% 

milk/TBST solution for 1h. Primary antisera (Table 1) were then diluted in 5% milk blocking 

solution and incubated for 1h at RT under constant agitation. Subsequently, the membranes were 

washed six times for 5 min in TBST and then incubated in appropriate HRP-conjugated goat 

secondary antisera (Table 1) for 1h under constant agitation. Membranes were washed six times 
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for 5 min in TBST and then incubated in Pierce SuperSignal West Pico chemiluminescent 

substrate (Cat. # PI-34080; Fisher Scientific Inc., Toronto, Ontario, Canada). Multiple exposures 

on enhanced chemiluminescence optimized Amersham Hyperfilm (Cat. # 28-9068-35; GE 

Healthcare Life Sciences Inc., Quebec, Quebec, Canada) were obtained to ensure the linearity of 

the film responses.  

 

2.11 β-hCG Analysis 

 

The cell media collected from transfected or untransfected BeWo cells was thawed on 

ice, vortexed, and 150µL of each sample was aliquoted into IMMULITE sample cups. β-hCG 

production by the BeWo cells was then quantified in each sample using an IMMULITE 1000 

Immunoassay Analyzer and an IMMULUTE® HCG chemiluminescent immunometric assay 

(Cat. # LKCG1; Siemens AG, Erlangen, Germany). Consequently, β-hCG levels were 

normalized as demonstrated in Vargas et al (2012). Total protein in cell media samples was 

measured via Bradford assay, resulting in the expression of β-hCG as mIU/mg of total protein. 

 

2.12 Data Analysis 

 

 Statistical analysis was performed using IBM® SPSS® Statistics release 20.0.0 (IBM 

Canada Ltd., Markham, Ontario, Canada). Prior to conducting analyses, the data were shown by 

Levene’s Test of Equality of Error Variances to be relatively normal in distribution and the 

assumption of homogeneity of variance was not violated. However, data for mean nuclei per 
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syncytium were logged to meet assumptions of homoscedasticity. Statistical significance for the 

determination of incidence of BeWo cell fusion and β-hCG production was analyzed with a two-

way analysis of variance (ANOVA). Values were considered significantly different if p < 0.05. 

 

CHAPTER 3. RESULTS 

 

3.1 PARP-1 Localization in Floating Chorionic Villi 

 

In order to assess PARP-1 localization in human chorionic villi, immunofluorescence 

experiments were conducted on normal first and second trimester, as well as term placenta. In 

both first and second trimester chorionic villi, PARP-1 was highly expressed in the villous CTB 

nuclei (Figure 8). In contrast, PARP-1 detection was substantially decreased in the STB, relative 

to CTB. In term placenta, PARP-1 immunolocalization was scarce in both villous CTB and STB 

when compared to first and second trimester chorionic villi. E-cadherin was highly detected in 

the cell membranes of CTB throughout the first and second trimesters of pregnancy. At term, E-

cadherin immunoreactivity was reduced in CTB cell membranes in comparison to first and 

second trimester chorionic villi. 

 

3.2 Snail-1 Localization in Floating Chorionic Villi 

 

Similar to PARP-1 localization, Snail-1 was highly detected in the villous CTB nuclei 

throughout the first and second trimester of pregnancy (Figure 9). In addition, Snail-1 was also  
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Figure 8. Immunolocalization of Poly (ADP-ribose) Polymerase-1 (PARP-1) in human floating 

chorionic villi. Shown are representative images of floating chorionic villi from week (w) 8, 13 

and term human placenta collected by confocal microscopy demonstrating PARP-1 (red) 

localization with E-cadherin (green). Note the intense immunolocalization of PARP-1 (arrows) 

in villous cytotrophoblast (CTB) nuclei during the first and second trimester. To a lesser extent, 

PARP-1 was also immunolocalized to the nucleus of stromal mesenchyme (Str) and nuclei of the 

syncytiotrophoblast layer (STB). Rabbit (Rb) IgG and mouse (Ms) IgG labeled panels represent 

isotype matched rabbit and mouse immunoglobulins used in place of primary antisera for 

immunofluorescence analysis. Data are representative of 3 independent experiments. Scale bar: 

25µm. 
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Figure 9. Immunolocalization of Snail-1 in human floating chorionic villi. Shown are 

representative images of floating chorionic villi from week (w) 8, 13 and term human placenta 

collected by epifluorescence microscopy demonstrating Snail-1 (green) localization with E-

cadherin (red). Note the intense immunolocalization of Snail-1 (arrows) in villous 

cytotrophoblast (CTB) nuclei, stromal mesenchyme (Str) and nuclei of the syncytiotrophoblast 

layer (STB) during the first and second trimester. Rabbit (Rb) IgG and mouse (Ms) IgG labeled 

panels represent isotype matched rabbit and mouse immunoglobulins used in place of primary 

antisera for immunofluorescence analysis. Data are representative of 3 independent experiments 

utilizing different patient tissue samples. Scale bar: 25µm. 
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highly expressed in the STB nuclei, as well as in the stromal mesenchyme. At term, Snail-1 

detection was less detectable in both CTB and STB, relative to Snail-1 immunoreactivity in first 

and second trimester chorionic villi. 

 

3.3 Analyses of PARP-1 and Snail-1 Co-localization in Villous Cytotrophoblast  

 

Since both PARP-1 and Snail-1 were abundantly expressed in the CTB monolayer, 

qualitative co-localization experiments were conducted on first and second trimester, as well as 

term placenta using immunofluorescence and confocal microscopy to strengthen the premise of a 

role for PARP-1 and Snail-1 in trophoblast syncytialization. During the first and second 

trimester, PARP-1 (in red) and Snail-1 (in green) exhibited a high degree of co-localization (in 

orange) within CTB nuclei (Figure 10). At term, co-localization appeared to be less detectable 

when compared to first and second trimester chorionic villi. However, Snail-1 was still expressed 

in both CTB and STB nuclei that did not colocalized with PARP-1. In contrast, PARP-1 

exhibited reduced immunoreactivity at term. 

 

Image analyses revealed that during the first trimester in two different tissue sections 

examined from one patient, PARP-1 and Snail-1 were 20.25% and 20.50% co-localized.  In the 

second trimester, PARP-1 and Snail-1 demonstrated 42.98% and 22.39% co-localization (Figure 

11). Finally, PARP-1 and Snail-1 exhibited 10.55% and 8.02% co-localization in term chorionic 

villi (Figure 12).   
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Figure 10. Qualitative co-immunolocalization of Poly (ADP-ribose) Polymerase-1 (PARP-1) and 

Snail-1 in human floating chorionic villi. Shown are representative images collected by confocal 

microscopy of floating chorionic villi from week (w) 8, 13 and term human placenta 

demonstrating PARP-1 (red) co-localization with Snail-1 (green). Note the intense co-

immunolocalization (arrows) of both PARP-1 and Snail-1 in nuclei of villous cytotrophoblast 

(CTB) during the first and second trimester.  Snail-1 was more highly detectable in both stromal 

mesenchyme (Str) and syncytiotrophoblast layer (STB) in comparison to PARP-1. Rabbit (Rb) 

IgG and mouse (Ms) IgG labeled panels represent isotype matched rabbit and mouse 

immunoglobulins used in place of primary antisera for immunofluorescence analysis. Data are 

representative of 3 independent experiments utilizing different patient tissue samples. Scale bar: 

25µm. 
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Figure 11. Co-localization immunofluorescence analysis of Snail-1 and Poly (ADP-ribose) 

Polymerase-1 (PARP-1) in first and second trimester human floating chorionic villi. Shown are 

representative images collected by confocal microscopy, of human floating chorionic villi from 

week (w) 8 and 13 of gestation illustrating Snail-1 (green) and PARP-1 (red) co-localization 

(arrows). Snail-1 was more highly detectable in both stromal mesenchyme (Str) and the 

syncytiotrophoblast layer (STB) in comparison to PARP-1. Following analyses with Imaris co-

localization software, protein co-localization (Co) was 20.25% (A) and 20.50% (B) in w8 

chorionic villi, and 42.98% (C) and 22.39% (D) at w13 of gestation. Rabbit (Rb) IgG and mouse 

(Ms) IgG labeled panels represent isotype matched rabbit and mouse immunoglobulins used in 

place of primary antisera for immunofluorescence analysis. Data are representative of a duplicate 

analysis of co-localization with placental tissue from one patient. Scale bar: 15µm (A, B, D), 

20µm (C).  
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Figure 12. Co-immunolocalization analyses of Poly (ADP-ribose) Polymerase-1 (PARP-1) and 

Snail-1 in term human floating chorionic villi. Shown are representative images of floating 

chorionic villi from term human placenta exemplifying PARP-1 (red) co-localization (arrows) 

with Snail-1 (green), collected by confocal microscopy. Note the markedly reduced detection of 

both Snail-1 and PARP-1 in villous cytotrophoblast (CTB) nuclei in term placenta. Snail-1 was 

more abundant in both stromal mesenchyme (Str) and syncytiotrophoblast layer (ST) in 

comparison to PARP-1. Following analyses with Imaris co-localization software, protein co-

localization was 10.55% (A) and 8.02% (B) in term chorionic villi. Rabbit (Rb) IgG and mouse 

(Ms) IgG labeled panels represent isotype matched rabbit and mouse immunoglobulins used in 

place of primary antisera for immunofluorescence analysis. Data are representative of a duplicate 

analysis of co-localization with placental tissue from one patient. Scale bar: 20µm. 
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3.4 PARP-1 Induces Trophoblast Syncytialization 

 

To investigate the consequences of overexpressing PARP-1 on trophoblast 

syncytialization, the BeWo human trophoblast cell line was employed, as well as an 

electroporation-based cell transfection strategy. Transfection success was evaluated via 

immunoblot analysis of BeWo cells that were either untreated or transiently transfected with a 

GFP or human PARP-1-containing expression vector (Figure 13). Specifically, a ~120 kDa band 

corresponding to full length FLAG-tagged human PARP-1 was apparent in the lanes containing 

proliferated and syncytialized cell lysates from BeWo cells which were transfected with a human 

PARP-1 expression vector. In contrast, FLAG-tagged PARP-1 was absent in adjacent lanes 

containing untreated or GFP expressing BeWo cell lysates.  

 

BeWo cells transfected with a GFP expression vector and grown under proliferation 

conditions exhibited low levels of syncytialization demonstrated by marked E-cadherin 

expression (Figure 14). As expected, BeWo cells also transfected with a GFP expression vector 

and grown under syncytialization conditions achieved high levels of cell fusion as shown by 

highly reduced E-cadherin localization (Figure 14). Remarkably, when BeWo cells were 

transfected with a human PARP-1 expression vector and grown under proliferation conditions, 

the vast majority of cells underwent trophoblast syncytialization (Figure 15). Upon exposure to 

syncytialization conditions, exogenous PARP-1 expressing BeWo cells exhibited even greater 

fusion (Figure 15). Subsequently, incidence of cell fusion was quantified in proliferated (denoted 

0h) and syncytialized (denoted 48h) BeWo cells that were transfected with either a GFP or  
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Figure 13. Detection of FLAG-tagged Poly (ADP-ribose) polymerase-1 in BeWo cell lysates. A) 

Immunoblot analysis of FLAG-tagged human poly (ADP-ribose) polymerase-1 (PARP-1) 

protein expression in BeWo cells. BeWo cells were either untreated (NP) or transiently 

transfected with a green fluorescent protein (GFP) or FLAG-tagged human PARP-1 (FP) 

expression vector and cultured for up to 48 hours (h) under proliferation (0h) or syncytialization 

(48h) conditions. Note the presence of a ~120 kilodalton (kDa) band in the both the 0 and 48h FP 

lanes. Such bands were absent in the 0 and 48h NP and 0h and 48h GFP lanes. B) Representative 

immunoblot stained for total protein demonstrating comparable loading between gel lanes. 

Molecular weight markers range from 15 kDa – 250 kDa.  
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Figure 14. Immunolocalization of E-cadherin and GFP in transfected BeWo cells. BeWo cells 

were transiently transfected with a pmaxGFP expression vector. Subsequently, cells were 

cultured under proliferation and syncytialization conditions for up to 48 hours. Shown are 

representative images of BeWo cells from 0 h (proliferative) and 48 h (syncytialized) time 

points. At 0 h, BeWo cells expressing exogenous pmaxGFP exhibited a low level of fusion, 

while at 48 h, the incidence of fusion was increased. Arrowheads indicate a fusion event marked 

by downregulation of E-cadherin immunostaining in cell membranes. Rabbit (Rb) IgG: isotype 

matched rabbit immunoglobulin used in place of primary antisera. Data are representative of 

three independent experiments. Scale bar: 25µm. 
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PARP-1 expression vector. As expected, there was a significant increase in incidence of cell 

fusion in control GFP expressing BeWo cells at 48h in comparison to similarly transfected cells 

grown under proliferation conditions at 0h. Control cell fusion reached ~40% by 48h (Figure 16i, 

A = p < 0.05). Of note, the incidence of cell fusion in these PARP-1 expressing cells was more 

than 2-fold greater than fusion control GFP-expressing cells at 48h (Figure 16i, B = p < 0.05). 

Unexpectedly, BeWo cells expressing exogenous PARP-1 at 0h under proliferation conditions 

exhibited ~80% syncytialization that was significantly higher in comparison to GFP expressing 

cells at the same time-point of culture (Figure 16i, C = p < 0.05). The mean nuclei per syncytium 

was also calculated, as an indication of the extent of cell fusion. As expected, there was a 

significant increase in the number of nuclei per syncytium in BeWo cells expressing GFP at 48h 

in comparison to corresponding transfected cells at 0h (Figure 16ii, A = p < 0.05). Of note, 

BeWo cells expressing exogenous PARP-1 exhibited significantly higher numbers of nuclei per 

syncytium compared to GFP expressing cells regardless of whether it was assessed at 0h or 48h 

(Figure 16ii, B = p < 0.05, C = p < 0.05).   

 

3.5 PARP-1 and Syncytiotrophoblast Hormonal Differentiation  

 

The impact of PARP-1 overexpression on trophoblast hormonal differentiation was 

assessed by measuring hCG production and secretion into the cell media by BeWo cells 

transiently transfected with a GFP, FLAG, or PARP-1 expression vector. Production of hCG was 

assayed by Enzyme-linked immunosorbent assay and the level of hCG was significantly 

increased from BeWo cells grown under syncytialization conditions for 48h,  
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regardless of vector-specific transfection compared to transfected cells at 0 and 24h (Figure 17. i, 

ii, iii, A = p < 0.05, B = p < 0.05, C = p < 0.05). Thus, following PARP-1 overexpression, 

compared to control cells, trophoblast hormonal differentiation remained unchanged. 

 

3.6 PARP-1 Localization is Conserved in the Murine Placenta. 

 

To evaluate whether or not PARP1 was localized to mouse labyrinthine trophoblast and 

changed during placental development, immunohistochemistry experiments were conducted at 

gestational time points E7.5, E8.5, E9.5, E10.5, E12.5, E13.5, E15.5, and E17.5. PARP-1 

localization was also examined in other trophoblast cell lineages to help contribute to a greater 

understanding of mouse trophoblast differentiation. During the post-implantation period (E7.5) 

PARP-1 was highly expressed in the nuclei of primary trophoblast giant cells, as well as the 

extraembryonic ectoderm and the ectoplacental cone (Figure 18). These cells are of particular 

importance as they give rise to both the invasive and labyrinth trophoblast subpopulations later 

during placental development (Rossant and Cross, 2001). At chorioallantoic attachment (E8.5), 

PARP-1 was highly detectable in nuclei of cells of the chorionic plate, spongiotrophoblast layer 

and trophoblast giant cells (Figure 19). Crucially, during labyrinth morphogenesis (E9.5 to 

E12.5), PARP-1 was increasingly expressed in the nuclei of mononuclear trophoblasts that 

enclose the maternal vasculature. Furthermore, PARP-1 was also increasingly detected in the 

nuclei of the syncytiotrophoblast bilayer,   
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Figure 17. β-hCG production by transiently transfected BeWo cells. Briefly, BeWo cells were 

transiently transfected with a pmaxGFP (GFP), p3X-FLAG-CMV 7.1 (FLAG), or p3X-FLAG-

CMV 7.1 human PARP-1 (PARP) expression vector. At three timepoints cell media was 

collected and analyzed for hCG content. At 0h, GFP, FLAG, and PARP expressing cells 

produced minimal amounts of hCG. At 24h, hCG secretion was elevated slightly between all 

three groups. However, hCG production was significantly increased at 48h in GFP (A = p<0.05), 

FLAG (B = p<0.05), or PARP (C = p<0.05) expressing cells in comparison to corresponding 

transfected cells at 0h. There were no statistically significant differences in hCG production 

between the GFP, FLAG, or PARP expressing cells at 0h, 24h and 48h.  Three independent 

experiments are shown.  
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Figure 18. Immunolocalization of Poly (ADP-ribose) Polymerase-1 (PARP-1) in embryonic day 

(E) 7.5 murine placenta. Shown are representative bright field images photographed at different 

magnifications (i-iii), of E7.5 mouse placenta immunostained for PARP-1. Note the intense 

immunolocalization for PARP-1 (arrows) in the nuclei of ectoplacental cone (EPC) and 

extraembryonic ectoderm cells (ExE). i) Scale bar: 200µm. ii) Scale bar: 50µm. iii) Scale bar: 

50µm. Control (Ctrl): isotype matched IgG used in place of primary antisera. Dashed lines serve 

as guides for indicated placenta regions. Data are representative of 3 independent experiments 

with different mouse placentae. Em: Embryo. Dec: Decidua. Myo: Myometrium. 
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Figure 19. Immunolocalization of Poly (ADP-ribose) Polymerase-1 (PARP-1) in embryonic day 

(E) 8.5 murine placenta. Shown are representative images of E8.5 mouse placenta collected at 

three different magnifications, immunostained for PARP-1 and collected under bright field 

illumination. Note the intense immunolocalization of PARP-1 (arrows) in nuclei of trophoblast 

giant cells (TGC) and early developing spongiotrophoblast cells (SpT). i) Scale bar: 200µm. ii) 

Scale bar: 50µm. iii) Scale bar: 50µm. Control (Ctrl): isotype matched IgG used in place of 

primary antisera. Dashed lines serve as guides for indicated placenta regions. Data are 

representative of 3 independent experiments with different mouse placentae.  Em: Embryo. Dec: 

Decidua. Myo: Myometrium. ChP: Chorionic plate. RBCs: Red blood cells. 
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which faces the fetal vasculature containing nucleated red blood cells (Figure 20-22). These cells 

are important in studying human trophoblast syncytialization, as the mononuclear trophoblast 

cells actively fuse and maintain the syncytiotrophoblast bilayer (Cross et al., 2006). Throughout 

endovascular and interstitial trophoblast invasion (E12.5 to E17.5), PARP-1 was highly 

immunolocalized to nuclei of trophoblast cells of the labyrinth, spongiotrophoblast layer, 

glycogen trophoblasts and trophoblast giant cells with the exception of E17.5, where PARP-1 

detection was drastically reduced in these trophoblast lineages except for glycogen trophoblast 

cells (Figure 23-25). It is important to note that the glycogen trophoblast cells of the murine 

placenta exhibited particularly intense PARP-1 immunoreactivity. 
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Figure 20. Immunolocalization of Poly (ADP-ribose) Polymerase-1 (PARP-1) in embryonic day 

(E) 9.5 murine placenta. Shown are representative images of E9.5 mouse placenta 

immunostained for PARP-1 and collected at different magnifications under bright field 

illumination. Note the intense immunolocalization of PARP-1 (arrows) in the developing 

labyrinth (Lab), trophoblast giant cell nuclei (TGC) and spongiotrophoblast cell nuclei (SpT). i) 

Scale bar: 200µm. ii) Scale bar: 50µm. iii) Scale bar: 50µm. Control (Ctrl): isotype matched IgG 

used in place of primary antisera. Dashed lines serve as guides for indicated placenta regions. 

Data are representative of 3 independent experiments with different mouse placentae. Em: 

Embryo. Dec: Decidua. RBCs: Red blood cells. 
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Figure 21. Immunolocalization of Poly (ADP-ribose) Polymerase-1 (PARP-1) in embryonic day 

(E) 10.5 murine placenta. Shown are representative images of E10.5 mouse placenta 

immunostained for PARP-1 and collected at different magnifications under bright field 

illumination. Note the intense immunolocalization of PARP-1 (arrows) in the labyrinth (Lab), 

trophoblast giant cell nuclei (TGC) and spongiotrophoblast cell nuclei (SpT). i) Scale bar: 

200µm. ii) Scale bar: 50µm. iii) Scale bar: 50µm. Control (Ctrl): isotype matched IgG used in 

place of primary antisera. Dashed lines serve as guides for indicated placenta regions. Data are 

representative of 3 independent experiments with different mouse placentae. Dec: Decidua.  
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Figure 22. Immunolocalization of Poly (ADP-ribose) Polymerase-1 (PARP-1) in embryonic day 

(E) 12.5 murine placenta. Shown are representative images of E12.5 mouse placenta 

immunostained for PARP-1 (arrows) and collected at different magnifications under bright field 

illumination. Note the intense immunolocalization of PARP-1 in the labyrinth (Lab), trophoblast 

giant cell nuclei (TGC), spongiotrophoblast cell nuclei (SpT), and glycogen trophoblasts (GlyT). 

Within the labyrinth, PARP-1 was highly detectable in nuclei of mononuclear cytotrophoblasts 

(mCTB), as well as the nuclei of the multinucleated syncytiotrophoblast (STB). i) Scale bar: 

200µm. ii) Scale bar: 50µm. iii) Scale bar: 50µm. Control (Ctrl): isotype matched IgG used in 

place of primary antisera. Dashed lines serve as guides for indicated placenta regions. Data are 

representative of 3 independent experiments with different mouse placentae. fRBCs: Fetal Red 

Blood Cells. mRBCs: Maternal Red Blood Cells. 
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Figure 23. Immunolocalization of Poly (ADP-ribose) Polymerase-1 (PARP-1) in embryonic day 

(E) 13.5 murine placenta. Shown are representative images of E13.5 mouse placenta 

immunostained for PARP-1 and collected at different magnifications under bright field 

illumination. Note the intense immunolocalization of PARP-1 (arrows) in the labyrinth (Lab), 

trophoblast giant cell nuclei (TGC), spongiotrophoblast cell nuclei (SpT), and glycogen 

trophoblasts (GlyT). Within the labyrinth, PARP-1 was highly detectable in nuclei of 

mononuclear cytotrophoblasts (mCTB), as well as the nuclei of the multinucleated 

syncytiotrophoblast (STB). i) Scale bar: 200µm. ii) Scale bar: 50µm. iii) Scale bar: 50µm. 

Control (Ctrl): isotype matched IgG used in place of primary antisera. Data are representative of 

three independent experiments with different mouse placentae. Dec: Decidua. fRBCs: Fetal Red 

Blood Cells. mRBCs: Maternal Red Blood Cells. 
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Figure 24. Immunolocalization of Poly (ADP-ribose) Polymerase-1 (PARP-1) in embryonic day 

(E) 15.5 murine placenta. Shown are representative images of E15.5 mouse placenta 

immunostained for PARP-1 and collected at different magnifications under bright field 

illumination. Note the immunolocalization of PARP-1 (arrows) in the labyrinth (Lab), and the 

nuclei of trophoblast giant cells (TGC), spongiotrophoblasts (SpT), and glycogen trophoblasts 

(GlyT). Within the labyrinth, PARP-1 was highly detectable in nuclei of mononuclear 

cytotrophoblasts (mCTB), as well as the nuclei of the multinucleated syncytiotrophoblast (STB). 

i) Scale bar: 200µm. ii) Scale bar: 50µm. iii) Scale bar: 50µm. Control (Ctrl): isotype matched 

IgG used in place of primary antisera. Data are representative of three independent experiments 

with different mouse placentae. Dec: Decidua. fRBCs: Fetal Red Blood Cells. mRBCs: Maternal 

Red Blood Cells. 
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Figure 25. Immunolocalization of Poly (ADP-ribose) Polymerase-1 (PARP-1) in embryonic day 

(E) 17.5 murine placenta. Shown are representative images of E17.5 mouse placenta 

immunostained for PARP-1 and collected at different magnifications under bright field 

illumination. Note the faint immunolocalization of PARP-1 (arrows) in the labyrinth (Lab), and 

nuclei of trophoblast giant cells (TGC), spongiotrophoblasts (SpT), and glycogen trophoblasts 

(GlyT). Within the labyrinth, PARP-1 was highly reduced in nuclei of mononuclear 

cytotrophoblasts, as well as the nuclei of the multinucleated syncytiotrophoblast. i) Scale bar: 

200µm. ii) Scale bar: 50µm. iii) Scale bar: 50µm. Control (Ctrl): isotype matched IgG used in 

place of primary antisera. Data are representative of three independent experiments with 

different mouse placentae. Dec: Decidua. fRBCs: Fetal Red Blood Cells. mRBCs: Maternal Red 

Blood Cells. 
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CHAPTER 4. DISCUSSION  

 

The various processes utilized for trophoblast turnover, specifically the syncytialization 

of daughter CTB into the overlying STB are poorly understood. Importantly, improper placental 

development such as dysregulated trophoblast syncytialization subsequently leads to the 

impairment of critical placental functions such as the transport of nutrients, ions and wastes to 

and from the developing fetus, as well as hormone synthesis (Huppertz et al., 2002). 

Furthermore, aberrant trophoblast turnover has been observed in pregnancies complicated by 

diseases such as PE and IUGR (Huppertz et al., 2002). Trophoblast syncytialization involves an 

EMT-like process (Lala et al., 2002), and recent cancer research has shown collaboration 

between ILK, PARP-1 and Snail-1 in the suppression of E-cadherin, which is a key adhesion 

molecule present in adherens junctions that must be downregulated for EMT to occur (McPhee et 

al., 2008). Such suppression of E-cadherin expression is also a prerequisite for successful 

trophoblast syncytialization. Crucially, ILK has been shown to facilitate trophoblast 

syncytialization (Butler et al., 2009). Thus, based on the reported roles of these proteins, it was 

hypothesized that PARP-1 could play a key role in trophoblast syncytialization.  

 

4.1 Spatiotemporal Expression of PARP-1 and Snail-1 

 

A clear understanding of the temporal and spatial expression of PARP-1 and Snail-1 as 

well as the function roles of these proteins in the mammalian placenta has been lacking. Thus, 

for the first time, a comprehensive in situ examination of PARP-1 and Snail-1 expression in 
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human trophoblast during pregnancy was conducted.  This study demonstrated that PARP-1 is 

primarily localized to CTB nuclei, stromal mesenchyme cell nuclei, and to a lesser extent, the 

overlying STB nuclei in human chorionic villi (see Figure 8).  Similarly, Snail-1 was highly 

detectable in the CTB and stromal mesenchyme cell nuclei, but was also abundantly expressed in 

STB nuclei (see figure 9). Furthermore, PARP-1 and Snail-1 exhibited a high degree of nuclear 

co-localization in the CTB monolayer (See Figure 10).  

 

With regards to Snail-1 expression patterns in trophoblast, there is controversial 

descriptive data reported in the field. Blechschmidt et al (2007) reported that Snail-1was 

predominantly expressed in EVT nuclei, and was reduced in villous CTB nuclei. Interestingly, a 

slight upregulation in Snail-1 expression was reported in both pre-eclamptic villous CTB and 

EVT columns when compared to immunoreactivity in healthy term placentae (Blechschmidt et 

al., 2007). More recent work conducted by Fedorova et al (2012) has illustrated, through an 

immunohistochemical approach, that Snail-1 is predominantly expressed in CTB and stromal 

mesenchyme cell nuclei of floating chorionic villous trees with reduced localization of Snail-1 in 

EVT nuclei within anchoring villi. Furthermore, the authors also reported reduced Snail-1 

immunolocalization in human placental tissues obtained from pre-eclamptic patients, relative to 

placental tissues from normal healthy deliveries at term. Utilizing immunoblot analysis, Snail-1 

protein levels were also significantly decreased in pre-eclamptic placental tissue and 

accompanied by an increase in E-cadherin levels, in comparison to healthy placental tissue. It is 

important to note that placenta homogenates were mainly composed of villous tissue, where EVT 

populations are markedly reduced. Therefore, total E-cadherin and Snail-1 protein levels in this 
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part of the tissue would not be substantially impacted by changes in EVT expression of these 

proteins, and were more representative of villous CTB protein profiles (Fedorova et al., 2012). 

Unlike the results presented in this thesis, Fedorova et al (2012) did not report Snail-1 expression 

in STB nuclei. Snail-1 detection in STB nuclei could be indicative of recent syncytialization 

events and Snail-1 may be awaiting proteasomal degradation. However, Snail-1 may be 

participating in STB-specific roles, in addition to the roles of Snail-1 in trophoblast 

syncytialization. Perhaps Snail-1 is involved in hormonal differentiation, or even the shedding of 

aged STB nuclei into the maternal circulatory system.   

 

To date, PARP-1 has not been explored in human trophoblast. Hemberger et al (2003) 

has reported that PARP-1 knockdown in mouse embryonic stem cells (ES) stimulates the 

development of trophoblast giant cells. Additionally, PARP-1-/- mice exhibit a thin 

spongiotrophoblast layer, suggesting that PARP-1 is involved in murine trophoblast invasion. 

PARP-1 has also been reported to play a role in regulating Snail-1 and E-cadherin expression in 

prostate cancer cells (McPhee et al., 2008). It is important to note that both prostate carcinoma 

cells and trophoblasts undergo EMT processes, as they have to remodel and reduce cell-cell 

adhesion complexes (containing E-cadherin) to become invasive and undergo syncytialization, 

respectively. Therefore, the descriptive data in this thesis illustrating PARP-1 

immunolocalization in CTB nuclei of floating chorionic villi suggests a novel role for this 

protein in human trophoblast syncytialization.  
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This study has demonstrated that PARP-1 and Snail-1 are also colocalized within the 

nuclei of the cytotrophoblast monolayer of human chorionic villous trees. Tan et al (2001), have 

previously demonstrated in the SW480 and DLD-1 human colon carcinoma cell lines, that Snail-

1 gene expression can be regulated by ILK, through the SIRE within the promoter of Snail-1. 

Through the utilization of EMSA, McPhee et al (2008) has identified PARP-1 as a novel ILK 

dependent SIRE binding protein. The EMSA is a useful molecular tool in identifying protein-

nucleic acid interactions (Hellman and Fried, 2007). McPhee et al (2008) conducted EMSA 

experiments using PC3 prostate carcinoma cell nuclear extracts and a labeled Snail-1 SIRE 

promoter as the DNA probe. Upon exposure of the SIRE DNA probe to the nuclear extracts, an 

upward band shift was observed, suggesting a protein-SIRE interaction. Crucially, when ILK 

depleted (by siRNA knockdown), and PARP-1 knockout (by siRNA targeting) PC3 cell nuclear 

extracts were subjected to the SIRE DNA probe, a reduction in signal intensity was reported in 

the shifted band, indicating that PARP-1 and ILK interact with SIRE. The knockout of both 

PARP-1 and Snail-1 in the PC3 cells resulted in a significant upregulation of E-cadherin 

expression. Through immunoblot and immunocytochemical analysis of forskolin-induced 

differentiated BeWo choriocarcinoma cells, Butler and MacPhee (unpublished) observed an 

increase in ILK, PARP-1 and Snail-1 expression, as well as a reduction in E-cadherin protein 

levels during BeWo trophoblast syncytialization. Our co-localization analysis complement these 

findings and indicate that PARP-1 and Snail-1 could be working together to modulate E-cadherin 

expression, either at the DNA or protein level. 
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Both PARP-1 and Snail-1 are detected in the stromal mesenchyme of floating chorionic 

villous trees, where they exhibit a high degree of co-localization, especially during early 

placentation (See Figure 10 – 12). Placental villous mesenchymal cells are highly migratory, 

where their initial proliferation and migration during early placental development lead to the 

development of primary villi and subsequently secondary and tertiary villi (Norwitz et al., 2001). 

In contrast to the trophectoderm-derived CTB, the mesenchymal cells of the villous core stem 

from the extraembryonic mesoderm origin. These cells are formed during primary EMT, which 

occurs during early embryological development (Benirschke et al., 2006). Perhaps PARP-1 and 

Snail-1 are involved in primary EMT, where they remain expressed and thereafter have role(s) in 

maintaining the cells of the mesenchymal villous core. However, their exact role(s) are yet to be 

elucidated.   

 

4.2 Induction of Syncytialization by PARP-1 

 

PARP-1 overexpression in the BeWo human trophoblast cell line increased the incidence 

and extent of syncytialization under both proliferation and fusion promoting culture conditions in 

comparison to GFP expressing control cells (see Figure 14 – 16). However, exogenous PARP-1 

expression did not influence BeWo trophoblast hormonal differentiation (see Figure 17). 

  

Molecules such as epidermal growth factor, 17β-estradiol, and ILK have been shown to 

regulate both syncytialization and hormonal differentiation of trophoblast (Morrish et al., 1987; 

Cronier et al., 1999; Butler et al., 2009). Together, these molecules facilitate trophoblast 
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syncytialization and hormonal differentiation by activating a large repertoire of intracellular 

signaling cascades. Even though PARP-1 overexpression in the BeWo cell line appears to 

increase trophoblast syncytialization, differentiation of these cells into hCG secreting cells may 

be regulated through independent molecular mechanisms. Evidence to support these finding is 

present in the literature, as Orendi et al (2010) exposed forskolin treated BeWo cells to a protein 

kinase A inhibitor, H-89, which prevented syncytialization. The authors also indicated that while 

the BeWo cells retained an epithelial morphology, hCG secretion remained unchanged, 

suggesting that trophoblast syncytialization and hormonal differentiation are two separate events. 

Leduc et al (2012) reported that forskolin and leukemia inhibitory factor (LIF) treated BeWo 

cells fused to a greater extent in comparison to BeWo cells exclusively treated with forskolin. 

Even though trophoblast syncytialization had occurred, LIF had an inhibitory effect on BeWo 

cell hCG secretion. These data demonstrate a novel and critical role for PARP-1 in CTB 

syncytialization; however the specific mechanism(s) utilized by PARP-1 for this process is 

currently unknown. 

 

PARP-1 has also been found to play significant roles in epigenetics (reviewed by 

Krishnakumar and Kraus, 2010a). Post-translational modifications can have profound effects on 

chromatin architecture. Examples of such modifications are acetylation, phosphorylation or 

methylation, which “mark” functional regions in chromatin and result in the creation or 

destruction of binding sites for chromatin-regulating proteins, as well as promoting overall 

structural changes in nucleosomes (Berger, 2007; Campos and Reinberg, 2009). Chromatin 

structure and gene transcription can be regulated by PARP-1 (Krishnakumar et al., 2008). The 
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H3K4me3 post-translational modification is abundant at transcription start sites in a variety of 

promoters, and is associated with active gene expression (Santos-Rosa et al., 2002; Ruthenburg 

et al., 2007). Such modifications can provide binding sites for protein domains such as the Plant 

Homeo Domain and Chromodomains that are contained within many proteins that modulate 

chromatin structure (Berger, 2007; Ruthenburg et al., 2007; Campos and Reinberg, 2009). The 

lysine-specific demethylase (KDM5/PLU) family of enzymes can remove the H3K4me3 post-

translational modification, resulting in the inhibition of proteins that would interact with the 

methylation mark (i.e. RNA polymerases) and transcriptionally repress genes (Ruthenburg et al., 

2007; Yamane et al., 2007). Interestingly, PARP-1 was found to actively bind, PARylate and 

inhibit KDM5B function, preventing the removal of the H3K4me3 post-translational 

modification at transcription start sites, resulting in increased gene transcription. This was found 

through the application of ChIP assays with nuclear extracts from MCF-7 human breast cancer 

cells (Krishnakumar and Kraus, 2010b). Furthermore, the authors elucidated a role for PARP-1 

in competing with linker histone H1 along the dyad axis of nucleosomes (Krishnakumar et al., 

2008; Krishnakumar and Kraus, 2010b), resulting in a conformational change and creating a 

more permissive environment for subsequent gene expression. Ellery et al (2009) have recently 

described histone methylation patterns in trophoblast where H3K4me2 was found in the majority 

of cell types in the human placenta, including CTB, STB, as well as stromal mesenchyme. 

Pivotally, the authors also demonstrated an almost exclusive immunoreactivity of H3K4me3 to 

the CTB monolayer and limited detection in the STB. Thus, with PARP-1 readily detectable in 

CTB nuclei (section 4.1), it is possible that PARP-1 may regulate SNAI1 transcription by 
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inhibiting a demethylase like KDM5B in CTB, resulting in the maintenance of the H3K4me3 

levels in the SNAI1 promoter and active transcription.  

 

PARP-1 knockout in PC3 cells resulted in a significant reduction of Snail-1 mRNA 

expression (McPhee et al., 2008). However, ILK knockout in PC3 cells had a substantially 

greater impact on SNAI1 gene transcription in comparison to silencing PARP-1. From the 

standpoint of trophoblast syncytialization, Butler and MacPhee (unpublished) conducted ILK 

knockdown experiments with ILK-specific siRNA in BeWo cells and found that Snail-1 was 

downregulated, PARP-1 expression was unaffected, and E-cadherin expression was upregulated, 

suggesting that ILK and PARP-1 regulate SNAI1 gene transcription independently. The 

significant increase in trophoblast syncytialization upon PARP-1 overexpression in BeWo cells 

could support epigenetic SNAI1 regulation, however, PARP-1 could be ILK-dependant (Figure 

26). Therefore, further studies are required to elucidate the precise signaling pathway(s) utilized 

by PARP-1 in human trophoblast syncytialization. 

 

4.3 Conservation of PARP-1 Expression in the Mouse Placenta  

 

Mouse trophoblast syncytialization utilizes an EMT-like process, whereby cell-cell adhesion 

complexes are remodeled, which is a comparable process to human trophoblast syncytialization. 

Interestingly, Cox et al (2011) reported an approximate 70% conservation of gene expression 

between the mouse and human placenta. Immunohistochemical analysis of the mouse placenta 

revealed intense PARP-1 immunolocalization to the mouse labyrinthine trophoblast nuclei from  



!
!
!
!
!

110 

Figure 26. Schematic representation of Poly (ADP-ribose) Polymerase-1 (PARP-1) as a 

transcription factor and epigenetic factor in trophoblast syncytialization. i) Integrin-Linked 

Kinase (ILK) stimulates PARP-1, and PARP-1 in turn binds to the Snail-ILK-Responsive 

Element (SIRE), resulting in Snail-1 (SNAI1) upregulation. Subsequently, Snail-1 suppresses E-

cadherin (CDH1) leading to trophoblast syncytialization. ii) ILK stimulates PARP-1, which in 

turn cleaves ADP-ribose units from nicotinamide adenine dinucleotide (NAD+), leaving 

nicotinamide adenine mononucleotide (Nam). Lysine-specific demethylase (KDM5)-B function 

is then inhibited by PARP-1 through PARylation, which is the addition of the ADP-ribose units 

onto target proteins. KDM5B inhibition prevents the demethylation of transcription start sites 

(TSS), resulting in Snail-1 upregulation. Subsequently, Snail-1 suppresses CDH1 (E-cadherin) 

leading to trophoblast syncytialization. 

  



i)

ii)
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E7.5 to E15.5 (see Figures 18 – 24). PARP-1 immunoreactivity was most apparent in both 

mononucleated trophoblast and syncytiotrophoblast bilayer nuclei during labyrinth 

morphogenesis (E9.5 and 12.5). Dupressoir et al (2005) have shown that Syncytin-A and 

Syncytin-B are expressed in the mouse labyrinth layer from E9.5 to E15.5, and that they trigger 

cell fusion in cultured cells. Importantly, Syncytin-A and Syncytin-B genes are human 

homologues of Syncytin-1 and Syncytin-2. Therefore, since the human and mouse exploit similar 

mechanism(s) of trophoblast syncytialization, perhaps PARP-1 is inducing or playing a role in 

syncytialization within the mononuclear trophoblast nuclei. Nuclei expressing PARP-1 in the 

syncytiotrophoblast bilayer may be an indicator of recent syncytialization events. Alternatively, 

PARP-1 could be involved in other molecular processes in the syncytiotrophoblast bilayer. 

PARP-1 was also highly detectable in other trophoblast populations such as spongiotrophoblasts, 

trophoblast giant cells, and glycogen trophoblasts throughout the same timeframe. Like cancer 

cells, these trophoblast subtypes are invasive and PARP-1 has recently been shown to be 

involved in EMT in prostate cancer cells (Lala et al., 2002; McPhee et al., 2008). Therefore, 

PARP-1 may have roles in the invasive pathway of trophoblast differentiation.  

 

 Reduced PARP-1 immunoreactivity was observed in all trophoblast subtypes at later 

stages of pregnancy (i.e. E17.5), with the exception of glycogen trophoblast cells suggesting that 

PARP-1 is involved in other signaling pathways within glycogen trophoblasts. Murine placental 

development is largely complete during the later stages of pregnancy, where it becomes a 

specialized organ that has decreased proliferative activity, is adapted for metabolic exchange, 

and has pronounced endocrine functions (Hemberger et al., 2001). Therefore, perhaps PARP-1 
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expression is not as essential in most of the trophoblast lineages during late gestation compared 

to early gestation when placental structures are being established. The presence of PARP-1 in the 

mouse labyrinth indicates it is possible for PARP-1 to have a role in labyrinth morphogenesis, 

including the development of the syncytiotrophoblast bilayer. PARP-1 detection in the mouse 

and human placenta also follow a similar pattern, as both organisms abundantly and scarcely 

express PARP-1 during early and late placentation, respectively. Therefore, the mouse could be a 

suitable model to study the specific role of PARP-1 in trophoblast syncytialization and placental 

development per se. When Parp-1-/- wild-type mouse ES cells were introduced to nude mice via 

subcutaneous injection, Nozaki et al (1999) reported the formation of invasive teratocarcinoma 

cells, where all tumors developed multinucleated syncytiotrophoblastic giant cell structures. 

Hemberger et al (2003) confirmed the presence of these trophoblast-like cells, as they express 

trophoblast-specific genes, such as Tpbp, Mash2 Pl1, Plf, Plfr, and Pl2 in ES cell-derived 

tumors. Hemberger et al (2003) also conducted a morphological analysis of Parp-1-/- placentae. 

The authors found an increase in trophoblast giant cells at E8.5.  At E11.5, Parp-1-/- placentae 

exhibited a scarce and thin spongiotrophoblast, in comparison to wildtype placentae, with no 

change in labyrinth morphology. PARP-1 deficient ES cell culture also resulted in the 

accumulation of trophoblast giant cells (Hemberger et al., 2003). Together, these data suggest 

that PARP-1 plays more of a significant role in regulating murine trophoblast invasion in 

comparison to trophoblast syncytialization, as Parp-1-/- placentae had impaired 

spongiotrophoblast development and promoted trophoblast giant cell differentiation. Menissier 

de Murcia et al (2003) reported that PARP-2 has the ability to compensate for the functions of 
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PARP-1, and vice versa. Therefore, without exploring the role of PARP-2 in these trophoblast 

populations, a definitive role of PARP-1 cannot be determined at this time. 

 

4.4 Summary of Key Findings 

 

It was hypothesized that PARP-1 played a key role in the regulation of trophoblast 

syncytialization in the human placenta through the regulation of E-cadherin expression and 

subsequent EMT. Using human placental tissue collected from first and second trimester as well 

as term pregnancy, a comprehensive immunohistochemical examination of PARP-1 and Snail-1 

in the human placenta was conducted. It revealed that both these proteins were highly localized 

to CTB nuclei, as well as stromal mesenchyme nuclei during earlier stages of placenta 

development and was scarcely detected at term. Snail-1 was abundantly expressed in STB nuclei, 

whereas PARP-1 was barely detectable. Furthermore, PARP-1 and Snail-1 co-localized in CTB 

nuclei.  

 

The BeWo trophoblast cell line model was also used to determine the consequences of 

PARP-1 overexpression on trophoblast syncytialization. Both the incidence and extent of 

trophoblast syncytialization was significantly increased upon PARP-1 overexpression in the 

BeWo cell line. To be more precise, approximately 80% syncytialization was observed in PARP-

1 overexpressing BeWo cells, while being cultured under proliferative conditions. These BeWo 

cells should have exhibited an epithelial phenotype; therefore, it appears that PARP-1 expression 
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can induce trophoblast syncytialization. Even though PARP-1 overexpression stimulated the 

formation of a syncytium, it did not enhance trophoblast hormonal differentiation.   

 

Lastly, since the human and mouse placenta share many commonalities, a comparative 

analysis of PARP-1 immunolocalization in the mouse placenta was conducted. It showed a 

similar spatiotemporal pattern of PARP-1 detection, as PARP-1 was detected in most mouse 

trophoblast subtypes during early to mid gestation and was decreased in later stages of pregnancy 

as was observed in the human placenta. PARP-1 was detected in mouse mononuclear trophoblast 

nuclei as well as the syncytiotrophoblast bilayer nuclei. Therefore, the mouse could serve as 

appropriate animal model to further characterize the role(s) of PARP-1 during placenta 

development, in vivo, particularly syncytiotrophoblast development. 

  

4.5 Future Directions 

 

PARP-1 and Snail-1 were colocalized and highly expressed in the villous CTB 

monolayer of the human placenta. These results suggest that PARP-1 is acting as a SNAI1 

transcription factor, or PARP-1 uses an epigenetic mechanism to control SNAI1 gene 

transcription. Therefore, more conclusive experiments must be conducted to determine the 

mechanism(s) utilized by PARP-1 to induce trophoblast syncytialization.  

 

The use of ChIP assays in forskolin-induced syncytialization of BeWo human trophoblast 

cells would be an asset to elucidating the mechanism(s) of PARP-1 and Snail action in 
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trophoblast syncytialization. These assays would allow the determination of whether or not 

PARP-1 binds to the Snail-1 SIRE and whether or not Snail-1 binds to the E-cadherin promoter 

during BeWo syncytialization. Furthermore, the assays would determine if the interactions are 

enriched during the process using quantitative polymerase chain reaction. The assays could also 

be used to identify multiple novel proteins binding to the Snail SIRE or E-cadherin promoter that 

could influence syncytialization. To determine whether or not PARP-1 protein associates with 

Snail-1 during syncytialization, co-immunoprecipitation studies and immunoblot analyses should 

be conducted using PARP-1 and Snail-1 specific antibodies and cell lysates of proliferated and 

syncytialized BeWo cells. These studies would indicate if PARP-1 and Snail-1 are forming a 

complex together to potentially suppress E-cadherin expression.  

 

Lastly, determining the necessity of PARP-1 intrinsic catalytic activity in trophoblast 

syncytialization would be invaluable. The addition of a specific PARP-1 catalytic inhibitor 

(PJ34) to the BeWo cell culture media during syncytialization would reveal the necessity of 

PARylation in trophoblast syncytialization. If PARylation was not required for trophoblast 

syncytialization, then perhaps PARP-1 acts as a co-factor and the presence of PARP-1 alone is 

sufficient to drive such processes. If trophoblast syncytialization decreased upon PJ34 treatment, 

this would suggest that PARP-1 catalytic activity was a prerequisite for syncytialization to occur. 

However, the question would still remain as to how PARP-1 PARylation is facilitating 

trophoblast syncytialization and what is acting as a PARP-1 substrate. In answering these 

questions one must think of two key findings: a) Ellery et al (2009) reported that H3K4me3 was 

largely localized to CTB, and b) Krishnakumar and Kraus (2010b) found that PARP-1 inhibited 
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KDM5B activity via PARylation in MCF-7 human breast cancer cells. ChIP assays using 

H3K4me3 specific antisera could determine whether or not H3K4me3 is bound to the SNAI1 

promoter and enriched during BeWo syncytialization compared to BeWo cells grown under 

proliferation conditions. Complementary immunoblot analysis could then determine the 

detection levels of KDM5B in BeWo cells during a timecourse of syncytialization and compare 

them to levels in proliferating BeWo cells.  

 

The use of the PJ34 PARP-1 inhibitor during BeWo culture and immunocytochemistry 

experiments could also provide further insight into a potential PARP-1 epigenetic mechanism 

during trophoblast syncytialization. Specifically, the spatiotemporal co-immunolocalization 

analysis of PARP-1/Snail-1, PARP-1/ KDM5B, and PARP-1/ H3K4me3 in PJ34 treated BeWo 

cells during proliferation and syncytialization. For example, if the immunolocalization of Snail-1 

was significantly reduced and E-cadherin was recovered in PJ34 treated BeWo cells grown under 

syncytialization promoting culture conditions in comparison to untreated BeWo cells, this would 

provide further evidence that PARP-1 catalytic activity was necessary for active SNAI1 

transcription. Furthermore, if H3K4me3 detection was reduced and KDM5B was increased upon 

blocking PARP-1 catalytic activity in BeWo cells, this would suggest that PARP-1 normally 

PARylates KDM5B, preventing the demethylation of H3K4me3 and supporting syncytialization.  

 

Lastly, since the work described in this thesis demonstrates the abundance of Snail-1 in 

the CTB, overexpression of Snail in BeWo cells and the resulting effect on syncytialization 

should be conducted to better determine the functional role of Snail-1 in syncytialization. 
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Complementary siRNA targeting of Snail-1 in BeWo cells grown under syncytialization 

conditions should also be conducted to determine the necessity of Snail-1 for the process. 
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