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CHARACTERIZING A MODEL OF EARLY HUMAN PLACENTA 

Rowan Mae Karvas 

Laura C. Schulz, Dissertation Supervisor 

ABSTRACT 

In the few weeks following fertilization of a human ovum, there is little known about the 

events of early human development. What we do know we’ve learned from a few 

collections of fixed sections of implantation sites acquired in the 1950s. Much has been 

learned about the structures of the embryo formed during this time, but any 

experimentation to determine function is impossible. This is not only due to ethical 

restrictions but also due to the fact that women are unaware of when implantation occurs. 

What has been observed from these collections is that few changes occur within the inner 

cell mass, or embryo compartment, compared to the placental lineage or trophoblast 

which undergoes extreme morphological changes that take place during these crucial few 

weeks. The function behind these morphological changes probably involves establishing 

an anchoring and nutrient and gas transfer system very early. Recurrent implantation 

failure is a common source of infertility and the cause is often unknown. The causes of 

diseases of pregnancy such as preeclampsia or intrauterine growth restriction are to this 

date unknown and it is possible that it begins early during the implantation window.  

It is for the above reasons that a suitable in vitro model of early human placental 

development be created to study this important time period. Classically, it is thought that 

primed-type human embryonic stem cells resemble a post-implantation time point when 

the trophectoderm has already differentiated and therefore these cells cannot give rise to 
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the trophoblast lineage. However, as shown here and in much work done beyond what is 

contained here, it does appear that treatment of hESCs with BMP4, an 

ACTIVIN/NODAL inhibitor (A83-01), and an FGF receptor inhibitor (PD173074) gives 

rise to cells entirely made up of cells positive for common trophoblast markers (KRT7, 

CGA, CGB, HLAG, GATA3, TEAD4, CDX2, to name a few) and markers of mesoderm, a 

common result of stem cell treatment with BMP4, or other lineages do not occur. 

Growing evidence is showing that the type of trophoblast cells that result from BAP 

treatment are not perfectly analogous to the villus type placenta. In chapter II, I show that 

an invasive extravillous trophoblast marker ITGA1 is most highly expressed by 

syncytiotrophoblast in our model, indicating that the syncytiotrophoblast in this model is 

invasive. The goal of my work is to understand what stage of placental development this 

model replicates. Contained in chapter III, we show that the BAP model does appear to 

replicate a post-implantation early first trimester timepoint. We also utilized this model as 

a discovery tool to identify highly expressed genes and identified that these genes 

(GABRP, WFDC2, VTCN1, and ACTC1) are also expressed in the first trimester and 

specifically expressed by cytotrophoblast, syncytiotrophoblast, and extravillous 

trophoblast. Finally, in chapter IV, I delve deeper into one of the genes of interest, 

ACTC1. Preliminary results demonstrate that this structural actin protein may play an 

important role in syncytialization of cytotrophoblasts in our model. Overall, many more 

studies are required to confirm these results and the prospects of developing a model of 

early placental development in vitro from primed type embryonic stem cells is an 

exciting avenue of science that will hopefully result in discoveries that help us understand 

more about this black box in human placental development. 
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Chapter 1 

Introduction and Review of the Literature 

Introduction 

  

The process of implantation of a human blastocyst into the maternal endometrium, 

or nidation, is a difficult stage of human development to study as it is a time when a woman 

is unaware of the emerging pregnancy and sample collections are ethically restricted. Two 

repositories of human implantation sites exist and are the only known source for studying 

this stage (Hertig, Rock et al. 1956, Boyd J 1970). Deficiencies in implantation are believed 

to lead to many common disorders of pregnancy including preeclampsia, intrauterine 

growth restriction, and preterm labor (Maltepe and Fisher 2015). Preeclampsia, and its 

ensuing consequence, eclampsia, can be deadly and is probably unique to primates. It was 

first described in the 5th century B.C. and still today few treatments have been developed. 

Nor has a consistent pattern of predisposition to preeclampsia been discovered. 

Preeclampsia is associated with an insufficiency of trophoblast invasion and uterine artery 

remodeling in the first trimester. However, it is difficult to study the etiology of the disease. 

It is a possible that the culprit for many uniquely human reproductive problems originate 

during this stage and are impossible to model with current in vitro technologies and animal 

models.  

The human placenta forms in a complex environment and functions as many organs 

of the fetus before those organs have developed fully themselves- such as the kidney, liver, 

and lungs. Placental development is a complicated process with various emerging cell types 

and unique uterine cell types to navigate. Discussed below is a review of the development 
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and function of the human placenta. This review also includes insights from other 

mammalian species and in vitro culture models that further our understanding of placental 

gene functions.  

 There are numerous placental models in existence today. Here, I demonstrate that 

a human embryonic stem cell (hESC) model treated with BMP4 with signaling inhibitors 

A83-01 and PD173074 drive differentiation towards human trophoblasts that represents an 

early, post implantation stage time point (chapter III), shows intriguing expression of a 

classically invasive cell marker, ITGA1 in syncytiotrophoblast cells (chapter II), and I 

demonstrate the utility of this model as a gene discovery tool of first trimester human 

trophoblast, in particular the gene ACTC1 (chapter IV). Overall, this work encapsulates 

that this hESC model of human trophoblast should be considered a model of early human 

trophoblast development. While the model will always be subject to further verification, 

having a model of this unknown stage of human development will be monumental in 

furthering human knowledge. 

  

Review of the Literature 

Human Placentation 

 

Trophoblast Emergence and Differentiation 

The first event in placentation is the differentiation of the trophectoderm lineage 

from the inner cell mass in the mammalian blastocyst (Figure 1).  By day 5 post 

fertilization, the human blastocyst is composed of three cell lineages- the epiblast, primitive 

endoderm, and trophectoderm. The epiblast and primitive endoderm comprise the inner 
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cell mass and, together, these two groups give rise to the embryonic lineage. The 

trophectoderm emerges on the surface of the spherical conceptus and gives rise to the 

placental lineage (Adjaye, Huntriss et al. 2005) (Figure 1A). 

The next step in placental development is implantation, which begins at day 7-8 

post-fertilization.  At this stage, the trophectoderm consists of two distinct domains, the 

polar trophectoderm that is in contact with the inner cell mass and the mural trophectoderm 

that is in contact with the blastocoel cavity.  In the human, implantation begins with 

apposition of the polar trophectoderm to the uterine epithelium (Deglincerti, Croft et al. 

2016). Initial attachment has been proposed to occur via binding of SELL (L-Selectin) with 

sugar moieties expressed on the maternal luminal epithelium (Genbacev, Prakobphol et al. 

2003). Attachment proteins such as integrins, which are αβ transmembrane heterodimers, 

include subunits alphaV (ITGAV), alpha3 (ITGA3), alpha6 (ITGA6), beta3/5 

(ITGB3/ITGB5), beta4 (ITGB4), beta1 (ITGB1), (Bloor, Metcalfe et al. 2002, Aberkane, 

Essahib et al. 2018) interact with uterine epithelium. The epithelium becomes receptive to 

these integrin adhesion proteins in response to progesterone, which upregulates sugar 

moiety expression on the epithelial surface and the deposition of Laminin, Fibronectin 

(FN1), Osteopontin (SPP1), and Collagen within the decidua (James, Carter et al. 2012, 

Ochoa-Bernal and Fazleabas 2020). 

In the human conceptus implantation into the decidualized endometrium 

immediately follows attachment. This process appears to be driven by syncytialized 

trophoblast, termed the primitive syncytium, which emerges from trophectoderm at the 

polar end of the blastocyst. It is invasive and breaks down the maternal decidua basalis and 

burrows into the endometrium, leaving open spaces called lacunae visible as holes in the 
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syncytium (Figure 1B). This transient trophoblast sublineage appears to function for 

approximately 7-9 days (Hertig 1968, Boyd J 1970). It further embeds the conceptus within 

the decidua, coming into contact with maternal blood by breaking down the local capillary 

beds (Enders 1989) and secretions via endometrial glands (Moser and Huppertz 2017). 

Pools of blood and glandular secretions fill the lacunae. Nutrients in the maternal blood 

and glandular secretions are then inferred to be taken up by the primitive syncytium to 

nourish the embryo.  

 The villous-type, or mature placenta, begins with the formation of the primary villi 

at around 13 days post fertilization or 4 weeks since the last menstrual period (LMP) 

(Figure 1C). Primary villi consist of strands of cytotrophoblast (CTB) that proliferate 

rapidly and form what is called the cytotrophoblast shell (Figure 1 C-D). These primary 

villous structures break through and fragment the primitive syncytium, pushing it further 

from the conceptus within the cytotrophoblast shell (Hertig 1968, Boyd J 1970) (Figure 

1D). Next, during the third week of gestation, secondary villi are formed via the 

incorporation of fetal mesenchymal stroma that extends into the primary cytotrophoblast 

shell (Figure 1D), which by the 3rd week, these become tertiary villi, covered by CTB and 

syncytiotrophoblast (STB) layers,  and containing fetal blood vessels and Hofbauer 

macrophages within the mesenchymal core (Hertig 1968) (Figure 1E).   

There are multiple types and subtypes of trophoblast within the mature placenta.  

The first type, CTB cells, outline the mesenchymal core of the villi and give rise to the 

other major trophoblast types- STB and extravillous trophoblast (EVT) (Figure 1F). Recent 

work has shown that CTBs are possibly made up of 2-3 subpopulations with different 

potentialities for differentiation. Some populations appear to be in a proliferative, self-
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renewing stem-like state, while others are biased towards STB or EVT differentiation (Liu, 

Fan et al. 2018, Vento-Tormo, Efremova et al. 2018). Single-cell RNA sequencing has 

confirmed that among the CTB lineage, there are at least three populations- (1) one with 

highly upregulated proliferative gene networks; (2) a population with no apparent 

proliferative capacity and are poised for fusion into STB, as they highly express ERVFRD-

1; (3) a population that was non-proliferative, not expressing ERVFRD-1, but which 

mainly comprised of cells with an EVT signature. Three sub-populations were found in the 

EVT lineage, one that was proliferative, another that appeared to be participating in 

receptor signaling through the innate immune system, and a third with characteristics of 

both previous types. Liu et al also performed pseudotime bioinformatics analysis with their 

dataset and from this concluded that a first differentiation step from CTB poised towards 

STB (CTB2) leading into an EVT signature that becomes proliferative (CTB3), finally 

reaching terminal differentiation as EVTs that has the ability to interact with the innate 

immune system (EVT1 into EVT3). 

CTB differentiate towards STB by fusing into the STB layer that resides just above 

the CTB on the villus (Vargas, Moreau et al. 2009, Wich, Kausler et al. 2009). Villous 

STB, like the primitive STB, is multinucleated, produces hormones such as hCG and 

progesterone, and functions in nutrient exchange. Villi ultimately form direct contact with 

maternal blood by opening maternal blood vessels and participate in nutrient/gas exchange 

and signaling to the maternal system. There are two types of villi- floating villi are entirely 

bathed in the maternal blood and only have CTB and STB and lack direct contact with the 

maternal deciduum, and the second that is embedded in the maternal decidual layer and 

generate EVT at their tip. The latter form columns that migrate further into the maternal 
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decidua and anchor the placenta to the uterine wall. The proliferative population of EVT is 

largely localized to the tips of the placental villi (Li, Moretto-Zita et al. 2014), whereas 

those in the more distal regions are non-proliferative and invasive, reaching as far as the 

first third of the myometrium. Invasive EVTs are segregated into at least two subtypes, 

namely interstitial EVTs (iEVTs) that are found throughout the decidua, and endovascular 

EVTs (eEVTs) that reside within and modify maternal spiral arteries (Burton and Jauniaux 

2018).  A specialized population of eEVT appear to form trophoblast plugs within the 

maternal spiral arteries between 2-4 weeks post fertilization. The plugs maintain a low 

dissolved oxygen level, probably about 2-3% (w/v) in the placenta.  Disintegration of the 

plugs begins in the 7th week LMP (5th week post fertilization). Oxygenation progressively 

increases to reach normoxia (~8% O2) by the 13th week LMP (11th week post fertilization) 

(Burton, Jauniaux et al. 1999, Roberts, Morgan et al. 2017).  

 

Non-trophoblastic placental lineages 

Maternal Decidua 

 The deciduum is the layer of endometrium that emerges from endometrial stromal 

cells and consists largely of decidual cells and immune cells. Stromal cells undergo 

decidualization upon hormonal stimulation by progesterone as the luteal phase of the 

menstrual cycle progresses, even during a non-fertile cycle. Decidualization involves the 

transformation of stromal endometrial fibroblasts into larger cuboidal shaped cells, an 

accumulation of glycogen and lipid droplets within the cytoplasm, and deposition of 

basement membrane associated extracellular matrix within the decidua (Kajihara, Tanaka 

et al. 2014). Decidualized endometrium facilitates the implantation process of blastocysts. 
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Cross-talk between embryo and decidualized cells drives expression of a suite of matrix 

metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs) by either 

or both cell types that enhances implantation (Gellersen and Brosens 2014). There is some 

evidence in other animal species and in vitro human blastocyst experiments that the 

endometrium can select against low quality embryos, meaning there is a role in decidual 

selection of quality embryos, however this has not been fully proven in humans (Mansouri-

Attia, Sandra et al. 2009, Teklenburg, Salker et al. 2010). The decidua also contains 

immune cells, primarily uterine Natural Killer (uNK) cells with antigen presenting decidual 

macrophages and dendritic cells (Koopman, Kopcow et al. 2003, Rieger, Honig et al. 2004) 

in addition to T cells. uNK, decidual macrophages and dendritic cells facilitate trophoblast 

invasion by quieting T cells (Kopcow, Rosetti et al. 2008) and participating in spiral artery 

remodeling (Lash, Pitman et al. 2016). uNK cells also promote EVT invasion in a paracrine 

manner. uNK cell conditioned medium enhances EVT invasion in vitro by IL-8 secretion 

(Hanna, Goldman-Wohl et al. 2006, De Oliveira, Lash et al. 2010).  T cells also play an 

important role in establishment and maintenance of pregnancy, participating in cytokine 

signaling cascades that reduce the immune system from attacking the invading 

semiallogenic trophoblast. As uNK cells signal to quiet T cells, a reciprocal communication 

from T cells to reduce NK cell toxicity also occurs. This includes the increase of 

proportions of Th2 to Th1 populations, shown to reduce uNK cell cytotoxicity (Wegmann, 

Lin et al. 1993, Hill, Polgar et al. 1995). Of the T regulatory cell type, FoxP3+ Tregs form 

the one of the largest proportions of Tregs in the uterus compared to other tissues and this 

population has been shown to enhance immune suppressive actions as well (Mjosberg, 

Berg et al. 2010). 
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Fetal-derived non-trophoblast lineages 

 Other non-trophoblast cell types include the mesoderm that infiltrates the placental 

villi (or secondary villi) and fetal endothelial blood vessels (the vasculogenesis of fetal 

blood vessels within secondary villi create tertiary villi). It is not known exactly what cell 

types give rise to these secondary tissues. All knowledge about this very early stage of 

pregnancy is gained from 2 collections of archival specimens, the Boyd and Carnegie 

Collections (Hertig, Rock et al. 1956, Boyd J 1970). Cell tracing is impossible in these 

cases, and so all information has been derived from descriptions of fixed and sectioned 

samples. From the study of these samples, extraembryonic allantoic mesenchymal cells 

emerging from the embryo make up the core of the emerging villi around day 14 post 

conception (Boyd J 1970). It is unknown what cells make up the fetoplacental vascular 

endothelium. It is most likely derived from extra-embryonic mesoderm, and not from 

trophoblast at this stage (Demir, Kaufmann et al. 1989, Kingdom, Huppertz et al. 2000).  

 

Incomplete villous formation, EVT invasion, and spiral artery remodeling have 

been inferred to result in a number of diseases of pregnancy including preeclampsia, 

HELLP syndrome (a complication of preeclampsia resulting in hemolysis and elevated 

liver enzymes) (Fisher 2015), intrauterine growth restriction (Egbor, Ansari et al. 2006), 

and miscarriage (Hustin, Jauniaux et al. 1990). It is therefore important to understand the 

developmental regulation of pre-villous and villous trophoblast formation. 
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Figure 1 
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Figure I-1: Villus Trophoblast development from nidation to villus stage. A) Days post 

conceptus 7-8 early implanting blastocyst. Cell structures include trophectoderm (TE) and 

the inner cell mass (ICM) that contains both epiblast and primitive endoderm. The 

Primitive Syncytium emerges, presumably from the TE, and aids in implantation of the 

embryo. B) Days 9-10. The blastocyst collapses and the primitive syncytium expands, 

forming lacunae that fill with blood and glandular secretions. C) Days 11-12. Primary villi 

made entirely of cytotrophoblast emerge. D) 13- approx. 18 days post conception. 

Secondary villi form, the stroma of this structure is derived from fetal mesoderm. The 

cytotrophoblast shell expands. The primitive syncytium begins to fraction and is pushed 

away by the cytotrophoblast shell. E) ~18-21 days post conception. Tertiary villi with blood 

vessels and Hofbauer cells form. These villi also have matured villus CTB and STB. F) 

Days 21-term. Side-view schematic of the mature villous structure. To the left is the fetal 

side, to the right the maternal side. Some changes occur beyond this stage, the EVT cell 

columns become shorter, fetal blood vessels become larger, and STB become thinner as 

gestation increases. Abbreviations- CTB= Cytotrophoblast; STB=Syncytiotrophoblast; 

EVT= Extravillous trophoblast; iEVT= Interstitial Extravillous Trophoblast; eEVT= 

Endovascular Extravillous Trophoblast. 
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Figure I-2: Trophoblast differentiation flow chart beginning with the blastocyst that 

contains trophectoderm on the outside that eventually gives rise to the placenta. 
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Regulation of Trophoblast Differentiation 

Oxygen 

 Oxygen concentrations in the placenta change over the course of gestation. Unlike 

many organs that do not tolerate hypoxia, such as the brain (Chen, Xiong et al. 2013, 

Hernandez-Gerez, Fleming et al. 2019), the placenta and fetus are in a low oxygen 

environment for the duration of the first trimester. Trophoblast plugs create a barrier to 

uterine spiral artery blood flow that maintains the placenta and fetus at 2-3% oxygen for 

the first 6-8 weeks of gestation (LMP, or last menstrual period). Breakdown of the 

trophoblast plugs occurs between weeks 8-10 and is completed by the 12th week, with 

placental concentrations rising to >6% oxygen (Rodesch, Simon et al. 1992, Burton, 

Jauniaux et al. 1999, Jauniaux, Watson et al. 2000). This low oxygen environment early in 

human development is thought to promote the proliferative properties of the 

cytotrophoblast shell and cell column EVTs (Li, Moretto-Zita et al. 2014, Burton and 

Jauniaux 2017, Chang, Wakeland et al. 2018), but also could promote proliferation of early 

forming organs of the fetus. Early oxygenation of the placenta during the first trimester has 

been shown to result in miscarriage, indicating that oxygen is a strong signal whose timing 

is sensitive (Khong, Liddell et al. 1987, Hustin, Jauniaux et al. 1990).  Therefore, oxygen 

levels within the placenta are tightly controlled for proper trophoblast development.  

Placental oxygen concentrations are important in part because they regulate 

trophoblast proliferation and invasion. Trophoblast cell models propagated in vitro show a 

preference to differentiate towards EVTs or STBs depending on external oxygen levels. 

Trophoblast derived from pluripotent stem cells show a decreased expression of hCG at 

low oxygen and an increased expression of HLAG (Horii, Li et al. 2016). Primary human 
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trophoblasts isolated at term will spontaneously differentiate towards STB in cultures 

maintained at 20% oxygen, however will not form syncytium or express hCG when 

maintained at 1-2% oxygen (Nelson, Johnson et al. 1999). Although, there is literature on 

both sides as to whether low oxygen induces trophoblast invasion and/or proliferation 

(Chang, Wakeland et al. 2018). In vivo experiments in humans on how oxygen impacts 

trophoblast development cannot be conducted on ethical grounds. Therefore, there is a 

reliance on cell culture models and animal models. The most convincing evidence for how 

human EVT react to oxygen fluctuations comes from experiments in villous explant 

culture, because these structures provide a structural context and contact with the 

mesenchymal villous core that is maintained, giving the model more in vivo characteristics 

than other models. Primary CTBs isolated away from the villous core and grown in culture 

lose their proliferative properties and quickly die. Choriocarcinoma cell lines are cancers 

and are abnormal. However, the data on villous explants are also variable largely due to 

different groups performing their invasion assays with slight differences in methodology 

and gestational ages, different oxygen levels, and different types of invasion assays. 

Caniggia et al., 2000 analyzed first trimester (5-8 weeks) villous explants in 3D Matrigel 

for proliferative and invasive properties. They found that invasion and proliferation of 

EVTs into the Matrigel was most robust at low oxygen (3%) (Caniggia, Mostachfi et al. 

2000). Lash et al 2006 split their explants into two groups- 8-10 weeks and 12-14 weeks, 

they used 3% (hypoxic), 8% (arterial oxygen content), and 20% (atmospheric oxygen), and 

used MatrigelTM invasion assays with porous membranes. Lash et al found that invasion 

was greatest at high oxygen (20% and 8%) and low at 3%. They also found that Ki67 

staining to identify proliferating cells was no different at any of the oxygen levels tested 
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(Lash, Otun et al. 2006). James et al 2006 also found that invasion was highest at 8% 

oxygen compared to 1.5% oxygen when using explants from 8-12 weeks (James, Stone et 

al. 2006). They also found that at 11-12 weeks, invasion decreased significantly, indicating 

that there is a shift in how oxygen impacts villous trophoblasts at late first trimester 

gestational ages. Given all of these varying results, the only explanation is either technical 

differences between groups or a  shift in trophoblast development after 5-6 weeks, before 

which the cells require low oxygen to form columns and proliferate, and after 8-10 weeks, 

when oxygen tensions may be rising, and EVTs require higher oxygen to be functional and 

invade. Other studies measuring invasion of trophoblasts at various oxygen levels are 

reviewed in table I-1. In animal models, rats kept in 11% oxygen through days 6.5 and 13.5 

of pregnancy show an increase in endovascular trophoblast invasion and an enlargement 

of the junctional zone, where invasive trophoblast precursors emerge (Rosario, Konno et 

al. 2008). However the guinea pig shows increased proliferation of trophoblasts in an 

increased junction zone area, but less invasion of placental arteries by trophoblasts when 

kept at 10.5% oxygen compared to 20% oxygen (Thompson, Pence et al. 2016). The 

various signaling cascades initiated by oxygen levels that are responsible for trophoblast 

proliferation and development are explored further below.  

 Oxygen regulates trophoblast in part via Hypoxia Inducible Factors, or HIF 

proteins, which are stabilized in cells by a hypoxic environment. HIF complexes are made 

up of 2 subunits- HIF1A and HIF-1β, otherwise known as ARNT (aryl hydrocarbon 

receptor nuclear translocator) that, when bound together, are responsible for the oxygen 

control over transcription of genes that regulate angiogenesis, cell proliferation, and 

glucose/iron metabolism in various tissues (Lee, Bae et al. 2004). There are three HIF-
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α subunits- HIF1A, HIF2A, and HIF3A − and one HIF-1β (ΑRΝΤ) subunit that is 

constitutively expressed in the placenta. HIF1A, -2Α, and -3Α are expressed in the 

placenta. Under normxic conditions (8-10%), HIF-α is tagged for rapid degradation by 

prolyl hydroxylase domain-containing proteins (EGLN1, 2, and 3), allowing for the 

binding of von Hippel-Lindau (VHL) ubiquitin ligase to target the subunit for proteosomal 

degradation (Semenza 2007). Hypoxia inhibits this process, thereby stabilizing HIF-α and 

allowing it to bind with HIF-β (Macklin, McAuliffe et al. 2017). This HIF complex binds 

with co-activators CREBBP/EP300 that then recruit the transcription machinery to 

transcribe low oxygen-specific genes that increase cell proliferation, reduce cell death, and 

participate in cellular behaviors such as vascular remodeling and tissue invasion. For 

example in in vitro human trophoblast villus explant models show that HIF1a works 

through TGFB3 and is required to keep trophoblasts in a proliferative, less invasive state 

early in the first trimester when the placenta is hypoxic (Caniggia, Mostachfi et al. 2000). 

In primary human CTB, 2D culture in low oxygen induces differentiation preferentially 

towards EVT, particularly proximal column EVT (Wakeland, Soncin et al. 2017). In the 

mouse trophoblast stem cell model, knocking out Arnt and Hif1a results in reduced 

adhesion and migration and a decreased expression of Itgavbeta3 (Cowden Dahl, Robertson 

et al. 2005). HIF signaling in hypoxic human placental explants leads to transcription of 

the genes encoding soluble forms of VEGF receptor (VEGFR1) and Endoglin (ENG), 

shown to be dysregulated in diseases of pregnancy such as preeclampsia (Nevo, 

Soleymanlou et al. 2006, Tal 2012). In mouse models, trophoblast differentiation is altered 

upon deletion of Hif1a, Hif2a, and Arnt. Knockout of any one of these proteins favor 
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differentiation to syncytiotrophoblast and reduce invasive lineages such as 

spongiotrophoblast and giant cells (Cowden Dahl, Fryer et al. 2005).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 18 

Publication Model Assay Low 
O2 

Physio
l. O2 

High 
O2 

Invad
ed 
more 
at low 
O2 

Inv
ade
d 
mor
e at 
hig
h O2 

(Caniggia, 
Mostachfi et 
al. 2000) 

5-8 week 
villous 
explants 

3D Matrigel  
3% 

 
NA 

 
20% 

 
X 

 

(Lash, Otun et 
al. 2006) 

8-10 weeks 
villous 
explants 

Matrigel 
invasion assay 
(6 days) 

 
3% 

 
8% 

 
20% 

  
X 

(Newby, 
Marks et al. 
2005) 

6-9 weeks 
villous 
explants 

 
3D Matrigel 

 
2% 

 
NA 

 
18% 

 
No 
differe
nce 

 
No 
diff
eren
ce 

(James, Stone 
et al. 2006) 

8-12 weeks 
villous 
explants 

 
2D Matrigel 

 
1.5% 

 
8% 

 
NA 

  
X 

(Genbacev, 
Joslin et al. 
1996) 

Isolated 10-
12 week 
CTB 

Matrigel 
invasion assay 
72 hrs 

 
2% 

 
8% 

 
20% 

     X 
(8% 
and 
20% 
equi
vale
nt) 

(Crocker, 
Wareing et al. 
2005) 

Isolated late 
first 
trimester 
CTB 

Arterial 
explant model 

 
3% 

 
NA 

 
17% 

  
X 

(Lash, 
Hornbuckle et 
al. 2007) 

Cell lines- 
HTR8/SVneo 
SGHPL-4 
JEG3 
JAR 

Matrigel 
invasion assay 
24hr, 48hr, 
72hr 

 
 

3% 

 
 

NA 

 
 

20% 

HTR 
and 
JEG3 
at 
24hrs. 

 
JAR 
no 
differe
nce 

SG
HP
L-4 
mor
e at 
24hr
s  

 
JAR 
no 
diff
eren
ce 

(Graham, 
Fitzpatrick et 
al. 1998) 

Cell line- 
HTR8/Svne
o 

Matrigel 
invasion assay 
24hrs 

 
1% 

 
NA 

 

 
20% 

 
X 
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(Tamaru, 
Mizuno et al. 
2015) 

Cell line- 
HTR8/Svne
o 

Matrigel 
invasion assay 
48hrs 

 
2% 

 
NA 

 
20% 

  
X 

(Highet, 
Khoda et al. 
2015) 

Cell line- 
HTR8/Svne
o 

Matrigel 
invasion assay 
12hrs 

 
1% 

 
5% 

 
20% 

 
X 

 

 

(Hayashi, 
Sakata et al. 
2005) 

Cell line- 
JEG3 

Matrigel 
invasion assay 
48hrs 

 
1% 

 
NA 

 
20% 

 
X 

 

(Zhu, Wang et 
al. 2017) 

Cell line- 
JEG3 

Matrigel 
invasion assay 
72hrs 

 
3% 

 
NA 

 
21% 

 
X 

 

 

Table I-1: Summary of invasion results of in vitro models of primary trophoblast and 

choriocarcinoma cell lines at high and low oxygen environments. 
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Transcription Factor regulators of trophoblast differentiation 

 Transcription factors (TFs) control what genes are expressed within a cell and when 

they are expressed. TFs work by binding either directly to DNA or to co-factors of 

transcriptional machinery within the nucleus to control the transcription of a DNA template 

into an RNA molecule. In trophoblast, there are a number of TFs which control the 

expression of genes required for placental development. While animal models in which 

they have been knocked out have proven to be useful in understanding how TFs function, 

there are some species differences in TF regulation, particularly between mouse and human 

(Schmidt, Morales-Prieto et al. 2015). Below I review the functions of the major TFs 

known to regulate different stages of trophoblast commitment and differentiation from 

master regulators to terminal differentiation. 

 

TEAD4 

 The transcription factor TEAD4 is considered as a master regulator of 

trophectoderm (TE) specification in both mice and humans. It works with Hippo-signaling 

factors YAP and WWTR1, which are shuttled to the nucleus specifically in cells of the late 

morula that are localized on the edge of the embryo. In mouse embryos, TEAD4 is 

expressed in all cells of the morula, but is only transcriptionally active in the cells along 

the edge due to its transcriptional co-factors residing in nuclei, YAP and WWTR1 

(Nishioka, Inoue et al. 2009). TEAD4 is also preferentially shuttled to the nucleus in cells 

of the TE in the mouse (Home, Saha et al. 2012). Tead4-/- mice die at pre-implantation 

stage, never forming the blastocoel cavity. Additionally, downstream TFs responsible for 

trophoblast differentiation in the mouse such as Cdx2, Gata3 and Eomes  are not expressed 
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in the Tead4 null embryos. In their place, all cells of the blastomere express inner cell mass 

TFs Pou5f1 and Nanog (Nishioka, Yamamoto et al. 2008).  

 TEAD4 is expressed in the TE of humans and rhesus monkeys at the blastocyst 

stage (Home, Saha et al. 2012) and continues to be expressed in villous CTBs of human 

placenta throughout gestation (Soncin, Khater et al. 2018). It is expressed specifically by 

self-renewing populations of CTBs (Saha 2016) and its expression is down-regulated in 

terminally differentiated STB and EVT (Haider, Meinhardt et al. 2016). Human TSCs, 

derived by Okae et al. in 2018, and which resemble the proliferative, self-renewing 

population of villous 1st trimester CTBs, express TEAD4 (Okae, Toh et al. 2018). As in the 

mouse, human TEAD4 is involved in transcribing other TFs required for further 

trophoblast identity including CDX2 and GATA3 when translocation to the nucleus occurs. 

Understanding how TEAD4 functions in humans will require genetic manipulations in 

human embryos which is currently restricted for ethical reasons. However, the invention 

of human embryo models which utilize the self-organization of the three main lineages of 

the blastocyst, may in the future provide key insights into the regulation of TEAD4 in the 

human pre-implantation blastocyst. 

 

CDX2 

Caudal-type homeobox 2 (CDX2) is a homeobox transcription factor and is 

expressed by activation of TEAD4. In the mouse embryo, CDX2 is diffusely expressed at 

a low level from the 8-16 cell stage until the blastocyst stage, when it is secluded to the TE 

(Strumpf, Mao et al. 2005). Cdx2-/- mouse embryos die shortly after the blastocyst stage, 

as they fail to maintain a blastocoel and rarely hatch from the zona pellucida (Strumpf, 
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Mao et al. 2005, Jedrusik, Cox et al. 2015). In the mouse, Cdx2 also functions to inhibit 

Pou5f1 as CDX2 and TFAP2C binding sites in its distal autoregulatory enhancer regions. 

This obstructive interaction directly represses Pou5f1 expression (Niwa, Toyooka et al. 

2005), creating a sharp contrast in gene expression profiles between the TE and the ICM 

(inner-cell mass), which requires Pou5f1 to maintain pluripotency in both the mouse and 

human embryo. Later in mouse gestation, Cdx2 is largely expressed by glycogen cells of 

the junctional zone and in the labyrinth and its expression increases with gestational age 

(Soncin, Khater et al. 2018). In human blastocysts, when POU5F1 has been knocked out 

with CRISPR-Cas9, blastocyst development was established but was not maintained. 

Pluripotency genes downstream of POU5F1 were not upregulated and even CDX2 

expression was impaired (Fogarty, McCarthy et al. 2017). Interestingly, when this gene’s 

equivalent, Oct4, was knocked out in a similar manner, the effect on TE cells was opposite, 

resulting in an upregulation of TE genes (Cdx2, Hand1 and Gata3) (Frum, Halbisen et al. 

2013). This indicates that POU5F1 plays an important role in pluripotency and blastocyst 

formation, and it functions differently between species emphasizing the need for a model 

for its study in humans.  

The contrasting expression patterns of CDX2 between mouse and human embryos 

is one of the strongest examples of species-specific differences in early trophoblast TFs 

(Niakan and Eggan 2013). CDX2 is less abundant in human TE than in the mouse. In mice, 

Cdx2 is expressed from the 8 cell stage to the blastocyst stage and into the implantation 

process, but CDX2 expression in human embryos is low and does not appear until the 

blastocyst stage, shortly before implantation occurs (Deglincerti, Croft et al. 2016). The 

role of CDX2 in humans is less clear than it is in mice, however, as we know that in 
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humans, POU5F1 does not contain the same CDX2-regulatory regions as it does in the 

mouse (Berg, Smith et al. 2011). Therefore, there must be some other mechanism in human 

embryos that controls the separation of the ICM and the TE. Later in gestation, at the stage 

of the villous placenta, CDX2 is found within the nuclei of 1st trimester CTB near the 

chorionic plate (fetal surface of the placenta) declining over gestation (Soncin, Khater et 

al. 2018). As stated above, this is the opposite temporal gene expression pattern of the 

mouse, pointing to large differences between the human and mouse placentas and this 

suggests that mouse models may have limitations for the study of some early human 

placental development signaling pathways.  

 

GATA2/3 

 GATA factors are zinc finger TFs that bind to (A/T)GATA(A/G) motifs (GATA 

motifs) of regulatory elements and control expression of tissue-specific genes (Tremblay, 

Sanchez-Ferras et al. 2018), GATA3 transcription, like that of CDX2, is stimulated by 

TEAD4. In humans, GATA3 is most highly expressed in the TE lineage of the blastocyst. 

Deglincerti et al. 2016 found that GATA3 was a much better nuclear indicator of the TE 

than CDX2 in day 6-12 human attached blastocysts (Deglincerti, Croft et al. 2016). 

Similarly, macaque embryos injected with GATA3 antisense morpholino oligonucleotides 

at the zygote stage never reached the blastocyst stage and arrested in their development at 

the 32-cell/morula stage (Krendl, Shaposhnikov et al. 2017). This is in contrast to the 

mouse, where CDX2 is a much better indicator of TE lineage at the blastocyst stage 

(Kunath, Yamanaka et al. 2014). There are other differences between the mouse and human 

action of GATA2/3 that will be described below. 
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 In the mouse, knockout of Gata3 results in impaired blastocyst expansion (Home, 

Ray et al. 2009). However, Gata3 knockout mice still develop placentas as there is believed 

to be a compensatory effect of Gata2 upon knockout of Gata3 and vice versa (Ma, Roth et 

al. 1997).  Knockout of both Gata2 and Gata3 is embryonic lethal by E8, and the double 

null mice mis-express genes required for placental development including Cdx2, Eomes, 

and Elf5. Other genes that are regulated by Gata2 and Gata3 include placental lactogen I 

(Prl3d1) and proliferin (Prl2c2) in trophoblast giant cells, or invasive cells of the mouse 

placenta (Ray, Dutta et al. 2009). Knockout of Gata2/3 at E7.5 allows the placenta to 

develop, but it is still lethal, as it results in smaller placentas with impaired trophoblast 

differentiation. In mouse TSCs, knockout of both Gata2 and Gata3 results in an inability 

to remain in the stem cell state and the cells are therefore induced to differentiate (Home, 

Kumar et al. 2017). In summary, Gata2 and Gata3 play critically necessary roles in mouse 

placental development. 

 In humans, GATA3 is expressed in the trophectoderm as stated above, but it also 

appears in the villous placenta within CTB, STB, EVT cells of the anchoring villous and 

also EVTs that have invaded into the decidua at 10 weeks gestation (Paul, Home et al. 

2017). This is similar to the mouse placenta, where GATA3 is also expressed by multiple 

trophoblast lineages including trophoblast giant cells. In vitro models of human trophoblast 

also show GATA3 expression. For example, BMP4-induced hESCs express GATA3 (Xu, 

Chen et al. 2002, Yang, Adachi et al. 2015), as do human trophoblast stem cells produced 

by Okae et al (Okae, Toh et al. 2018), HTR8/SVneo, an immortalized human first trimester 

EVT cell line, and BeWo cells, a choriocarcinoma cell line that can be induced to 

syncytialize. Knockdown of GATA3 in HTR8/SVneo cells decreased cell migration and 
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invasion along with gene expression changes that are highly involved in those processes 

(CTGF, CYR61, ADAMTS12, and TIMP3) (Lee, Kroener et al. 2016).  In BeWo cells, 

GATA3 suppresses the transcriptional activity of GCM1, a TF associated with 

sycytialization (Chiu and Chen 2016).  Thus, GATA2/3 are essential for TE specification 

in human blastocysts and both appear to be important in the first trimester to support a 

proliferative trophoblast state that is poised towards an invasive lineage. 

 

GCM1 

 Glial cell missing, or GCM1, is one of the only genes known to be expressed only 

in trophoblast and is a TF highly expressed by cells undergoing syncytialization into villous 

STB. GCM1 induces fusogenic proteins such as the syncytins (ERVW-1 and ERVFRD-1 

in humans) (Yu, Shen et al. 2002). In the mouse placenta, Gcm1 is required for villous 

branching and the formation and morphogenesis of the labyrinth zone. Knockout is 

embryonic lethal. Null fetuses develop normally until D9.5, which is the timepoint when 

labyrinth formation is initiated, and no fetuses survive past E10.5 (Anson-Cartwright, 

Dawson et al. 2000).  

 In humans, GCM1 functions similarly to the mouse homolog. GCM1 is expressed 

in a number of in vitro models of human villous trophoblast including BeWo cells induced 

to syncytialize by forskolin treatment (Orendi, Gauster et al. 2010). Forskolin increases 

intracellular cAMP that then induces the expression of GCM1. Small interfering RNA 

(siRNA) knockdown of GCM1 reduces syncytialization upon forskolin treatment, and hCG 

production is decreased by 80%. Similarly, when villous explants were cultured with a 

siRNA or antisense oligonucleotides against GCM1, there was an observed inhibition of 
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spontaneous STB formation after 72 hours and an accumulation of Ki67+ proliferative 

CTBs. GCM1 also appears to have a role in EVT function in villous explants. GCM1 

knockdown reduced invasion of EVTs into the embedding Matrigel (Baczyk, Drewlo et al. 

2009). Overall, GCM1 plays an important role in the balance between cell proliferation 

and differentiation towards STB and EVT. 

GCM1 activity is regulated post-translationally by acetylation, phosphorylation, 

sumoylation, and ubiquitination (Chang, Chuang et al. 2005, Chuang, Chang et al. 2006, 

Chou, Chang et al. 2007). GCM1 transcription is mediated by cAMP activating Protein 

Kinase A (Orendi, Gauster et al. 2010). In turn, GCM1 induces the transcription of a 

number of genes in addition to ERVW-1, such as CGA, placental growth factor (PGF), and 

aromatase (CYP19A1) (Yamada, Ogawa et al. 1999, Chang, Mukherjea et al. 2008, Chiu, 

Yang et al. 2018). GCM1 is reduced in the pregnancy diseases preeclampsia and 

intrauterine growth restriction (IUGR) which are marked by low expression of the 

downstream target of GCM1, PLGF (Chen, Chen et al. 2004, Rana, Powe et al. 2012). 

Taken together, GCM1 in both mice and humans is important for placental villous 

differentiation. 

  

TP63 

 Tumor protein p63 (TP63) is in the same family of transcription factors as p53, the 

well studied oncogene. TP63 promotes a proliferative cell state, is expressed by first 

trimester villous CTB, and is absent in EVT and STB (Li, Moretto-Zita et al. 2014). 

Induced expression of TP63 in human choriocarcinoma cell line JEG3 resulted in reduced 

cell migration and hCG secretion (Li, Moretto-Zita et al. 2014). When HTR-8/SVneo, a 
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TP63-negative EVT cell line, was induced to express TP63 ectopically, markers of 

proliferative CTBs such as EGFR were upregulated, while invasion was decreased and the 

proteins required for invasion, such as MMPs and integrins, were downregulated (Li, 

Moretto-Zita et al. 2014). Similarly, overexpression in cultured first trimester CTBs 

resulted in reduced expression of MMPs and integrin subunits (ITGA1, ITGA5, ITGB1) 

needed for EVT invasion (Li, Moretto-Zita et al. 2014). Undifferentiated human TSCs also 

express TP63 and subsequent differentiation to the STB or EVT lineage results in the loss 

of TP63 expression (Okae, Toh et al. 2018). Another in vitro model of trophoblast 

differentiation includes the two step differentiation method. The two step BMP4 model 

developed in M. Parast’s lab involves the treatment of hESCs maintained in StemPro with 

BMP4 with a short exposure to a WNT signaling inhibitor that reduces off-target mesoderm 

differentiation. Following 4 days, the cells are >80% EGFR+ and KRT7+, giving them 

CTB identity. Next, the cells are passaged in the second step and maintained in fibroblast-

conditioned medium and BMP4 at 2% oxygen for EVT differentiation and 20% oxygen 

for STB differentiation. Two step differentiated CTBs express TP63 during the first step 

(Horii, Li et al. 2016). Overexpression of TP63 in BMP4 models of trophoblast results in 

an inability to differentiate into STB and EVT. Knockdown of TP63 results in the complete 

inability of hESC to differentiate to the trophoblast lineage upon BMP4 stimulation (Li, 

Moretto-Zita et al. 2013). Overall, TP63 appears necessary for maintenance of proliferative 

villous CTB. 

 

NOTCH1  
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 NOTCH1-4 are membrane bound receptors that bind Serrate-like ligands (Jagged1 

and 2) and the Delta-like ligands (DLL1, 3, and 4). Following binding, the notch 

intracellular domain (NICD) is cleaved and shuttled to the nucleus where it acts as a 

coactivator of the RBPJκ complex (Kopan and Ilagan 2009). Downstream of these events, 

transcription of a number of genes that control stem cell maintenance and differentiation 

occurs (Ben-Shushan, Feldman et al. 2015). 

In humans, NOTCH1 is a regulator of EVT lineage initiation (Haider, Meinhardt et 

al. 2016). The EVT lineage emerges from the tips of anchoring villi, forming a column of 

cells that extends from the villus to the wall of the uterus. Within the anchoring villi there 

is another population of proliferative trophoblasts called proximal cell column trophoblasts 

(pCCT) that gives rise to more EVTs within the column. In first trimester placenta, 

NOTCH1 is expressed at the tips of proximal anchoring villi (pCCTs) but lose that 

expression as the column cells take on more differentiated EVT characteristics. The pCCTs 

expressing NOTCH1 also colocalize with proliferation markers such as KI67. Distal 

portions of the cell column that express HLAG lose NOTCH1 expression. Similarly in 

trophoblast organoids derived from human first trimester (6-7 weeks) placental CTBs and 

maintained on organoid medium promoting CTB proliferation, switching to a medium that 

limits Wnt signaling drove the organoids to differentiate into distinct groups of cells that 

are either NOTCH1 or HLAG positive in neighboring populations. Thus, both in primary 

human first trimester placenta and the organoids derived from first trimester placental cells  

in vitro, expression of NOTCH1 demarcates a proliferative, undifferentiated EVT precursor 

cell type (Haider, Meinhardt et al. 2016, Haider, Meinhardt et al. 2018). In addition to the 

regulation of NOTCH1 expression by differentiation, NOTCH1 also decreases 
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substantially after 12-13 weeks of gestation, coinciding with oxygenation of the placenta. 

Accordingly, NOTCH1 does appear to be regulated by oxygen, as it is upregulated in 

hypoxic conditions in vitro.   

In mice, the Notch1 receptor does not appear on any trophoblast cell type of the 

placenta. However Notch2 is expressed in trophoblast giant cells and cells of the 

spongiotrophoblast layer (invasive precursors), particularly cells that line maternal 

vascular blood spaces, and in endothelial cells of fetal blood vessels in the labyrinth zone. 

However, unlike NOTCH1 in the human, Notch2 does not appear to have a strong role in 

trophoblast differentiation and trophoblast lineage specification early in placental 

development in the mouse (Gasperowicz and Otto 2008).  

Summary 

What is clear from this discussion of TFs is that early pregnancy requires dynamic 

changes in TF expression for the successful differentiation of all trophoblast lineages. 

Further research is required in the human to understand functional significance of many of 

these TFs. With the increase of in vitro cell models, such as organoids and trophoblast stem 

cells, this functional analysis, rather than simply descriptive, is more feasible.  

 

 

Table I-2: Other TFs important in human trophoblasts-  

GENE Description References 

TFAP2C Mouse- TE. Works with Cdx2 to maintain 
TE 
Human- EPI and TE. All villous TB 
lineages. 

(Kuckenberg, Buhl et al. 
2010, Biadasiewicz, 
Sonderegger et al. 2011) 
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ID2 Mouse- TE, TSC self-renewal. 
Human-villous CTBs, proximal column 
EVT. 

(Janatpour, McMaster et al. 
2000, Guo, Huss et al. 
2010) 

ELF5 Mouse- TE 
Human- 1st trimester villous CTB 

(Ng, Dean et al. 2008, 
Hemberger, Udayashankar 
et al. 2010) 

EOMES Expressed in TE of mouse blastocyst, not 
human. Promotes mouse TSC 
pluripotency, proliferation. 

(Russ, Wattler et al. 2000, 
Blakeley, Fogarty et al. 
2015) 

HAND1 Mouse Giant Cell formation. 
Colony periphery of human BMP4-
induced hESCs. 

(Knofler, Meinhardt et al. 
1998, Roberts, Loh et al. 
2014) 

CLDN10, 
PLAC8, 
TRML1 

Marks preimplantation TE in the human 
blastocyst better than Elf5, Ets2, and 
Eomes (traditional markers of mouse TE) 

(Blakeley, Fogarty et al. 
2015) 

MYC Human- expressed by proliferating villous 
CTBs and cell columns, inhibits 
differentiation. 

(Roncalli, Bulfamante et al. 
1994, Kumar, Luo et al. 
2013, Zhang, 
Muralimanoharan et al. 
2016) 

FOS Human- expressed in proliferative CTB 
and cell column EVT. Suppresses EVT 
invasion. 

(Renaud, Kubota et al. 
2014, Peng, Zhu et al. 
2015) 

TFAP2A Human-Downregulates pluripotency in 
hESCs, upregulates trophoblast genes. 

(Krendl, Shaposhnikov et 
al. 2017) 

DLX3 Mouse- ectoplacental cone, labyrinthine 
CTBs. 
Human- Villous CTB, STB, and proximal 
column EVT. Particularly involved in 
expression of genes required of STB 
(CGB, 3βHSD, syncytin) 

(Chui, Evseenko et al. 
2011) 

CTNNB1 Mouse- severe defects in labyrinth 
formation upon knockout of b-Catenin 
upstream Wnt activators and Fzd5 
receptor. 
Human- Highly expressed in primary 
cultured CTBs, decreases as they 
syncytialized. Expressed on the membrane 
of early cleavage stage blastocysts. 

(Monkley, Delaney et al. 
1996, Ishikawa, Tamai et 
al. 2001, Krivega, Essahib 
et al. 2015) 

STAT3 Mouse- phospho-STAT3 found in giant 
cells and spongiotrophoblast layer. Over-
activation leads to placental defects- 
expansion of the giant cell population and 
fetuses are embryonic lethal at 
midgestation.  

(Roberts, Robb et al. 2001, 
Corvinus, Fitzgerald et al. 
2003, San Martin, 
Fitzgerald et al. 2013) 
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Human- Promotes proliferation and 
increased invasion of EVTs and 
trophoblast cell lines in vitro. 

OVOL1 Human- Involved in turning on 
differentiation of CTBs. Suppresses genes 
needed for CTB progenitor state (MYC, 
ID1, TP63, ASCL2). 

(Renaud, Chakraborty et al. 
2015) 

 

Functions of Trophoblast 

Remodeling Maternal Arteries 

 Establishment of a blood supply for the fetus is essential for a healthy pregnancy. 

This involves the proper development, invasion, and incorporation of trophoblast cells into 

the maternal arterial system. Highly invasive extravillous trophoblast emerge from the tips 

of the anchoring villi and further embed the placenta within the maternal endometrium. As 

discussed above, these include the endovascular EVTs that remodel and reside within 

maternal spiral arteries. During the first trimester in human pregnancy, one subset of 

endovascular EVT enable the placenta and fetus to remain in a hypoxic environment by 

situating themselves within the artery, blocking the flow of blood into the intervillous 

spaces (James, Saghian et al. 2018). Around 10-12 weeks of gestation, the trophoblast 

plugs formed initially during spiral artery remodeling disintegrate and a steady flow of 

blood is supplied to the placenta. Other endovascular EVT remain in the arterial walls, as 

discussed below. For all of these events to occur, successful spiral artery remodeling during 

the first 12 weeks of gestation is essential.  

 In humans, and most mammals, the uterus is fed by two arteries- the superiorly 

positioned ovarian artery originating from the descending aorta, and the caudal uterine 

artery that branches from the iliac artery (Okada, Tsuzuki et al. 2014). These two arteries 

feed into arcuate arteries nourishing the uterus. Radial arteries emerge from the arcuate 
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arteries and branch further into the myometrium. When these arteries have reached the 

border between the myometrium and the endometrium, they become basal arteries that then 

transform into spiral arteries during the secretory phase of the menstrual cycle. These spiral 

arteries lack a vascular smooth muscle covering and are composed entirely of vascular 

endothelium. The basal arteries, however, maintain the vascular smooth muscle layer 

(Abberton, Healy et al. 1999). The formation of these arteries themselves during the 

menstrual cycle are an important component of successful placentation, but the decidua 

also plays an important role in regulating trophoblast invasion. 

 Spiral artery remodeling involves a process of interstitial EVTs and endovascular 

EVTs working together to dilate the uterine arteries. Interstitial EVTs and uNK cells 

surround the vascular smooth muscle covering, inducing apoptosis of the muscle layer with 

Fas/FasL interactions (Harris, Keogh et al. 2006). Endovascular EVTs specifically modify 

arteries by incorporating within and replacing the endothelial walls of the arteries. This is 

done by taking on expression of adhesion molecules such as V-CAM1, NCAM, Integrins 

αvβ3, α1β1, and vascular-endothelial cadherins that facilitate the direct binding and 

structuring of the trophoblast cells within the vascular compartments (Harris, Jones et al. 

2009). This allows for trophoblast cells to restructure the artery for its own purposes- 

creating consistent, low resistance flow of maternal blood to the placenta.  

 Why is it important to modify maternal arteries that feed the placenta? It has been 

shown that many diseases of pregnancy are a result of insufficient arterial invasion such as 

severe forms of preeclampsia and intrauterine growth restriction (IUGR) (Fisher 2015). 

Normally, EVT invasion extends through the decidua to the first third of the myometrium. 

In the case of severe preeclampsia, trophoblast invasion is shallow, with trophoblasts 
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invasion reaching only through the decidua and never in the myometrial layer (Pijnenborg, 

Vercruysse et al. 2011).  When placental blood velocity was measured in placentas with 

limited arterial remodeling, the velocity was heightened and blood flow was inconsistent, 

resulting in sheer stress on the delicate placental villi, and oxidative stress as a result of 

ischemia/reperfusion. The change in blood volume and velocity reaching the placental 

intervillous space causes echogenic cystic lesions with ruptured anchoring villi (Burton, 

Woods et al. 2009).  

 Trophoblast invasion and spiral artery remodeling is a very important part of 

healthy placentation. Without a sufficient blood supply, pregnancy is dangerous for both 

the mother and the fetus. Still, little is known about the factors that control trophoblast 

invasion, such as what factors regulate it, the factors that cause trophoblast invasion to stop 

in the myometrium, whether there are attractant factors that are required particularly for 

endovascular invasion. There are still many unanswered questions, largely due to a limited 

availability of models. However, there are other more explored areas of placental function, 

such as its role in hormone function and nutrient exchange, explained below.  

 

Hormone function 

 The placenta releases hormones to the maternal system that control pregnancy 

maintenance and eventually, parturition. Different trophoblast subtypes produce different 

hormones related to their subtype-specific functions. Extravillous trophoblasts release 

hormones that facilitate invasion, motility, and uterine remodeling, while 

syncytiotrophoblasts, which are in direct contact with maternal blood, release hormones 
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that communicate to the maternal system to maintain the pregnancy and direct nutrient 

needs.  

 

Human chorionic gonadotropin 

 One of the most important initial hormones produced by the human embryo is 

human chorionic gonadotropin (hCG), as a signal for maternal recognition of the embryo. 

Progesterone is initially produced by the corpus luteum, which forms after ovulation. 

Progesterone is required to maintain a functional endometrium and hence pregnancy, so 

the corpus luteum must be maintained for the first 6-8 weeks of gestation until the placenta 

can then take over the production of progesterone (Garner and Armstrong 1977). The early 

embryo accomplishes this by expressing hCG as early as the morula stage (Bonduelle, 

Dodd et al. 1988) with secreted hCG detectable in the maternal serum as early as 9-10 days 

post ovulation, peaking at 10 weeks of gestation and then falling in expression until 

delivery (Cole 1997). Once implantation and pregnancy have been established and the 

placenta develops into its mature, villous form, additional hormones are secreted by the 

placenta, including progesterone, estrogen, placental lactogen, placental growth hormone, 

leptin, and many others. 

 Later in pregnancy, hCG is produced by the STB layer of the villous placenta 

(Malassine, Frendo et al. 2003). Mature hCG is composed of 2 subunits, the alpha subunit 

and beta subunit. The alpha subunit is shared with LH, FSH, and TSH (thyroid stimulating 

hormone) and the beta subunit genes are located on chromosome 19 (19q12.32) (Policastro, 

Daniels-McQueen et al. 1986). There are six CGB genes in humans- CGB8, CGB7, CGB5, 

CGB3, CGB2, and CGB1. CGB5 and CGB8 are most highly expressed in placenta (Aldaz-
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Carroll, Richon et al. 2015).  The LH-hCG receptors are expressed by CTB, STB, and EVT 

lineages of trophoblast and signal via cAMP and PKA (Choi and Smitz 2014). When first 

trimester CTBs in culture are treated with hCG, they release more MMP2 and MMP9 

(Fluhr, Bischof-Islami et al. 2008) and in placental explant cultures, there is heightened 

migration of EVTs from the villous tips (Prast, Saleh et al. 2008). Additionally, hCG 

enhances invasion in the HTR-8SV/neo cell line, which is a model of first trimester EVT, 

(Tapia-Pizarro, Argandona et al. 2013). It also stimulates CTBs to differentiate into STBs 

(Shi, Lei et al. 1993, Yang, Lei et al. 2003), and can impact the behavior of other cell types 

found near the embryo.  

 Among addition functions hCG modulates the vasodilation of maternal uterine 

arteries. LH-HCG receptors are found in the vascular endothelium and smooth muscle of 

the arteries feeding the uterus. Administration of hCG to women undergoing fertility 

treatments decreased the resistance index of uterine arteries but not carotid arteries (Toth, 

Li et al. 1994). LH-HCG receptors can also be found in the myometrium. Human 

myometrial biopsies obtained after elective caesarean section and treated with hCG 

demonstrated reduced contractility in a dose-dependent manner (Slattery, Brennan et al. 

2001),  indicating that hCG has a role in preventing premature birth. In the decidua, LH-

HCG receptor is expressed most highly during the secretory phase of the menstrual cycle, 

when the window of implantation occurs (Perrier d'Hauterive, Charlet-Renard et al. 2004). 

The endometrium also responds to hCG by increasing expression of VEGF and LIF, both 

needed for embryo and vascular development (Perrier d'Hauterive, Berndt et al. 2007). The 

communication between embryo and endometrium mediated by hCG is believed essential 

for the preservation of pregnancy (Sirikunalai, Wanapirak et al. 2016).  
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Progesterone 

 In the absence of pregnancy, progesterone rises and falls in the menstrual cycle. It 

is produced by the corpus luteum following ovulation; before this event, progesterone is 

low. Progesterone produced by the corpus luteum stimulates the secretory phase in the 

decidua, which involves the secretion of glycoproteins, glycogen, and other nutrients in the 

endometrium that aid in blastocyst implantation (Mizutani, Matsumoto et al. 2019). The 

mechanism of secretion of nutrients from uterine endometrial cells is regulated by 

progesterone, which causes the membranes of the epithelial cells to become more fluid and 

permeable (Mizutani, Matsumoto et al. 2019). In the absence of implantation, the corpus 

luteum regresses, resulting in loss of both progesterone and estrogen, and the outer-most 

layer of the endometrium is shed.  

 The placenta assumes expression of the progesterone that maintains pregnancy 

between weeks 10-12 of gestation. Progesterone is synthesized by the STB within 

mitochondria. Placental tissue lacks STAR, the transport protein required to take maternal 

cholesterol across the membranes of the mitochondria at first, limiting progesterone 

synthesis early in gestation (Sugawara, Holt et al. 1995). Instead, the placenta expresses 

STARD3 (otherwise known as MLN64, an endosome protein with a cholesterol binding 

domain) that facilitates this transport. The cholesterol, which is obtained from maternal 

bathing the STB, is then converted into pregnenolone (P5) by CYP450scc and then 

progesterone (P4) by 3βHSD (Tuckey 2005). Progesterone is released by STB back into 

maternal circulation, where it influences various maternal tissues to maintain pregnancy. 

As gestation proceeds and the placenta grows, progesterone secretion also increases, only 
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disappearing with the delivery of the placenta (Zakar and Hertelendy 2007). Progesterone 

actions are largely mediated by binding to nuclear receptors PRα and PRβ ,which are 

expressed in the female reproductive tract and placenta. The receptors then dimerize, which 

allows for phosphorylation and direct transcription of target genes. Progesterone receptors 

are also located within the cytoplasm and have downstream effects such as activation of 

MAPK, decrease in cAMP, and Ca2+ shifts (Goldman and Shalev 2007). At the end of 

pregnancy, these progesterone receptors are inactivated by four mechanisms- NF-κB 

blocking progesterone receptor in the nucleus, the upregulation of progesterone 

metabolizing enzymes, the increased abundance of truncated/inhibitory forms of 

progesterone, and the alteration of progesterone receptor coactivators and corepressors 

(Mendelson, Gao et al. 2019). Thus, although progesterone produced by the placenta is still 

present at term, it is rendered ineffective, allowing uterine contractions and parturition to 

proceed.  

 

Estrogen 

 Estrogen is required both prior to, and during pregnancy. During the menstrual 

cycle, estradiol (E2) is produced by granulosa cells of the developing ovarian follicle. This 

stimulates the proliferation of decidual cells in the endometrium. It also feeds back to the 

anterior pituitary gland, and when E2 levels are elevated for approximately 2 days, this 

stimulates the release of luteinizing hormone that results in ovulation (Barbieri 2014). 

During pregnancy, the placenta produces estrogens at a high level throughout gestation. 

Estradiol is most abundant in maternal serum throughout pregnancy (Loriaux, Ruder et al. 

1972).  It is synthesized in STB. However, estrogen precursors are derived from both 
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maternal and fetal sources. DHEA-S (dehydroepiandrosterone sulphate) is made both in 

the maternal and fetal adrenal glands and is fed into the placenta where 3βHSD (HSD3B1) 

converts it into androstenedione and testosterone, followed by conversion to estrogen by 

aromatase (CYP450) (Levitz and Young 1977).  

 Like progesterone, estrogen has two receptors- estrogen receptor α and β (ESR1 

and ESR2) that dimerize to initiate transcription of designated genes containing estrogen 

response elements (EREs) within their promoters. ESR1 is expressed in villous CTB and 

ESR2 is expressed in villous STB (Bukovsky, Cekanova et al. 2003, Bechi, Ietta et al. 

2006). Estrogen expression increases gradually as pregnancy progresses and this is 

partially due to the feed-forward positive loop of estrogen signaling. CYP19A1, an 

aromatase which converts other steroid hormones, largely androgens, into estrogen, is 

expressed upon ESR1 binding (Kumar, Kamat et al. 2009). Its main function is to increase 

uteroplacental blood flow by dilating uterine arteries (Resnik, Killam et al. 1974, Mishra, 

Gopalakrishnan et al. 2018). It also plays a role in myometrium contractions by 

upregulation of Connexin-43 (GJA1) gap junctions in cultured myometrial cells treated 

with estriol and estradiol (Di, Lachelin et al. 2001). In trophoblast, estradiol heightens 

syncytialization of primary CTBs (Cronier, Guibourdenche et al. 1999). Overall, estrogen 

appears to promote proliferation and development of both maternal and placental organs.  

  

Placental Lactogen 

 The protein structure of human placental lactogen (CSH) is similar to that of human 

growth hormone and is 20kD in size. It is expressed from a cluster of genes on chromosome 

17 encoding pituitary growth hormone, placental growth hormone (GH2), and three 
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placental lactogen isoforms (CSH1, CSH2, CSHL1). CSH1 and CHS2 contribute to 

maternal serum levels while CSHL1 does not appear to be secreted into the maternal 

system (Handwerger and Freemark 2000). Placental lactogen is produced by the STB 

lineage starting as early as 2 weeks, reaching measurable levels in the maternal blood by 

5-6 weeks gestation. It increases greatly in abundance until parturition (approximately 1-3 

g of placental lactogen is produced by the placenta each day at term) (1970, Malassine, 

Frendo et al. 2003). Historically, levels of placental lactogen have been used as a measure 

of placental well-being. 

 CSH, working with placental growth hormone explained in the next section, 

changes maternal metabolic dynamics by contributing to insulin resistance and shifting 

metabolism towards breakdown of fatty acids, resulting in an increase in fatty acids and 

glucose availability to the fetus. This increase in nutrient availability to the fetus is a 

challenge for the maternal system’s own glucose balance, and, to avoid gestational 

diabetes, the mother’s beta cells proliferate and increase insulin production. In rats, the 

increased proliferation of beta cells occurs concomitantly with rPL increase (Parsons, 

Brelje et al. 1992) while addition of placental CSH to isolated human islet beta cells  

increases insulin secretion (Brelje, Scharp et al. 1993). The expansion of beta cell number 

is initially caused by CSH, which changes the glucokinase upregulation (Sorenson and 

Brelje 1997) and transitions beta cells to pro-proliferative signaling pathways (Vasavada, 

Garcia-Ocana et al. 2000). Serotonin biosynthesis is also upregulated in beta cells upon 

exposure to human CSH (Schraenen, Lemaire et al. 2010). In mice, preventing serotonin 

signaling by blocking the receptor (Htr2b) or inhibiting the formation of serotonin by 

limiting its precursors (dietary tryptophan restriction or Tph inhibition) results in blocked 
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beta cell expansion and leads to increased glucose intolerance during pregnancy without 

affecting insulin sensitivity (Kim, Toyofuku et al. 2010). The role of serotonin in the human 

pancreas is not entirely known as animal models have demonstrated conflicting results, but 

evidence in vitro and in some animal models points towards a feed-forward signaling 

mechanism resulting in beta cell proliferation (Kim, Toyofuku et al. 2010, Baeyens, Hindi 

et al. 2016).  Overall, placental lactogen modulates maternal physiology in order to 

promote nutrient transfer to the fetus. 

 

Placental Growth Hormone 

 Like CSH1, the gene for Placental Growth Hormone (PGH) is also located in a 

cluster of genes on chromosome 17, along with many other growth hormone variants as a 

result of past gene duplication events (Barsh, Seeburg et al. 1983). There are two forms of 

PGH, referred to as GH-V1 and GH-V2 (growth hormone variant 1 and 2). GH-V2 contains 

a membrane-spanning segment, while GH-V1 is secreted (Cooke, Ray et al. 1988). The 

temporal expression of PGH is slightly different from that of other placental hormones. 

Maternal, pituitary-derived GH is the predominant form of growth hormone present within 

the placenta during the first 10 weeks, followed by a slow transition over the next 10 weeks 

to PGH as the dominant variant from 20 weeks until term (Mirlesse, Frankenne et al. 1993). 

In the placenta, PGH is expressed by STB and EVT (Scippo, Frankenne et al. 1993, 

Lacroix, Guibourdenche et al. 2002). In vitro studies have demonstrated that upon 

differentiation of CTB to STB, either spontaneously or in vitro by activation of cAMP, the 

expression of PGH increases (Lacroix, Guibourdenche et al. 2002).  PGH clearly has a role 

in growth of the placenta, but also the fetus in transgenic mouse models. However it is not 
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found in fetal circulation and therefore the somatotrophic properties of PGH likely occur 

in the placenta (Selden, Wagner et al. 1988). Placental growth increases concomitantly 

with the expression of PGH in humans. In mouse knockout models, PGH is used as a 

signaling hormone to the maternal system that, in addition to PL, has a role in shifting 

maternal metabolism by stimulating the expression of IGF1 (Handwerger and Freemark 

2000).  

 

 Leptin 

 Leptin performs a number of roles in human endocrinology including controlling 

satiety, angiogenesis, vasodilation (Lembo, Vecchione et al. 2000), immune system 

modulations, and reproduction (Perez-Perez, Toro et al. 2018). Its most generally 

recognized role is to act as the signal produced by adipose tissue that reflects nutritional 

status to the brain (Myers, Munzberg et al. 2009). Leptin signals through leptin receptors 

(LEPR), which contain 6 isoforms as a result of alternative splicing- LepRa-f (Peelman, 

Zabeau et al. 2014). LepRb (or long form LepR) is the isoform that participates in the most 

leptin signaling. Downstream signaling targets include JAK-STAT, ERK1/2, and PI3K 

pathways (Ghilardi and Skoda 1997, Perez-Perez, Maymo et al. 2008, Perez-Perez, 

Gambino et al. 2010).This signaling pattern generally leads to pro-survival, invasive, pro-

inflammatory signaling cascades that will be discussed further below, reflecting the 

different roles that leptin plays in each of the various cell types of the placenta. 

 The human placenta produces leptin and soluble LEPR in high amounts starting at 

the blastocyst stage (Cervero, Horcajadas et al. 2005) and lasting throughout pregnancy 

(Henson and Castracane 2006). At this stage, there are a number of functions of leptin, 
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including promoting proliferation, invasion, and immune modulation of the local 

environment for proper establishment of blastocyst implantation (Budak, Fernandez 

Sanchez et al. 2006, Procaccini, La Rocca et al. 2017). At the villous trophoblast stage, 

leptin signaling is important for many of the same functions, while the receptor is produced 

predominantly by STB and EVT (Toth, Fischl et al. 2009). CTBs respond to leptin 

signaling by upregulating MAPK signaling, resulting in proliferation (Perez-Perez, Maymo 

et al. 2008). EVTs also respond to leptin signaling by upregulating STAT-3 and ERK1/2 

activity, which has been correlated with invasive characteristics (Castellucci, De Matteis 

et al. 2000, Corvinus, Fitzgerald et al. 2003). In vitro, EVT cell line HTR8/SVneo respond 

to leptin by producing MMP14 (Wang, Cheng et al. 2014), while primary villous explant 

cultures show an upregulation of MMP2 and 9 in addition of fetal fibronectin (fFN), 

another pro-invasive marker (Castellucci, De Matteis et al. 2000).  

 Leptin is produced abundantly by the placenta not only for autocrine signaling 

functions described above, but also for endocrine functions that extend beyond the placenta 

to the maternal system in order to support the pregnancy. In endometrial biopsies of women 

with recurrent implantation failure, leptin levels are decreased (Dos Santos, Serazin et al. 

2012), but a causal relationship has not been established. Angiogenesis is an important part 

of placentation, and leptin promotes this process by activating ERK1/2 signaling pathways 

in HUVEC cells in vitro (Bouloumie, Drexler et al. 1998). Rat myometrial biopsies in vitro 

contract less frequently with leptin treatment (Mumtaz, AlSaif et al. 2015) indicating that 

leptin potentially has a role in preventing parturition.  Beginning in the second trimester 

there is central leptin resistance resulting in maternal hyperphagia, which leads to increased 

nutrient transfer to the fetus and also weight gain in the mother, in preparation for lactation 
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(Ladyman, Augustine et al. 2010). Overall, leptin and leptin signaling participate in broad 

functions from early implantation events such as implantation, CTB/EVT proliferation and 

invasion to maternal shifts in metabolites and nutrients for fetal and maternal benefit. 

 

Nutrient exchange 

 Proper fetal nutrition is essential for a healthy pregnancy. Nutrients and gasses are 

transferred from the maternal blood that comes into contact with STB, which serves as the 

first barrier of nutrient transport to the fetus. Placental structural changes throughout 

pregnancy result in slight alterations of nutrient transport over gestation. During the 

implantation stage (approx. 7.5d-12d), the first placental structure that comes into contact 

with maternal blood and glandular secretions is the primitive syncytium. Following this, 

villous structures with STB form that are in direct contact with maternal blood.  This blood 

supplies not just oxygen, but glucose, fatty acids, and amino acids required for the growth 

and development of the fetus. The placenta expresses glucose transporters GLUT1, 

GLUT3, GLUT4, GLUT8, GLUT9, GLUT10, and GLUT12. GLUT1 is most abundant at 

term and serves as the primary transporter of glucose in the placenta (Jansson, Wennergren 

et al. 1993). GLUT3 is expressed highest in early pregnancy and declines over gestation 

(Brown, Heller et al. 2011). GLUT4 and 12 are insulin sensitive and are expressed highest 

in the first trimester (Gude, Stevenson et al. 2003, Ericsson, Hamark et al. 2005). Fatty 

acids are essential in the third trimester for fetal adipose growth and also shown to be 

important in brain growth, particularly long-chained polyunsaturated fatty acids (Haggarty 

2010, Makrides, Collins et al. 2011). Fatty acids are transported by FATPs (fatty acid 

transport proteins), in particular FATP1-4 and -6 (Schaiff, Bildirici et al. 2005, Kazantzis 
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and Stahl 2012). Amino acid transport includes a few classes of transport proteins that are 

specific to the amino acid’s properties. System A actively transports small non-essential 

neutral amino acids (alanine, glycine, and serine) by simultaneously transporting sodium 

into the cell (Jansson 2001). System L also transports neutral amino acids as well but 

independently of sodium transport. System L  transports essential neutral amino acids with 

aromatic, e.g. phenylalanine or branched side chains, e.g. leucine, valine. This system 

works by transporting the smaller neutral non-essential amino acids mentioned above with 

their concentration gradient out of the cell, simultaneously transporting the essential amino 

acids inside (Verrey 2003). Taurine has its own transporter, TauT (SLC6A6) that takes in 

taurine up its concentration gradient by co-transport with sodium and chloride (Norberg, 

Powell et al. 1998). The size of the placenta is an important factor in nutrient transfer as 

reduced placental weight correlates with reduced fetal size (Roland, Friis et al. 2012). 

  

Immune modulation by the Placenta 

 Pregnancy is a unique time for the maternal immune system, because it must adjust 

to the presence of the fetal “allograft”. The uterine immune system is made up largely of 

innate immune cells, of which approximately 70% are uterine natural killer (uNK) cells. 

The remaining portion is comprised of ~20% macrophages and 10% T cells (Vento-Tormo, 

Efremova et al. 2018). There are three populations of uNKs, each expressing their own 

repertoire of immunomodulating receptors that bind complementary EVT receptors 

(Vento-Tormo, Efremova et al. 2018). EVTs do not express most classical MHC class I or 

II molecules, but do express HLA-G, HLA-E, and particular forms of HLA-C (Apps, 

Murphy et al. 2009). uNK cells express the receptors for HLAs, known as killer 
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immunoglobulin like repetors (KIRs). The interactions can result in either activation or 

inhibition of uNK cells. While it is important for EVTs to quiet the immune system, it is 

also clear that the placenta require activation of uNK cells for full invasion of the uterus 

(Moffett and Colucci 2014). Trophoblasts and uNK cells engage in a complicated exchange 

where there is still much to be learned.  

 There are some similarities between the immune-evasive nature of trophoblasts and 

cancers, and some parallel phenomenon that can be learned from each discipline. HLA-G, 

a common EVT marker, has been shown to be upregulated in certain cancers as a method 

to bypass immune checkpoints (Carosella, Rouas-Freiss et al. 2015, Rouas-Freiss, 

LeMaoult et al. 2017). B7 family receptors are another immune checkpoint important in T 

cell activation/inactivation. Both cancers and trophoblasts upregulate a few members of 

this family including B7-2 (CD86) and B7-H4 (VTCN1) in particular (Seliger, Marincola 

et al. 2008, Petroff and Perchellet 2010). This indicates that cancers may hijack some of 

the same genetic software programs initially utilized by trophoblasts to use the immune 

system for its own purposes- metastasis and immune evasion.  
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Models of Human Trophoblast Development  

 Placentation has evolved many unique strategies among species. Humans are no 

exception and finding a model that perfectly replicates human placentation has shown to 

be difficult. There are many diseases of pregnancy that possibly arise from the placenta 

that have gone unsolved, probably because there is no animal model that is perfectly 

analogous to the human placenta. Below is a summary of the existing models and how they 

relate to human placental development. 

Animal models 

 Mammalian placentas are broadly categorized as epitheliochorial, 

endotheliochorial, and hemochorial (Wildman, Chen et al. 2006). Hemochorial placentas 

invade beyond the epithelial layers and come into direct contact with maternal blood. 

Humans, non-human primates, mice, and rats have hemochorial placentas (Carter 2011). 

While ruminant species have epitheliochorial placentas, where nutrient exchange occurs 

across indentations between fetal trophoblast and maternal epithelial borders (Carter and 

Enders 2013). Non-human primates such as chimpanzees, baboons, and gorillas have a 

similar hemochorial, villus placenta that invades similarly deeply, but not as deep as 

humans. Preeclampsia, which is a disease of shallow EVT invasion in humans does occur 

in chimpanzees, however not as often, as only a few examples have been reported (Stout 

and Lemmon 1969, Baird 1981, Thornton and Onwude 1992). Human placentas invade 

through to the first third of the myometrium, while chimpanzees, baboons, and gorillas 

appear to only invade to the superficial surface of the myometrium (Carter and Pijnenborg 

2011). Research using chimpanzees, baboons, or gorillas is incredibly cost ineffective and 

highly regulated, resulting in their use as models in placentation to a few laboratories.   



 47 

 Still, the most useful animal models are mice and rats. While both humans and 

rodents share hemochorial type placentas, there are some major structural and temporal 

differences between the species that make rodents and humans not directly comparable. 

From the start, implantation occurs on the polar TE of the blastocyst (TE in contact with 

the ICM) in humans, with mice implanting on the mural TE (TE not in contact with the 

ICM). The latter gives rise to the ectoplacental cone (EPC), a structure that does not form 

in the human (Georgiades, Ferguson-Smith et al. 2002). The EPC then forms the 

spongiotrophoblast layer, which has been seen as analogous to the human EVT. And the 

labyrinth layer which constitutes the villus structures is analogous to human placental villi. 

However mice have two layers of STB, while humans have one (Georgiades, Ferguson-

Smith et al. 2002). Rats, on the other hand, may be a better model of trophoblast invasion 

as there is enhanced trophoblast invasion and remodeling of arteries compared to mice 

(Soares, Chakraborty et al. 2012).  

 

In vitro models 

Primary Trophoblast 

 In vitro human trophoblast research has largely involved the isolation of primary 

CTBs from villi of the first, second trimester, and at term. First trimester trophoblasts can 

be digested from primary villi. They then proliferate and differentiate to STB in culture, 

but do not last long (Male, Gardner et al. 2012). The CTB isolated from term do not 

proliferate but quickly transform into STB. While much knowledge has been gained from 

these cells, they do not survive long in culture and have not been insightful into 

understanding placental diseases like preeclampsia that emerge early in pregnancy. 
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Placental villus explants are some of the best models of in vitro human trophoblast 

characterization. The structure of the villi are maintained, and the cells remain in place. 

There is obviously some concern with the preservation of the STB lineage in these 

experiments because STB can easily dislodge from the villi if not handled carefully 

(Huppertz, Kadyrov et al. 2006, Aplin 2010). However villus explant models have been 

valuable in understanding EVT cell column expansion, reviewed above in the oxygen 

sensing section. Some immortalized cell lines have been created- HTR8/SVneo and ACH-

3P, both EVT in vitro models (Graham, Hawley et al. 1993, Hiden, Wadsack et al. 2007). 

However these cells were immortalized by fusion with cancer cell lines or viral infection 

with pro-survival genes shown to be highly expressed in cancers. Therefore, the 

interpretation of studies in the apoptotic, proliferative, or cell survival pathways of these 

cells is limited. In addition, these immortalized cells are frozen in time along their 

differentiation lineage and by consequence interpretation of experimental results are more 

limited. As with any cell line propagated within laboratories for decades, contaminants 

become problematic over time (Abou-Kheir, Barrak et al. 2017).  

  

Choriocarcinoma cell lines 

 Choriocarcinomas are malignant tumors of trophoblast. A number of cell lines have 

been created from these cancers including- JEG3, JAr, and BeWo. BeWo cells were 

derived from a metastatic site within the brain that were subsequently passaged in a hamster 

cheek pouch 300 times and JEG3 was subcloned from BeWo cells (Hertz 1959, Pattillo 

and Gey 1968). The JAr cell line was also derived from a trophoblastic tumor within the 

placenta (R.A. Pattillo RA 1971). In terms of their HLA expression, JAr cells do not 
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express HLAs, while JEG3 express HLA-G and HLA-C. The HLA-G present on JEG3 

cells is not normal and occurs only as monomers, while they are dimeric in normal 

trophoblasts, which is necessary for them to present antigen. In the monomeric form they 

are also unable to interact with their receptors LILRB1 on uNK cells (Shiroishi, Kuroki et 

al. 2006). Finally, choriocarcinoma cell lines have very highly variable and abnormal DNA 

methylation profiles compared to primary first trimester cytotrophoblasts (Apps, Sharkey 

et al. 2011, Novakovic, Gordon et al. 2011). This indicates that conclusions made by using 

these cell lines should be confirmed by using other model systems, either in vivo, or with 

primary explant or cell culture systems. 

 

Human Trophoblast Stem Cells and Organoids 

 Trophoblast Stem Cells (TSCs) have been long established from mice. They are 

derived from either the TE lineage or from chorion prior to E11.5 and require the growth 

factor FGF4 and heparin for self-renewal (Tanaka, Kunath et al. 1998). After the derivation 

of mouse TSCs, deriving human TSCs proved to be more difficult, and the same conditions 

used in mice were not successful in cultivating a human TS cell that is self-renewing and 

differentiates into terminal trophoblast cell types by manipulation of signaling pathways. 

Recently, the human TSCs have been derived by modulating a number of factors. First, the 

cells are derived either from the outgrowths of in vitro attached blastocysts or from CTB 

from the first trimester. Second, their culture conditions require a collagen IV substratum 

and are cultured long term as undifferentiated CTBs in WNT and MAPK stimulating 

factors, while inhibiting TGFb/Activin A, HDAC and Rho kinase. Third, these cells can 

then be directionally differentiated to STB or EVT by changing culture conditions (Okae, 
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Toh et al. 2018). This model could be invaluable in our understanding of early human 

trophoblast differentiation events. Although presently optimized for 2D culture, it is most 

likely possible to translate this model into a 3D system as organoids in order to provide a 

more physiologically relevant means to study trophoblast differentiation and self-

organization in vitro. 

 Organoids are a model system that provides for the 3D organization and 

differentiation of multi-potent trophoblasts. Two model systems that are very similar are 

derived from first trimester CTBs (Haider, Meinhardt et al. 2018, Turco, Gardner et al. 

2018). Both methods utilize R-spondin, EGF, WNT activators, and TGFb/Activin A 

inhibition. By using the same EVT differentiation medium outlined in Okae et al, Turco et 

al were able to differentiate EVTs from their organoids. Haider et al simply removed their 

WNT activator from the medium (CHIR99021) and were able to differentiate HLA-G 

positive EVT cells at the periphery of their organoids. One shortcoming of organoids 

formed in this manner is that they don’t replicate the exact structure of a villus. While they 

have all of the trophoblast cell lineages (CTB, STB, and EVT), they do not include stroma 

or any other non-trophoblast lineages. Perhaps due to these omissions, their structure is 

inverted, with the core of these organoids comprised of STB and with a CTB layer or 

multiple layers of CTB on the outside. If stimulated to differentiate to EVT, migratory cells 

from the outside move away from the central organoid into the embedding ECM (Haider, 

Meinhardt et al. 2018, Turco, Gardner et al. 2018).These models are new but show great 

promise for developing more knowledge about early trophoblast development in humans. 

   

Human Embryonic Stem cell models 
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 Trophoblast differentiation from primed-type human embryonic stem cells (hESCs) 

was originally discovered by Xu et al when they tested the effects of a variety of BMPs on 

4 hESC lines under conditions that would otherwise maintain ESC self-renewal. Addition 

of BMP4 was found to differentiate primed type hESCs into cells that expressed many 

markers of trophoblast including hCG (Xu, Chen et al. 2002). BMP4, however will also 

promote differentiation towards mesoderm, particularly in the presence of FGF2 

(Bernardo, Faial et al. 2011). Endoderm results if BMP4 is used in combination with FGF2 

and ACTIVIN-A (Bernardo, Faial et al. 2011). The addition of BMP4 with signaling 

inhibitors to FGF2 receptors (PD173074) and inhibition of SMAD2/3 signaling by 

blocking TGFb/ACTIVIN receptors differentiates hESCs to trophoblast (Amita, Adachi et 

al. 2013) with no expression of mesoderm marker T (BRACHYURY). Under these 

conditions there is a rapid differentiation of the majority, if not all, cells in the colonies to 

a KRT7+ state within 48 hours and soon after emergence of a heterogeneous population of 

trophoblast cells, including ones expressing markers of CTB, EVT, and STB. There is 

significant differentiation towards STB in this system, particularly at high, atmospheric 

oxygen (Yabe, Alexenko et al. 2016). Horii et al developed a two-step protocol for 

differentiating CTBs in the first step and subsequently to either ETVs and STBs. Changing 

gas atmosphere to low oxygen (2%) favored EVT while atmospheric 20% oxygen favored 

STB (Horii, Li et al. 2016). This differentiation protocol includes BMP4 in both steps 1 

and 2, but incorporates inactivated mouse embryonic fibroblast (iMEF)-conditioned 

medium in step 2. This has resulted in the spontaneous differentiation of mesoderm in this 

system. Therefore, an altered protocol has been proposed that prevents mesoderm 

differentiation by treatment with a WNT inhibitor, IWP2 (Horii, Bui et al. 2019). Overall, 
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approximately 38 papers have utilized the BMP4 system to model trophoblast, many using 

slightly different conditions- some including sources of FGF2 or ACTIVIN-A, such as 

MEF-conditioned media (Roberts 2018). This adds to the confusion around the validity of 

the model, which has been questioned multiple times (Bernardo, Faial et al. 2011, Roberts, 

Loh et al. 2014). 

Goals 

 The goal of my work is to determine the stage at which our hESCBAP model 

represents and to utilize this model to discover novel genes specific to early human 

trophoblast development. We hypothesize that our model replicates an early, post 

implantation stage of trophoblast development, possibly during the formation of primitive 

syncytium. We suspect this because our model develops a large amount of STB that express 

high amounts of hCG, ECM degrading enzymes, is producing its high amounts and a 

diversity of its own collagens and other ECM materials, and does not overlap with primary 

trophoblasts derived from term (Yabe, Alexenko et al. 2016).  

 My work begins with the exploration of a commonly upregulated integrin alpha 

subunit, ITGA1, in response to oxygen in primary trophoblasts. I then detail the expression 

of novel proteins highly upregulated in the hESCBAP model compared to term trophoblasts 

that have a yet unknown function in the trophoblast literature. We hypothesize that this 

model could be used potentially as a predictor of genes highly expressed at the early, first 

trimester trophoblast stage. Finally, I end with some preliminary data on one gene detailed 

in Chapter III, ACTC1, a cardiac actin with peculiar expression patterns in hESCBAP that 

may function in trophoblast syncytialization. 
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CHAPTER II 

ITGA1 IS UPREGULATED IN RESPONSE TO OXYGEN OVER TIME 

IN A BMP4 MODEL OF TROPHOBLAST. 
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Abstract 

Human trophoblast cells must navigate an extracellular matrix environment that is 

complex and changing in order to successfully implant and invade into the maternal 

decidua. This requires the trophoblast cells to change the suite of integrins and adhesion 

molecules expressed on the surface of the cells. Primary human trophoblasts express 

Integrin alpha 1 (ITGA1) in extravillous trophoblasts invading within the deepest layers of 

the decidua and myometrium. Trophoblasts can be differentiated in vitro from human 

embryonic stem cells (hESCs) via the addition of BMP4 with Activin/NODAL and FGF2 

signaling inhibitors. Trophoblasts of 3 lineages can be identified- cytotrophoblasts, 

syncytiotrophoblasts, and HLAG-positive extravillous trophoblasts. By using 

immunofluorescent microscopy, we identified that CGB-positive syncytiotrophoblast 

express ITGA1 and measured the intensity of signal over eight days of differentiation in 

vitro. Expression increases over 8 days only in cells maintained at 20% oxygen, but not 

when the cells are kept in a 5% oxygen environment. This result confirms that in the BMP4 

model of trophoblast differentiation that ITGA1 is a gene that is sensitive to oxygen. The 

unique finding here is that ITGA1 overlaps strongly with syncytium, indicating that the 

syncytium created in this model is possibly invasive. 

Abbreviations: CTB= Cytotrophoblast; STB= Syncytiotrophoblast; EVT= Extravillous 

trophoblast; BAP= BMP4+A83-01+PD173074; hESC= human embryonic stem cells; 

hESCBAP=BAP-treated hESCs. 
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Introduction 

Integrin alpha-1 (ITGA1) interacts with the extracellular matrix, particularly 

collagen type 1 and degraded laminin (Fazleabas, Bell et al. 1997). Extravillous 

trophoblasts (EVT) in the mature human placenta express ITGA1 as they invade from the 

anchoring villi deeply into the maternal endometrium and myometrium in weeks 8-13 of 

gestation (Zhou, Damsky et al. 1993). Trophoblasts are exposed to increasing levels of 

oxygen as they invade deeper into the maternal endometrial layers, and as explained in 

Chapter I, this has an effect on some gene expression changes. Similarly, in the baboon, 

ITGA1 is expressed by invading cytotrophoblast (CTB) in the peri-implantation period 

(Fazleabas, Bell et al. 1997). Genbacev et al isolated primary first trimester CTBs and 

cultured them in either 20% oxygen (atmospheric) or 2% oxygen. Only CTBs cultured at 

20% oxygen expressed ITGA1 (Genbacev, Joslin et al. 1996), indicating a role for oxygen 

in regulating ITGA1 protein expression.  

Human embryonic stem cells (hESCs) are efficiently differentiated into cells of the 

human trophoblast (TB) lineage by treatment with BMP4, A83-01 (an Activin/NODAL 

signaling inhibitor), and PD173074 (an FGF2 signaling inhibitor), termed BAP treatment 

(Amita, Adachi et al. 2013). The resulting trophoblast population expresses genes 

indicative of CTB, STB, and EVT and can invade through a Matrigel matrix (Telugu, 

Adachi et al. 2013). Gene and protein expression profiles of the hES-derived TB suggest 

that they most resemble TB found very early in human pregnancy (Amita, Adachi et al. 

2013). Here, I tested whether oxygen regulates expression of ITGA1 in TB derived from 

BAP-treated hESC as it does in EVT isolated from human placentae late in the first 

trimester. 
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In preeclampsia, which is associated with both poor trophoblast invasion and 

oxidative stress, there is a failure of EVTs to express ITGA1 (Zhou, Damsky et al. 1993).  

Previously, our laboratory created pluripotent stem cell lines (iPSC) from umbilical cord 

fibroblasts of infants born to pregnancies complicated by preeclampsia and to control 

pregnancies (Yang, Dai et al. 2014, Sheridan, Yang et al. 2019). These cells can, like hESC, 

be converted to trophoblast by addition of BAP (Sheridan, Yang et al. 2019). While the 

hESC derived from preeclamptic pregnancies appear to differentiate normally, they show 

impaired trophoblast invasion under high oxygen conditions (20% oxygen), and a loss of 

coordinated gene expression response to high oxygen (Sheridan, Yang et al. 2019). 

Therefore, here I test whether oxygen regulation of ITGA1 expression is altered in BAP 

treated stem cells derived from preeclamptic pregnancies. 

 

Methods and Results 

 I plated male (H1, WA01) and female (H9, WA09) hESCs on Matrigel-coated 

coverslips and fixed them in 4% paraformaldehyde following 2, 4, 5, 6, or 8 days of BAP 

treatment. They were immunostained for ITGA1, for KRT7 (Keratin 7) to mark CTB and 

EVT lineages, and for CGB (chorionic gonadotropin subunit beta) to mark STB.  Briefly, 

coverslips were incubated in primary antibody (anti-ITGA1 Santa Cruz #sc-81733; anti-

KRT7 Santa Cruz #sc-17116; anti-CGB abcam #ab53087) at a dilution of 1:100 for ITGA1 

and 1:500 for KRT7 and CGB in 5% BSA+2.5% donkey serum overnight in 4C, followed 

by incubation with secondary antibodies raised in donkey conjugated to 488nm, 568nm, 

and 647nm AlexaFluor dyes at a dilution of 1:300 for 1 h, and counterstained with DAPI. 

ITGA1-positive areas largely overlapped with CGB-positive syncytial areas (Figure II-1). 
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Staining intensity was analyzed within three randomly-selected positive regions from each 

coverslip, in each of three biological replicates by using CellProfiler software (McQuin, 

Goodman et al. 2018). ITGA1 expression was more highly upregulated in H1 and H9 cells 

over days 0-8 of BAP-differentiation when the cells were exposed to a 20% oxygen 

environment compared to a 5% oxygen environment (p<0.003 Figure II-1).  

Next, the effect of oxygen on ITGA1 expression was tested by examining ITGA1 

expression at day 6 of BAP treatment in iPSC from control and preeclamptic pregnancies 

grown in both 5% and 20% oxygen.  At the mRNA level, there was an increase in ITGA1 

expression at 20% oxygen, regardless of whether iPSC were derived from control and 

preeclamptic pregnancies (Figure II-2).  Secondly, ITGA1 protein expression over time 

was examined by immunofluorescence in five iPSC lines (Figure II-3).  Control cell lines 

MRuci3-7 and MRuci6-4 replicate what is seen in the hES cell models H1 and H9 treated 

with BAP measured from days 2-8, upregulate ITGA1 expression as measured by 

immunofluorescent signal intensity over time when differentiated at high oxygen (20%) 

compared to lower, physiological levels (p<0.003, p<0.0001), as did preeclampsia line 

MRuciB-1 (p<0.0001).  Cell lines MRuciM-4 and MRuciJ-1 showed slight evidence of 

increased expression by day 8 of BAP treatment at 20% oxygen, but overall the results 

were variable and did not reach statistical significance (p=0.605 and p=0.065, 

respectively).  

 

 

 

 



 59 

 

 

Figure II-1: ITGA1 is expressed in BAP-differentiated hESCs exposed to a high oxygen 

(atmospheric) environment compared to a lower, physiological oxygen environment (5%). 

(A) Immunofluoresence images of hESCs treated for 6 days with BAP medium. In both 

cell lines, H1 and H9, ITGA1 expression (green) is more robust compared to 5% oxygen. 

ITGA1 is co-expressed in syncytialized cells stained positive for CGB (red). (B) Quantified 

from total image intensity measurements of IF pictures. hESC lines H1 and H9 
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significantly upregulate ITGA1 over time in response to high oxygen (2-way ANOVA 

interaction of time and oxygen=***p<0.0001, **p<0.003). Each symbol is the mean of 

three replicate experiments, and bars indicate SEM.   
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Figure II-2) RNA sequencing analysis shows that ITGA1 is expressed at 6 days of BAP 

treatment in hESC (H1,H9) lines and both control (indicated by numbers) and preeclampsia 

(indicated by letters)  iPS cell lines. Although there is variability among individual lines, 

ITGA1 is generally more highly expressed in hESCBAP cells maintained at 20% oxygen. 
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Figure II-3: Immunofluorescent analysis of ITGA1 expression in induced pluripotent stem 

cell lines at days 2-8 of BAP treatment. Control cell lines MRuci3-7and MRuci6-4 ( 2-way 

ANOVA interaction of time and oxygen- **p<0.003, ***p<0.0001) and preeclampsia cell 

lines MRuciM-4, MRuciJ-1and MRuciB-1 (p=0.605, p=0.065, and ***p<0.0001 

respectively) were tested. Each symbol is the mean of three replicate experiments, and bars 

indicate SEM.   
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Discussion 

This short study adds to our knowledge of trophoblast differentiation of hESCs with 

the addition of BAP. ITGA1 is considered to be a marker of invasive trophoblast (Damsky, 

Librach et al. 1994, Zhao, Jiang et al. 2012) and in the villous placenta, is expressed by 

EVT that have invaded as far as into the myometrium (Damsky, Fitzgerald et al. 1992). In 

contrast, in the TB derived by treating hESC with BAP, ITGA1 is coexpressed with CGB, 

a marker of the STB lineage.  That the ITGA1-positive cells are syncytialized can also be 

seen in their morphology. This observation is consistent with the expression of other pro-

invasive markers by STB in the BAP-treated hESC, as characterized by Yabe et al. (Yabe, 

Alexenko et al. 2016).  The STB of the mature, villous placenta is not invasive, whereas 

during weeks 1-2 after fertilization, a specialized cell type, the primitive syncytium, both 

possesses invasive characteristics and characteristics of STB.  Together these findings 

suggest that the STB formed from BAP-treated hESC may resemble the STB of early 

pregnancy, a hypothesis that will be tested further in Chapter III. This study also confirms 

the role of oxygen in regulation of ITGA1 expression in BAP treated hESCs is similar to 

isolated first trimester cytotrophoblast (Genbacev, Joslin et al. 1996), such that this model 

system may be used to study the effects of oxygen on human trophoblast. 

In severe preeclampsia, EVT invasion is shallow stopping short of the myometrium, 

and ITGA1 is not upregulated, where ITGA1 is normally expressed in the deepest layers 

of the myometrium (Zhou, Damsky et al. 1993). Determining whether this is a cause or a 

complicating result of preeclampsia is a difficult question to answer. Animal models, 

including mice and even in primates such as chimpanzees, do not have deep invasion into 

the myometrium and their EVTs do not typically express ITGA1. Therefore, determining 
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whether ITGA1 is necessary for deep trophoblast invasion will most likely require an 

advanced bioengineered in vitro model. Clearly, the hESCBAP model is able to invade 

through Matrigel-coated Boyden invasion chambers at low oxygen, when ITGA1 is hardly 

expressed. Having found that BAP-differentiated trophoblasts express ITGA1 in response 

to oxygen, similar to primary cultured cytotrophoblasts, I proceeded to test the ITGA1 

response to oxygen in the induced pluripotent stem cell (iPSC) model of preeclampsia 

previously developed in the Roberts lab. Fibroblasts from the umbilical cords of babies 

born to severe, early onset preeclampsia in addition to normal controls were obtained at 

delivery at term and reprogrammed to iPSCs. However I obtained inconsistent results. The 

most striking finding between our control and preeclampsia lines is an invasiveness defect 

at high oxygen (20% O2) but not at a lower, more physiologic oxygen environment (5% 

O2) in nearly all cell lines derived from preeclamptic umbilical cords. Curiously, RNA 

sequencing revealed a high variability of gene expression among cell lines, but no genes 

that are consistently, significantly misexpressed between the preeclamptic and control 

samples (Sheridan, Yang et al. 2019). Nonetheless, while there were gene expression 

modules that consistently, significantly correlated with both oxygen levels and trophoblast 

invasion among the control iPSC lines, these correlated networks broke down among the 

preeclamptic lines (Sheridan, Yang et al. 2019). ITGA1 followed this pattern, showing a 

variety of expression levels among cell lines, and a poorer correlation with oxygen in at 

least some preeclamptic lines, but not a clear difference between controls and preeclamptic 

lines. Thus, differences in ITGA1 expression in response to oxygen do not explain the poor 

invasiveness of TB derived from the preeclamptic cell lines but are consistent with a larger 

pattern of poorer oxygen regulation among preeclamptic lines. 
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 Since publishing this manuscript, the innovation of human trophoblast stem cells 

(TSCs) has opened up new trophoblast research opportunities. Future work should include 

the characterization and regulation of ITGA1 in human CTBs, STBs, and EVTs in these 

cells. It will also help add to the evidence of whether ITGA1 is necessary for invasion into 

deep portions of the myometrium and whether TSCs can better model human diseases, 

such as preeclampsia.  

 Studying preeclampsia with the hESCBAP  model has proven difficult, most likely 

because the disease is manifested by villus-stage trophoblasts and their inability to invade, 

leading to a cascade of complications in the maternal system. As of recently, it is becoming 

clearer that the trophoblast created from primed-type hESCs with BAP treatment appear to 

be of an earlier stage, possibly of the post-implantation embryo, and favoring 

differentiation towards STB of this stage, the primitive syncytium. The following chapter 

explores this question of what stage the hESCBAP model represents and uses the model as 

a gene discovery tool to explore yet unknown genes highly upregulated in hESCBAP 

compared to trophoblasts obtained at term. 
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CHAPTER III 

USE OF A HUMAN EMBRYONIC STEM CELL MODEL TO 

DISCOVER GABRP, WFDC2, VTCN1, AND ACTC1 AS MARKERS 

OF EARLY FIRST TRIMESTER HUMAN TROPHOBLAST 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is published in Molecular Human Reproduction 

 

Rowan M. Karvas1, Samuel McInturf2, Jie Zhou3, Toshihiko Ezashi4, Danny J. Schust3, R. 

Michael Roberts4,5 and Laura C. Schulz1,3* 

 

 1Division of Biological Sciences, University of Missouri,  Columbia, MO USA 65211, 
2Division of Plant Sciences, University of Missouri,  Columbia, MO USA 65211,  
3Department of Obstetrics, Gynecology, and Women’s Health, University of Missouri,  

Columbia, MO USA 65212  4Division of Animal Sciences, University of Missouri,  

Columbia, MO USA 65211 5Department of Biochemistry University of Missouri,  

Columbia, MO USA 65211 

  



 67 

ABSTRACT  

Human placental development during early pregnancy is poorly understood. Many 

conceptuses are lost at or shortly following embryo implantation. It is also thought that 

preeclampsia, intrauterine growth restriction, and other placental syndromes that manifest 

later in pregnancy may originate early in placentation. Thus, there is a need to develop 

models of early human placental development. Treating human embryonic stem cells 

(hESC) with BMP4 plus A83-01 (ACTIVIN/NODAL signaling inhibitor) and PD173074 

(FGF2 signaling inhibitor) (BAP conditions) induces differentiation to the trophoblast 

lineage (hESCBAP), but it is not clear which stage of trophoblast differentiation these cells 

most resemble.  Here, comparison of the hESCBAP transcriptome to those of trophoblast 

cells from human blastocysts, trophoblast stem cells, and placentas collected in the first, 

second and third trimester of pregnancy by Principal Component Analysis (PCA) suggests 

that hESC after 8 days BAP treatment most resemble first trimester syncytiotrophoblast 

cells. To further test this hypothesis, transcripts were identified that are expressed in 

hESCBAP  but not in cultures of human trophoblast cells isolated from term placentas. 

Proteins encoded by four of these genes, GABRP, WFDC2, VTCN1 and ACTC1, 

immunolocalized to placentas at four to nine weeks gestation, and their expression declined 

with gestational age (R2 = .61-.83). None are present at term. Expression was largely 

localized to syncytiotrophoblast of both hESCBAP cells and the placental material from 

early pregnancy. These results support the hypothesis that hESCBAP represent human 

trophoblast analogous to that of early first trimester and are a tool for discovery of factors 

important to this stage of placentation.  
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INTRODUCTION 

 The villous human placenta is readily obtained after delivery and easily separated 

from maternal decidual tissue, allowing its structure, its main physiological features, and 

gene expression profiles to be extensively characterized at term and to a lesser extent from 

the mid-first trimester onwards (Burton and Fowden 2015), Cox, Leavey et al. (2015). It 

comprises several types of trophoblast, fetal endothelial cells and mesenchyme. The villi 

themselves contain a layer of cytotrophoblast (CTB) that is self-renewing, and that gives 

rise to the syncytiotrophoblast (STB) and extravillous trophoblast cells (EVT)  (Fowden, 

Forhead et al. 2015, Michelsen, Holme et al. 2017) (Harris 2010).   These cell types emerge 

at weeks five-six since last menstrual period or LMP, but the developmental period from 

implantation, at about three weeks LMP, or 7 days post-fertilization, through their 

formation is for practical purposes inaccessible to investigators, who have had to rely 

primarily on archived material such as the Boyd Collection at the University of Cambridge 

and the Carnegie Collection at the Human Developmental Anatomy Center, Washington 

DC (Hertig, Rock et al. 1956, Burton, Jauniaux et al. 1999) or on a few studies in primates 

(Enders 1989, Enders, Lantz et al. 1997, Fazleabas, Bell et al. 1997). Barriers to 

understanding this stage of pregnancy involve practical and ethical constraints. In 

particular, blastocyst implantation and pre-villous placental development occur just prior 

to the time of missed menses and before the time that a pregnancy can be detected 

clinically.  

The lack of a model system has hindered characterization of trophoblast gene and 

protein expression during this period, which likely has features distinct from later stages of 

pregnancy, although it is part of a continuum of placental developmental and functional 
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change lasting until term. This can be inferred from microarray studies performed over the 

first and second trimesters of pregnancy in which it was observed that the transcriptomes 

of weeks 6-7, 9-10, 10-11, and 14-16 week placentae clustered separately from each other 

and dramatically from placental tissue obtained at 4-5 weeks LMP (Soncin, Khater et al. 

2018). Importantly, trophoblast dysfunction that originates during this timeframe could 

result in complications later in pregnancy, including intrauterine growth restriction, 

preeclampsia and preterm birth (Villar, Papageorghiou et al. 2012, Fisher 2015, Nardozza, 

Caetano et al. 2017). Alternatively, failure of pre-villous placental development may lead 

to implantation failure or idiopathic early pregnancy loss (Norwitz, Schust et al. 2001, 

Home, Kumar et al. 2017). This highlights the pressing need to model peri-implantation 

placental development so as to enable detailed study at the transcript, protein, and 

functional levels.  

  

 We hypothesize that human embryonic stem cells (hESC) treated with BMP4 (B) 

and the inhibitors A83-01 (Activin A/Nodal signaling inhibitor, A) and PD173074 (FGF2 

receptor inhibitor, P) most closely model the early first trimester period of trophoblast 

differentiation. These BAP-differentiated hESC (hESCBAP) syncytialize (Das, Ezashi et al. 

2007, Schulz, Ezashi et al. 2008, Amita, Adachi et al. 2013, Yabe, Alexenko et al. 2016, 

Roberts, Ezashi et al. 2018), are invasive (Telugu, Adachi et al. 2013), and express genes 

encoding a range of proteins involved in trophoblast invasion and migration (Horii, Li et 

al. 2016, Yabe, Alexenko et al. 2016, Jain, Ezashi et al. 2017) and placental hormone 

production, (e.g. CGB, CGA) at much higher levels than term trophoblast (Amita, Adachi 

et al. 2013, Yabe, Alexenko et al. 2016).  They express more than 63 individual gene 
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makers characteristic of trophoblast and a global transcriptome profile that exclusively 

resembles placental trophoblast (Telugu, Adachi et al. 2013, Roberts, Loh et al. 2014, 

Yabe, Alexenko et al. 2016, Jain, Ezashi et al. 2017, Roberts 2018). Nevertheless, CTB 

and STB isolated from BAP-differentiated colonies of hESC, express some genes not found 

in CTB and STB cultured from primary human trophoblast at term (Yabe, Alexenko et al. 

2016, Jain, Ezashi et al. 2017). Based on the hypothesis that hESCBAP most resemble the 

placenta of very early pregnancy, we predict that these genes are expressed in the human 

placenta in the first trimester. 

 To test this, here the global transcriptomic profiles of ESCd were compared not 

only to our cultured term primary human trophoblast datasets, but to publicly available 

transcriptomes of trophoblast from the blastocyst stage through term. Secondly, genes 

differentially expressed between hESCBAP  and cultures of primary term human 

trophoblasts were identified as putative markers of trophoblast from early in the first 

trimester of human pregnancy.  Four of the putative markers, GABRP, WFDC2, VTCN1 

and ACTC1, were selected for further study because they are largely or entirely unstudied 

in the placenta, and because their functions in cancers and other tissues suggest potential 

roles in trophoblast invasion, which is unique to the first trimester placenta (Ferretti, Bruni 

et al. 2007).  GABRP, a GABAergic receptor subunit, is highly expressed within the uterus 

and placenta (Hedblom and Kirkness 1997), and its overexpression in HTR8-SV/neo cells 

inhibits invasion through Matrigel (Lu, Zhang et al. 2016).  WFDC2 has not previously 

been identified in trophoblast, but in ovarian cancer cells it promotes expression of MMP2 

and other genes required for cell migration (Chen, Huang et al. 2017).  VTCN1 has 

previously been identified in immune cells during pregnancy and recently was found in the 
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transcriptome of trophoblast derived from hESCs via treatment with BMP4 alone (Krendl, 

Shaposhnikov et al. 2017). VTCN1 is expressed also in several cancers, with heightened 

expression coinciding with larger tumor size, increased malignancy score, decreased 

survival, and decreased number of tumor-infiltrating T-cells (Podojil and Miller 2017).  

Finally, ACTC1 is an alpha-actin protein not previously studied in the placenta, but whose 

identity as a cytoskeletal protein makes a role in invasion possible (Zhou, Yuge et al. 2014). 

Here, we examine for the first time when and where these four proteins are expressed in 

the placenta across gestation, also thereby testing whether hESCBAP may be a tool for the 

discovery of novel markers of the first trimester placenta.  

   

MATERIALS AND METHODS 

Principal Component Analysis 

Principal Component Analysis (PCA) was used to compare trophoblast derived by BAP-

treatment of hESC to other sources of trophoblast. RNAseq data for hESCBAP was obtained 

from a previous study (Yabe, Alexenko et al. 2016)(NCBI Gene Expression Omnibus, 

GSE73017). For that study (Yabe, Alexenko et al. 2016), H1 hESC were BAP-treated for 

eight days. Then, colonies were dispersed non-enzymatically, and the cell suspension 

sequentially passed through 70 µm and 40 µm cell strainers. The fraction larger than 70 

µm (hESCBAP> 70) comprised syncytialized patches, or STB. Cells smaller than 40 µm 

were largely CTB, with some small STB aggregates. CTB were also isolated from term 

placentae at Magee-Women’s Hospital of the University of Pittsburgh Medical Center and 

cultured. RNA was collected from the undifferentiated CTB after 9h of in vitro cell culture, 
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or after 48h when the majority of cells had spontaneously syncytialized (Kliman, Nestler 

et al. 1986, Nelson, Johnson et al. 1999, Yabe, Alexenko et al. 2016).  

 

Four RNAseq datasets were selected to collectively profile gene expression across 

gestation in individual trophoblast subtypes. Petropoulos et al., accessed via ArrayExpress: 

E-MTAB-3929, contains single-cell RNAseq data from preimplantation human 

blastocysts, including trophectoderm cells (Petropoulos, Edsgard et al. 2016). Liu et al., 

NCBI Gene Expression Omnibus (GEO) GSE89497, contains single-cell RNAseq data 

from CTB, STB and EVT at 8 weeks gestation and CTB and EVT at 24 weeks gestation 

(Liu, Fan et al. 2018). Pavlicev et al, NCBI GEO GSE87692, contains single cell RNA-seq 

of enzymatically digested, percoll-isolated trophoblast from villous tissue and bulk-

sequenced, laser-captured STB, all from term placenta (Pavlicev, Wagner et al. 2017). 

Okae et al contains bulk RNAseq data from trophoblast stem cells, CTB, STB and EVT 

derived from those trophoblast stem cells, as well as CTB and EVT purified from first 

trimester placentas, and STB shed from first trimester placentas (Okae, Toh et al. 2018). 

Accession numbers from Okae et al include JGA00000000074, JGA00000000117, and 

JGA00000000122. Gene identifiers from each data set were cross-referenced from the 

supplied identifier from the Sequence Read Archive (National Center for Biotechnology 

Information) to the Ensembl gene id by using annotation data from the BioConductor 

package org.Hs.eg.db (Carlson 2018), and the union of all identifiers was used for 

subsequent processing.  To capture the most biologically relevant subset of this combined 

dataset, only the top 25% most variant genes were used for principal component analysis 
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(PCA).  The dataset was first mean centered and scaled to unit variance, while the Eigen 

values were calculated by using singular value decomposition (R Core Team 2018).  

 

Human Embryonic Stem Cell Culture 

 The hESC line H1 (WA01) obtained from WiCell Research Institute (Thomson, 

Itskovitz-Eldor et al. 1998) was maintained in mTeSR1 medium (Stem Cell Technologies) 

in Matrigel (Corning)-coated dishes. Cells were passaged every 5-6 days by using dispase 

(Stem Cell Technologies) and the Stempro EZpassage tool (Invitrogen) dispersion method 

to obtain uniformly-sized square sheets ~100 cells. The differentiation protocol employed 

was that of Amita et al. (Amita, Adachi et al. 2013). Accordingly, 50,000 hESC were 

passaged onto a Matrigel-coated coverslip in each well of a 6-well plate. The cells were 

first cultured on mTeSR1 medium for 24 h and then for a further 24 h on basal DMEM/F12 

medium supplemented with 20 % knock-out serum replacement, nonessential amino acids, 

2mM L-glutamine, and 4ng/mL FGF2. At this stage, the FGF2-containing medium was 

replaced with one lacking FGF2 but containing BMP4 (10 ng/mL), A83-01 (1 µM) and 

PD173074 (0.1 µM), with daily medium changes for either 6 or 8 days.  

 

Immunocytochemistry 

 H1 hESCs were plated onto Matrigel-coated coverslips and differentiated for 6 days 

with BAP before fixation in 4% paraformaldehyde. Coverslips were placed in 5% BSA+2.5 

% v/v donkey serum for 1 h to block non-specific staining and then incubated overnight at 

4°C with primary antibody (table III-1). After incubation with secondary antibody for 1 h 

at room temperature, coverslips were mounted with Vectashield + DAPI (4,6-diamidino-
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2-phenylindole). Images were captured either by a Zeiss Axiovert 200M fluorescent 

microscope equipped with a monochrome ORCA-ER camera or a Leica GSD 3D super-

resolution microscope, equipped with 405, 488, 560, and 642 nm lasers for multicolor 

detection and with a resolution 20nm in lateral plane and 50nm in the axial plane, and a 

Andor iXon Ultra 897 EMCCD camera. Both are located in the University of Missouri 

Molecular Cytology Core. Coverslips incubated with only secondary antibodies were used 

as negative controls to determine image acquisition settings for each experiment (Fig III-

1). 
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Figure III-1: Negative controls for immunofluorescence microscopy. (A-D). 

Undifferentiated human embryonic stem cells maintained in mouse embryonic fibroblast-

conditioned medium + FGF2 were stained for each of the putative early trophoblast 

markers. Scale Bar = 100µm. (E) Knockdown of VTCN1 via siRNA reduces VTCN1 

immunoreactivity in hESCBAP compared to that in hESCBAP transfected with control 

siRNA. (F) Western blotting with the anti-VTCN1 antibody (abcam ab209242) used 

against undifferentiated (CM+FGF2) and 6 days BAP-differentiated ESCs showed no 

signal in undifferentiated ESC. (G-I) BAP-treated hESC were stained with secondary 

antibodies only. (G,I) Images were acquired by epifluorescence microscopy. (H) Image 

was acquired by confocal microscopy. In all fluorescent images (A-D, F-I), blue coloring 

indicates DAPI nuclear fluorescence. Scale bars= 100µm unless otherwise noted. 
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Human Placental Tissue Samples 
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 Paraffin-embedded placental tissue sections were obtained from the University of 

California, San Diego Perinatal Biorepository. Blastocyst sections consist of maternal 

decidual tissue, primitive syncytium, and secondary villi from developmental day 16. First 

and second trimester samples consist of embedded villous fragments received post-

surgically. For each third trimester placenta, two samples were taken from the pericentral 

area, approximately half way between the cord insertion site and the margin.  

 

 

Immunohistochemistry 

Placental sections were rehydrated through a xylene substitute and graded alcohol 

series.  Antigen retrieval was performed by boiling slides in 10mM citrate buffer pH 6.0 in 

a pressure cooker on a hot plate set to maximum temperature (153° C) and pressure for 3 

minutes (Norton, Jordan et al. 1994). Immunofluorescent staining was then performed as 

described above.  Immunoperoxidase staining of primary placental sections was performed 

for VTCN1 by using the Vectastain Elite ABC HRP kit for rabbit primary antibodies. 

Sections were counterstained in Mayer’s hematoxylin (DAKO #S3309).  

 

Image Analysis 

 Immunofluorescence was quantified in ImageJ (v2.0, NIH) by calculating the 

Corrected Total Cell Fluorescence (CTCF= integrated density – (area of selected region x 

mean background fluorescence)) (McCloy, Rogers et al. 2014). For each section, two-four 

fields of view were photographed with a 20x objective lens. All CTB and STB regions of 

each villus within each field of view were manually outlined in Image J to calculate the 
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average CTCF per villus. To analyze changes in immunofluorescence across gestational 

age, CTCF values at each age were fit to a second order polynomial equation (x+x2) by 

using the nonlinear regression function in Prism 5.0 software (GraphPad Inc.). 

 

Ethical Approvals 

Human placental tissues had been collected under a protocol approved by the Human 

Research Protections Program Committee of the University of California San Diego 

Institutional Review Board and transferred to the University of Missouri with approval 

from the University of Missouri Institutional Review Board. All patients gave informed 

consent for collection and use of these tissues and samples were de-identified. 

 

 

 



 79 

 

Table III-1: Information on all antibodies used in this study. 
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RESULTS 

Comparison of the hESCBAP  transcriptome to those of other human trophoblast 

 To test whether the hESCBAP model most closely represents trophoblast of early 

pregnancy, we compared the hESCBAP RNA sequencing data with simultaneously 

sequenced CTB cultured from term placentas and STB derived from them, along with four 

other publicly deposited RNAseq datasets spanning various gestational ages and 

trophoblast cell types. The earliest timepoint we employed is a single cell RNAseq 

(scRNAseq) dataset from human blastocysts (Petropoulos, Edsgard et al. 2016). PC 

analysis shows that hESCBAP, as well as the cultured primary term human trophoblasts, 

cluster distinctly from all lineages of human blastocyst (Figure 2A, Figure 3), although 

they are closer to the blastocyst cells than are late pregnancy trophoblast. Undifferentiated 

embryonic stem cells, ESC, do cluster close to cells of the blastocyst lineage (Figure 2A), 

although one ESC sample, which had shown morphological signs of spontaneous 

differentiation, clusters further away from the other ESC, and closer to the hESCBAP, as 

denoted by the arrow in Figure 2A. Also of interest is the streak of polar TE appearing to 

lead towards the early STB points, in proximity to the spontaneously differentiated hESC 

sample (Figure 2A, darker olive green points). Cells of the morula and ICM (epiblast and 

primitive endoderm) cluster closely together, although somewhat separate from hESC 

(Figure 3). The PCA was also computed with an scRNAseq dataset containing 8 week 

CTB, STB, and EVT and 24 week EVT (Liu, Fan et al. 2018) and a dataset containing 

CTB, STB, and EVT lineages from term placenta (Pavlicev, Wagner et al. 2017). Figure 

1B shows that hESCBAP cluster most closely with 8 week CTB and STB, and more distantly 

from 24 week EVT and all trophoblast lineages from term placenta (Figure 2B, term 
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placental samples circled. hESCBAP cluster closely with 8 week STB (Figure 2Bi). Finally, 

the hESCBAP model was compared with trophoblast stem cells (TSCs) created by Okae et. 

al. (Okae, Toh et al. 2018). As shown in Figure 2C, hESCBAP most closely cluster with 

primary first trimester STBs and STB derived from TSCs. Thus, hESCBAP transcriptionally 

most resemble STB from the first trimester and human TSCs differentiated towards the 

STB lineage. 
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Figure III-2: Principal Component Analysis comparing five human trophoblast 

RNAseq datasets from the following sources: morula-blastocyst stage human 
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embryos (Petropoulos, Edsgard et al. 2016), trophoblast stem cells (Okae, Toh et 

al. 2018), placentas (Liu, Fan et al. 2018) (Pavlicev, Wagner et al. 2017), and 

embryonic stem cells and primary trophoblast cultures (Yabe, Alexenko et al. 

2016). For each datapoint, cell type•cell source•gestational age are indicated in the 

legend above. (A) PC 1 and 2 separated by cell origin. hESCBAP cluster separately 

from cells of the blastocyst and from term trophoblast. Arrow indicates an hESC 

sample with morphological signs of spontaneous differentiation. (B) hESCBAP and 

trophoblast isolated from first trimester placentas do not cluster with primary 

trophoblast lineages from term trophoblast isolated from term placenta (circles). 

The hESCBAP cluster closer to 8 week CTB and STB than to 8 week or 24 week 

EVT. (C) STB derived from TSCs, hESCBAP, and first trimester STB cluster 

together. First trimester CTB and TSCs cluster close to one another yet distinctly 

from hESCBAP. hESCBAP cluster closely with STB from the first trimester across 

multiple datasets. TB= trophoblast; TSC = trophoblast stem cell; CTB = 

cytotrophoblast; ICM= inner cell mass; TE = trophectoderm; EPI= epiblast; PE= 

primitive endoderm; hESC = human embryonic stem cell; embryonic stem cell; 

hESCBAP = hESC differentiated to TB with BAP; STB = syncytiotrophoblast, EVT 

= extravillous trophoblast; wk=weeks; d=days.  

 

 

 



 84 

 

Figure III-3: d3-7 human preimplantation embryo characterization of morula stage vs. 

blastocyst stage epiblast and primitive endoderm. Morula stage (d3-4) form a streak pattern 

which leads into a cluster of EPI and PE (d5-7) points. Comparison of this with the various 

TE sublineages from Figure 1 demonstrates that in our PCA, the cells of the 

preimplantation embryo separate by day and cell type. 
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Figure III-4: 3-D rendering of principal components analysis. Cyan = hESC, Pink = 

hESCBAP, Gold = Primary Human Term Trophoblast (PHT) (Yabe, Alexenko et al. 2016); 

red = primary human trophoblast from 8 weeks or 24 weeks (Liu, Fan et al. 2018); Dark 

Green = Morula or ICM stage preimplantation embryonic cells d3-7, Light Green = TE 

from blastocysts d6-7 (Petropoulos, Edsgard et al. 2016); Dark Blue = Trophoblast Stem 

Cells and 1st trimester CTB, STB, and EVT (Okae, Toh et al. 2018); Purple = CTB, STB, 

and EVT from term primary trophoblast (Pavlicev, Wagner et al. 2017). 
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Identification of transcripts that distinguish trophoblast derived from BAP-differentiated 

hESC and term trophoblast 

 Next, transcripts that distinguish CTB and STB isolated from differentiated 

colonies of ESC (hESCBAP<40µm and hESCBAP>70µm), from CTB and STB cultured from 

human placentae at term were examined to identify potential markers of the first trimester 

placenta. Nineteen transcripts were identified for which there was differential expression 

(p < 0.0001) between hESCBAP<40µm and primary cultures of term human CTB fractions, 

high expression (FPKM >100) in the hESCBAP<40µm fraction, extremely low expression 

(FPKM < 1) in the primary cultured term CTB fraction, and relatively weak expression in 

undifferentiated hESC (Table III-2). Four of these genes (GABRP, WFDC2, ACTC1, and 

VTCN1) and their protein products were selected for further investigation, beginning with 

the RNAseq data sets used in the PCA (Figure 5). None of the four genes were expressed 

in any of the trophoblast lineages in the term trophoblast dataset, consistent with results 

from the term trophoblast cultures. ACTC1, VTCN1 and WFDC2 mRNA were all present 

in trophectoderm from preimplantation embryos, though VTCN1 and WFDC2 mRNAs 

were also found in morula. Later in the first trimester, ACTC1 and VTCN1 mRNA were 

detected in primary EVT and CTB, while WFDC2 was expressed exclusively in EVT. 

ACTC1 and WFDC2 were also expressed by TSCs. Strikingly, GABRP mRNA, which is 

very highly expressed in hESCBAP, was not detected in any of the other trophoblast datasets. 
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Table III-2: Genes highly expressed in hESCBAP and lowly expressed in hESC and primary 

human term trophoblast (cultured CTB, STB). Genes were sorted for those expressed 

above 100 FPKM in hESCBAP and for genes virtually not expressed, or less than 1 FPKM, 

in cultured term trophoblasts. 4 genes of interest were chosen for further analysis in this 

manuscript- GABRP, WFDC2, VTCN1, and ACTC1. 
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Figure III-5: The expression of GABRP, WFDC2, VTCN1, and, ACTC1 among the datasets 

used for principal component analysis. Data is represented as box plots. Primary 

8week/24week samples are from a single cell RNA seq analysis dataset and shows that 

ACTC1, WFDC2, and VTCN1 are expressed by early CTB and EVT, with little expression 

in the STB lineage. All four genes are not expressed in any trophoblast lineage derived 

from primary term trophoblast. ACTC1 and WFDC2 is expressed by TSCs from the Okae 

et al dataset. ACTC1 is expressed by some cells of the trophectoderm lineage and WFDC2 

is expressed by morula and trophectoderm cells in single cell RNA seq analysis of 

preimplantation embryos. GABRP appears only in hESCBAP among all of the datasets. 
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Localization of proteins encoded by transcripts unique to hESCBAP within BAP-treated 

hESC colonies 

 GABRP, WFDC2, VTCN1, and ACTC1 were localized by immunofluorescence 

within trophoblast cultures derived from hESC (hESCBAP) to determine which trophoblast 

subtypes express these proteins. Following 6-8 days of BAP treatment, KRT7, a pan-

trophoblast marker, was expressed throughout the cell colonies, indicating complete 

differentiation to trophoblast (Figure 6A). Areas stained less intensely for KRT7 were cell 

clusters positive for CGA, a marker of emerging STB (Figure 6 Ai,ii, arrows). Staining for 

GABRP, WFDC2, and VTCN1 strongly overlapped with these CGA+ syncytialized areas 

and was diffusely expressed within the cytoplasm (Figure 6 B-J). In contrast, ACTC1 

staining was present in both CGB+ and CGB- cells (Figure 7).  ACTC1 presented in a 

filamentous fashion within CGB- cells near the periphery of the colony, consistent with a 

cytoskeletal localization (Figure 7 A,B,D).  However, ACTC1 was most consistently found 

in cells expressing CGB (Figure 7 C,E,G). Within these CGB+ cells, ACTC1 

immunoreactivity appeared to be in the nucleus where staining was punctate (Figure 7 

C,E,G,Gi). Confocal imaging confirmed that ACTC1 localizes to the nucleus of these cells, 

whereas phalloidin staining, which marks filamentous actin, was not present within the 

nucleus (Figure 7 F-G), suggesting that the nuclear ACTC1 is in a globular form.  

Undifferentiated hESC did not express either GABRP or WFDC2, and had only 

weak, scattered signal for ACTC1 (Figure 1A-C). There was an immunofluorescent signal 

for VTCN1 in undifferentiated hESC, but it was not detected in undifferentiated hESC by 

western blot, suggesting that the immunofluorescent signal in hESC is non-specific (Figure 
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1D-E). However, hESCBAP with siRNA knockdown of VTCN1 showed no signal, 

indicating that the VTCN1 immunofluorescence in hESCBAP is specific (Figure 1F).  
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Figure III-6: GABRP, WFDC2, and VTCN1 are expressed within specific cell types in 

hESCBAP. (A) At 6-8 days of BAP differentiation, all cells present as KRT7 positive with 

a mixture of single-nucleated CTB and multi-nucleated STB made apparent by a 

continuous cytoplasm and long stretches of KRT7 strands across multiple nuclei (arrows). 

(B-D) GABRP is expressed by the patches of CGA+ STB in the cytoplasm and nucleus on 

days 6 (B,D), though decreasing at day 8 of BAP treatment (C). (E-G) WFDC2 expression 
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is within CGA+ STB areas at days 6 (E, G) and 8 (F) of BAP treatment. (G) Confocal 

microscopy shows that WFDC2 is expressed in the cytoplasm. (H-J) VTCN1 expression 

also overlaps strongly with CGA+ STB regions at days 6 (H,J) and 8 (I) of BAP treatment. 

(J) Confocal microscopy shows that VTCN1 is also contained within the cytoplasm. Panels 

A, B, C, E, F, H, I scale bar= 100µm. Panels D, G, J scale= 25µm. All blue fluorescence 

represents DAPI nuclear staining. 
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Figure III-7: ACTC1 is expressed in 6- and 8-day treated hESCBAP. (A-E) ACTC1 is 

expressed in CGB+ STB in two distinct patterns. (A) The red circle represents a colony of 

hESCBAP and boxes indicate the approximate location of images shown in panels B-E,G. 

(B,D) Single cells found in the periphery of the colonies showed a filamentous, cytoskeletal 

pattern of expression. (C,E) Within CGB+ syncytialized cells, ACTC1 presented in a 

nuclear pattern of expression. (F) Phalloidin staining for filamentous actin. (Gi-iii) 

Maximum projections of z stacks created from confocal images on 6-day BAP treated 

ESCs. Punctate staining for ACTC1 is visible within the nucleus. (B,C,D,E,F 

Scale=100µm; G scale=25µm). DAPI nuclear staining is shown in blue. 
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Immunofluorescent localization of GABRP, WFDC2, and ACTC1 in human placental 

sections across gestation 

In primary sections at approximately four weeks LMP, GABRP is expressed most 

strongly by primitive syncytium (dotted outline, Figure 8A) and STB in emerging 

secondary villi (SV). The areas strongest in CGA staining (Fig. 8B) show an extended 

expression pattern of KRT7, encircling multiple nuclei (Fig. 8C) and overlap with areas 

positive for GABRP (Fig. 8D), further confirming GABRP’s association with syncytium 

at this stage. GABRP localization in the first trimester villous placenta was similar to its 

immunolocalization in the hESCBAP (Figure 6B-D, Figure 8E-H). Specifically, GABRP 

was expressed throughout the STB, and colocalized with CGA as shown by yellow 

fluorescent signal (Figure 8E,G). GABRP was also localized in floating villi to CTB 

(Figure 8F) and in anchoring villi to both CTB and EVT (Figure 8G-H), which stain 

intensely for KRT7. EVT localization was confirmed by co-staining for HLAG (Figure 9). 

GABRP expression was highest in villous samples at weeks 5-7 LMP, declining 

gradually over the course of gestation, and it was still detectable early in the second 

trimester, though it was absent at term (Figure 8I-P). Quantification of the average 

fluorescent intensity across gestation fit closely to a quadratic curve (Figure 8P).  

 

 

 

 

 



 96 

  

Figure III-8: GABRP expression in human placenta samples over gestation. (A-D) Human 

blastocyst developmental age 16 days. (A) GABRP expression is most prominent in 

primitive syncytium highlighted in dashes. GABRP is also expressed by emerging STB 

from the secondary villus (SV).  (B) CGA is strongly expressed in areas of primitive 

syncytium while KRT7 (B) is expressed at a low level in these areas. (E-H) 6 week 6 day 

human placenta was immunostained for STB markers CGA (E,G) and CTB/EVT marker 

KRT7 (F,H) in floating (E,F) and anchoring (G,H) villi. G) Solid arrow = STB; arrowhead 

= CTB; line arrow=EVT. I-O are placental villi from the first trimester at gestational ages 

(I) 5 weeks 5 days, (J) 6 weeks 6 days, (K) 7 weeks 6 days, and (L) 8 weeks 2 days. (M), 

13 weeks. (N), 20 weeks 6 days. (O), Term. Signal detected within the mesenchymal 

villous core at term is erythrocyte autofluorescence. (P) CTCF quantification of positive 
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CTB/STB regions. First trimester samples showed higher fluorescence intensity values 

than second trimester and term. Best fit line is y=x+x2. R2=0.83. Scale bars= 100µm. 
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Figure III-9: GABRP localizes to HLAG+ EVT in 6 weeks 6 days gestational age primary 

villous sections as shown by the overlap of GABRP and HLAG in yellow at the tips of the 

anchoring villi (AV). Although GABRP is not exclusively expressed by EVT, as shown 

above, GABRP is also expressed by the STB lineage. Scale= 100µm. 
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WFDC2 was ubiquitously expressed in the four-week LMP placenta, but was most 

strongly expressed in CGA+ areas, and these areas also showed a KRT7 localization 

pattern characteristic of syncytium (Figure 10 A-D). In a 6 week, 6 day sample, WFDC2 

followed a similar pattern of expression to GABRP, as it was mostly seen within the STB 

in both floating and anchoring villi (Figure 10 E,G), just as it localized to CGA+ cells in 

the hESC-derived trophoblast cultures. Additionally, WFDC2 appeared within EVT 

regions (Figure 10 G,H,I,J arrows). This was confirmed by overlapping expression of 

HLAG and WFDC2 in the more distal regions of the AV, similar to what was observed 

with GABRP (Figure 11). WFDC2 expression was somewhat variable among the four first 

trimester samples, and then declined dramatically (Figure 10 I-P); it was essentially 

undetectable from 13 weeks onward (Figure 10 M-P).  

 

 

 

 

 

 

 

 

 

 

 

 



 100 

 

 

Figure III-10: WFDC2 expression in human placenta samples over gestation. (A-D) 

Human blastocyst developmental age 16 days. WFDC2 most strongly associates with 

primitive syncytium high in CGA and low in KRT7 staining. E-F 6 week 6 day human 

placenta was immunostained for STB marker CGA (E,G) and CTB/EVT marker KRT7 

(F,H) in floating (E,F) and anchoring (G,H) villi. I-O are placental villi from the first 

trimester at gestational ages (I) 5 weeks 5 days, (J) 6 weeks 6 days, (K) 7 weeks 6 days, 

and (L) 8 weeks 2 days. (M), 13 weeks. (N), 20 weeks 6 days. (O), Term. Line arrows 

indicate WFDC2+ anchoring villi. (P) CTCF quantification of positive CTB/STB regions. 
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First trimester samples showed higher fluorescence intensity values than second trimester 

and term. Best fit line is y=x+x2. R2=0.61. Scale bars= 100µm. 
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Figure III-11: WFDC2 is expressed in areas also positive for HLAG in anchoring villi (AV) 

from 6 weeks 6 days gestation. Scale= 100µm.  
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ACTC1 presented strongly in the syncytium and emerging SV STB of the week 

four conceptus (Figure 12 A-D). Later in the first trimester, as with GABRP and WFDC2, 

ACTC1 showed strong staining in the STB layer, with weaker staining in the CTB and 

EVT (Figure 12 E-H). Although there was some overlap with HLAG, ACTC1 was largely 

absent from HLAG-positive areas (Figure 13). In some syncytial areas within the first 

trimester samples, ACTC1 stain was not limited to the cytoplasm alone and also appears 

to be present in nuclei (Figure 14), as was observed in the hESCBAP. In the second trimester, 

ACTC1 was present primarily within the cytoplasmic compartment of primary villous 

sections (Figure 14). As with GABRP and WFDC2, ACTC1 immunofluorescence was 

brightest before 9 weeks LMP, with declining intensity through the remainder of gestation, 

fitting a quadratic curve (Figure 12 I-P).  
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Figure III-12: ACTC1 expression in human placenta samples over gestation. (A-D) 

ACTC1 strongly associates with primitive syncytium and emerging STB on the secondary 

villus (SV).  (E-H) 6 week 6 day human placenta was immunostained for STB markers 

CGA (E,G) and CTB/EVT marker KRT7 (F,H) at lower (E,F) and higher (G,H) 

magnifications. I-O are placental villi from the first trimester at gestational ages (I) 5 weeks 

5 days, (J) 6 weeks 6 days, (K) 7 weeks 6 days, and (L) 8 weeks 2 days. (M) 13 weeks, 

(N), 20 weeks 6 days, (O), term. Signals detected within the mesenchymal villous core in 

O, and intervillous space in K are erythrocyte autofluoresence. (P) CTCF quantification of 

positive CTB/STB regions. First trimester samples showed higher fluorescence intensity 
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values than second trimester and term. Best fit line is y=x+x2. R2=0.61. (M-P) Scale bars= 

100µm. 
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Figure III-13: - ACTC1 is less expressed in EVT at 6 weeks 6 days. Because of antibody 

incompatibility, a sister section was used in the same area to stain for ACTC1 and HLAG 

separately. While there appears to be some signal in the anchoring villous (AV), it is weak 

compared to the secondary control. Scale=100µm.  
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Figure III-14: ACTC1 location and signal intensity in primary human villus at 6 weeks, 6 

days and 19 weeks, 1 day. Confocal images of single z sections show that ACTC1 is present 

within the cytoplasm and nucleus in primary villous samples both at 6 weeks and 19 weeks 

gestation. The overall signal intensity is higher at 6 weeks than at 19 weeks. Scale= 25µm. 
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The VTCN1 antibody used for immunofluorescence detection in hESCBAP was 

incompatible with immunofluorescence in paraffin embedded samples, and so 

immunoperoxidase detection was used to localize VTCN1 in the primary placental samples 

(Figure 15). VTCN1 was present in both first and second trimester samples but was absent 

at term (Figure 15 A-G). As in the hESCBAP (Figure 6 H-J), staining was most intense in 

STB areas of the placental sections (Figure 15A-F), although staining was also visible in 

CTB, and weakly in EVT in anchoring villi (Figure 15B).   
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Figure III-15: IHC localization of VTCN1 protein (brown). VTCN1 is present in CTB/STB 

cells throughout the first and second trimesters of pregnancy, but is absent at term. Samples 

include first trimester placenta (A-D): A) 5weeks 5 days, B) 6 weeks 6 days, C) 7 weeks 6 

days, D)  8 weeks 2 days. Second trimester samples: E) 19 weeks 1 day, F) 20 weeks 6 

days. Negative control using secondary antibody only (H) was performed on a 19 weeks, 

1 day sample. Scale=100µm. 
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DISCUSSION 

 The goal of this study was to test the suitability of the hESCBAP model for the 

discovery of genes and proteins uniquely expressed by trophoblasts in early pregnancy. We 

predicted that transcripts expressed by trophoblast derived from hESC–but not term 

trophoblast-would likely be markers of early first trimester trophoblast. PCA shows that 

the transcriptome of hESCBAP most closely resembles that of STB obtained from first 

trimester placentas or from trophoblast stem cells. The four proteins examined here in 

detail, ACTC1, GABRP, VTCN1 and WFCD2, are all highly expressed in hESC-derived 

trophoblast and in placental samples from early in gestation. Expression of ACTC1, 

GABRP, and WFDC2 decreased over the course of the first trimester to almost 

undetectable levels by the end of the second trimester. Although VTCN1 persists longer 

than the other three antigens, all four proteins are virtually absent from placental samples 

collected at term. These findings support the broader hypothesis that trophoblast arising 

from BAP-treated hESC represent an early stage of trophoblast differentiation in vivo. 

Further, it shows the utility of this model for understanding the biology of the human 

placenta at this stage. ACTC1, VTCN1 and WFDC2, for example, were not previously 

known to be expressed in trophoblast at any stage of pregnancy.  

 Each of the four genes was expressed predominately in placental STB, perhaps 

reflecting the fact that hESCBAP most closely represent first trimester STB, based on the 

PCA of the hESCBAP transcriptome with transcriptomes from early, late, and in vitro-

produced trophoblast cell types. Trophectoderm cells from blastocyst (day 5-7), despite 

expressing typical trophoblast markers (CCR7, CYP19A1, DLX5, ERVFRD-1, GCM1, 

GREM2, MUC15, OVOL1), cluster distinctly away from the later trophoblast cell types, 
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and cluster more closely to undifferentiated hESC than to hESCBAP (Figure 2A).  When the 

hESCBAP were compared to placental trophoblast from 6-9 weeks (Okae, Toh et al. 2018), 

8 and 24 weeks  (Liu, Fan et al. 2018), and term (Pavlicev, Wagner et al. 2017), they most 

closely clustered with STB from 8 weeks than with any trophoblast type later in gestation.  

 Although the hESCBAP fraction >70 µM most closely clustered to STB, as expected, 

the hESCBAP <40 fraction was also similar to STB.  This is consistent with our previous 

findings that, although markers characteristic of CTB and EVT are present on days 2- 6 of 

BAP treatment, by day 8, when the RNAseq was performed, and certainly by day 10, most 

of the cells are STB (Amita, Adachi et al. 2013), Yabe, Alexenko et al. (2016) and the PCA 

results suggest that even cells that have not yet fused are already differentiating towards 

STB. Thus, in order to determine whether CTB and EVT derived from hESC also closely 

resemble their first trimester counterparts, it would be necessary to either collect hESCBAP 

a few days earlier, or use a protocol to maximize EVT differentiation (Horii, Bui et al. 

2019). Unfortunately, transcriptomes of these cells have only been assessed by microarray, 

and could not be accurately included in the present PCA (Telugu, Adachi et al. 2013, Horii, 

Bui et al. 2019). 

Seemingly inconsistent with an early stage identity of hESCBAP, was the relatively 

close clustering of hESCBAP with primary cultures of term human STB, whereas previously 

we had emphasized their distinctiveness (Yabe, Alexenko et al. 2016, Jain, Ezashi et al. 

2017). This apparent closeness is probably because of the inclusion of other, more distantly 

related cell types, such as those from preimplantation blastocysts and whole villous tissues 

from term placentas in the newer PCA. Also surprising was the observation that 

transcriptomes of primary cultures of term human STB differed from those of STB directly 
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isolated from the placenta. The most likely explanation is that culture alters STB gene 

expression. Human trophoblasts change their gene expression within 3 h of culture with 

the peak of differentially expressed genes occurring at 15 h post seeding (Robinson, 

Kapidzic et al. 2017). Furthermore, STB freshly generated by culturing term CTB likely 

represent an earlier developmental stage than villous STB that had existed in vivo on the 

villous surface for days or even weeks prior to tissue collection. Consistent with this 

hypothesis, the primary cultured term STB samples cluster quite closely to STB isolated 

from first trimester placentas and hESCBAP (Figure 2 B,C).   

One concern with the PCA method generally is that transcriptomes vary in part 

based on laboratory conditions and sequencing methods used by different laboratories and 

in different experiments. Some of the cell types that were analyzed in the PCA, including 

the cultured term STB and the freshly isolated term STB, were only present in a dataset 

from one laboratory, making it impossible to fully separate cell type differences from 

technical variation. Had the technical variation strongly influenced the results, cells from 

each laboratory would have clustered together, independent of cell type or gestational age, 

but this was not the case. Instead, PC1 and PC2 were associated with cell age, and PC3 

with cell type. In Figure 2 B-C, STB from different laboratories and derived from different 

cell types all cluster with one another and each STB sample is separate from other cell 

types sequenced by the same labs.  

The expression of the four genes of interest- GABRP, WFDC2, VTCN1, and ACTC1 

among the various datasets demonstrates that all but GABRP are expressed in early, first 

trimester trophoblast and even blastocysts but are absent at term (Figure 5). A curious 

finding is that while the protein products of all four genes immunolocalize to first trimester 



 113 

STB, their mRNAs were low or absent in analyses of STB obtained from first trimester 

placentas. RNA isolation from STB is a challenge, especially for single cell RNA 

sequencing. As a large, multinucleated syncytium, STB cannot be separated by automated 

single-cell sorting procedures; even defining a single STB cell is a challenge. Thus, Okae 

et al. (Okae, Toh et al. 2018) collected STB fragments shed from villi in culture, while Liu 

et al (Liu, Fan et al. 2018) used a mouth pipet to select STB fragments from villous digests. 

These methodological variations may contribute to some differences in gene expression 

due to selective transcript degradation. Overall, however, the expression of ACTC1, 

WFDC2 and VTCN1 across multiple datasets, despite being low, was consistent with our 

hypothesis that hESCBAP is a model of early, first trimester trophoblast. In contrast, the 

GABRP transcript appears to be present only in hESCBAP. This is puzzling given the robust 

expression of GABRP protein in the archived placental specimens and the previously 

published findings of GABRP in a transformed EVT cell line, HTR-8 as well as in mouse 

placentas (Luo, Liu et al. 2013, Lu, Zhang et al. 2016). The relative absence of GABRP 

immunostaining in undifferentiated hESC colonies and 2nd and 3rd trimester placental 

specimens argues against non-specific antibody binding. It is possible that the protein is 

more stable than its RNA. Alternatively, hESCBAP culture conditions may enhance GABRP 

expression.  

The human placenta changes dramatically over the course of gestation, particularly 

during the first trimester. Trophectoderm first emerges around d 5-6 post-conception, often 

considered to be the first developmental differentiation event in embryos, although there is 

recent evidence that hypoblast arises at about the same time (Petropoulos, Edsgard et al. 

2016). When implantation begins around day 7 (three weeks LMP), polar trophectoderm 
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adjoining the uterine epithelium forms a syncytium that pushes through the epithelial 

barrier and forms an invasive front as the conceptus embeds itself in the decidua and forms 

the first surface for exchange between mother and fetus (Herzog 1909, Hertig, Rock et al. 

1956, Enders 1976, Enders 1989). Between the second and third week after conception (4- 

5 weeks LMP), columns of CTB protrude through the primitive syncytium to begin 

formation of chorionic villi, so that over the next few weeks, the general morphology of 

the mature villous placenta is established (Boyd 1970).  Although term placental samples 

are widely available, first trimester samples are more difficult to obtain, while it is 

extremely rare to obtain samples before the end of the fourth week of gestation. This 

underscores the need for a cell type that recapitulates early pregnancy trophoblast 

development in vitro. To date, all characteristics of hESCBAP are consistent with early stage 

trophoblast.   

 There is a paradox, however, in that the very need for a model of early trophoblast 

development makes it difficult to compare hESCBAP to a placenta at 3-4 weeks gestation. 

We have examined primitive syncytium and emerging STB in just three sister sections of 

a single 16-day developmental age (4 weeks LMP) human blastocyst. As our data are 

derived from single samples at fixed stages of pregnancy, and because some technical and 

biological variation is anticipated, precise quantitative differences in expression levels with 

stage across the first trimester cannot be established for any of the four antigens we 

examined. For example, GABRP appears to persist longer than WFDC2 and ACTC1, but 

many more samples would be required to prove this contention. Information is less precise 

for the fourth antigen, VTCN1, where the immunoperoxidase staining protocol was not 

optimized to reveal quantitative differences occurring over time. Nonetheless, it is clear 
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that GABRP, WFDC2, and ACTC1 levels are highest during 4-9 weeks gestation, and the 

best-fit models of fluorescent intensity for each indicates a quadratic decline, with highest 

expression in the samples recovered between 5 weeks and 8 weeks of pregnancy. While all 

three antigens were highly expressed in the primitive syncytium still visible in the four-

week sample, none proved to be uniquely expressed at this stage of gestation. If markers 

unique to the placenta at 3-5 weeks of pregnancy are to be found, additional candidate 

antigens must be sought. 

Additional studies, including knockdown or overexpression models, are also 

needed to determine the function of ACTC1, GABRP, VTCN1 and WFCD2 in trophoblast 

cells from early in pregnancy. Each was predominately expressed in STB, both in the 

hESCBAP and in the human placental samples. This observation supports the idea that their 

expression and function in the hESCBAP model likely reflects their roles in trophoblast 

development and function in vivo.  

GABRP is a subunit of the GABA class A of GABAergic receptors. These 

receptors are ligand-binding Cl- channels that act to reduce activity in neurons by 

hyperpolarization of the neuronal membrane (Hedblom and Kirkness 1997). Its expression 

is associated with an aggressive, metastatic phenotype of certain cancers (Takehara, 

Hosokawa et al. 2007, Sizemore, Sizemore et al. 2014, Sung, Yang et al. 2017), leading us 

to speculate that its role in trophoblast is linked to invasive potential. Alternatively, 

GABRP may alter steroid hormone signaling, as it has been shown to alter the interaction 

of GABA receptors with pregnenolone in other tissues (Hedblom and Kirkness 1997).  

Neither WFDC2 nor VTCN1 has previously been studied in trophoblast, but their 

functions in other tissues, as well as their localization to both STB and EVT, suggest 
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potential functions in placental invasion and immunity. WFDC2 was originally identified 

in human epididymal cells and named human epididymis 4 (HE4) but was more recently 

found in several non-reproductive tissues that included trachea, nasal epithelium, salivary 

gland, kidney, and lung (Bingle, Singleton et al. 2002). It is secreted in the oral cavity and 

lungs, where it serves as part of the innate immune response. WFDC2 works in concert 

with the antiproteinases SLPI (Secretory Leukocyte Peptidase Inhibitor) and PI3 (Peptidase 

Inhibitor 3) to protect against proteolytic enzymes released by inflammatory cells (Bingle, 

Cross et al. 2006). WFDC2 also has been extensively studied in cancers of the ovary, uterus 

and colon (Chen, Huang et al. 2017, Kemal, Demirag et al. 2017, Abbink, Zusterzeel et al. 

2018) and it is a predictor of ovarian cancer severity (Goff, Agnew et al. 2017, Scaletta, 

Plotti et al. 2017). In ovarian cancer cells, it promotes expression of MMP2 and other genes 

required for metastasis and cell migration (Chen, Huang et al. 2017).  

VTCN1 is expressed on either the cell surface as a transmembrane protein or in a 

soluble form that functions to suppress the immune system (Sica, Choi et al. 2003). In 

CD303+ dendritic cells, VTCN1 is highest during the 1st and 2nd trimesters, falling at term, 

and rising again during and immediately following parturition (Darmochwal-Kolarz, 

Kludka-Sternik et al. 2013, Mach, Gellhaus et al. 2015). Like GABRP and WFDC2, 

VTCN1 is expressed in several cancers including endometrial, breast, renal, melanoma, 

lung, gastric, colorectal, pancreatic, and prostatic cancers, with heightened expression of 

VTCN1 predicting poor outcomes (Podojil and Miller 2017). 

 ACTC1 is an alpha-actin protein found in cardiac muscle, developing skeletal 

muscle, and vascular endothelium (Abdelwahid, Pelliniemi et al. 2004). Although ACTC1 

is not normally expressed in adult skeletal muscle, it is induced in satellite cells and skeletal 
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myocytes during regeneration (Franke, Stehr et al. 1996, Dennis, Przybyla et al. 2008) and 

when satellite cells syncytialize with muscle fibers, raising the possibility that ACTC1 

plays a role in trophoblast syncytialization. Syncytialization of BeWo choriocarcinoma 

cells and primary term trophoblast is dependent on actin remodeling and actin binding 

proteins, and is accompanied by an increase in the relative ratio of globular to filamentous 

actin. Curiously in syncytialized areas of hESCBAP, confocal images showed ACTC1 to be 

globular, nuclear and perinuclear. ACTC1 also appeared to be nuclear in some of the first 

and second trimester trophoblast cells. The role of nuclear actin in trophoblast is unknown, 

but it is found in a variety of cell types including cardiomyocytes (Asumda and Chase 

2012), keratinocytes(Sharili, Kenny et al. 2016), oocytes(Misu, Takebayashi et al. 2017), 

and mesenchymal stem cells(Asumda and Chase 2012), in which it regulates transcription 

and chromatin remodeling (de Lanerolle 2012, Sen, Xie et al. 2015, Misu, Takebayashi et 

al. 2017).  

 In summary, our hypothesis that trophoblast derived from hESCs after BAP 

exposure, i.e. hESCBAP, is transcriptionally more similar to primary trophoblast from the 

early first trimester of pregnancy following implantation than trophoblast isolated at term 

appears to be correct. In particular, four proteins, ACTC1, GABRP, VTCN1 and WFCD2, 

identified through the high expression of their genes in hESCBAP and by an absence of such 

expression in cells from term placentae, are also associated with villous trophoblast 

development and particularly STB during the first trimester of human pregnancies. 

Expression of all four antigens has also been correlated with a metastatic phenotype for 

several common cancers. The finding that these pro-metastatic proteins are expressed by 

the STB associated with hESCBAP and early villous trophoblast suggests that early 
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syncytium may be invasive. Their loss as pregnancy progresses may correlate with a loss 

of invasiveness. We conclude that the hESCBAP model has the potential to be used to 

investigate trophoblast characteristics unique to early pregnancy and particularly to 

implantation and the establishment of a functional placenta. 
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CHAPTER IV 
 

EFFECT OF ACTC1 KNOCKDOWN ON THE DIFFERENTIATION 

OF HESCBAP 
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Abstract 

 The development of the human placenta is difficult to study and there is a need for 

developing models that study early trophoblast differentiation. Differentiating hESCs with 

BAP to trophoblast is hypothesized to replicate trophoblasts from the first trimester and 

possibly the post implantation blastocyst stage. ACTC1 is highly expressed by hESCBAP  

compared to undifferentiated hESCs and primary trophoblasts derived from term placenta. 

ACTC1’s role is unknown in trophoblast. Below is a preliminary study on the functional 

role of ACTC1 in the hESCBAP model. ACTC1 was partially deleted by using CRISPR-

Cas9. Regardless of the fact that the gene was not entirely ablated, a phenotype occurred 

when CRISPR-altered hESCs were differentiated with BAP. This resulted in an expansion 

of the CTB lineage and a less robust STB formation. These preliminary results indicate 

that ACTC1 may have a functional role in syncytialization of first trimester trophoblast.  

 

Introduction 

 ACTC1 is an alpha-cardiac actin largely expressed in cardiac muscle, but it is also 

found it to be expressed in the placenta (Hoya-Arias, Tomishima et al. 2011) (chapter III). 

There are six known actins expressed in higher vertebrates- four that are tissue specific 

(cardiac, skeletal, vascular, and enteric) and two ubiquitously expressed actins, ACTB and 

ACTG1 (Vandekerckhove and Weber 1979). ACTC1 is very similar to ACTA1, showing 

99% sequence identity and there is evidence that ACTC1 will compensate upon ACTA1 

deletion (Ravenscroft, McNamara et al. 2013). The function of ACTC1 is largely in early 

heart formation and contraction, as ACTC1 and ACTA1 together make up the adult heart 

actin complement and are expressed in certain skeletal muscle groups (Vandekerckhove, 
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Bugaisky et al. 1986). ACTC1 has a larger proportion of that mixture in embryonic tissues, 

declining with age as ACTA1 becomes the majority actin. ACTC1 is also upregulated in 

the adult in fusing, syncytializing satellite cells (Franke, Stehr et al. 1996, Dennis, Przybyla 

et al. 2008). The vast majority of ACTC1 null mice die before, or at birth and are growth 

restricted (Kumar, Crawford et al. 1997, Abdelwahid, Pelliniemi et al. 2004).  This 

indicates that ACTC1 has multiple functions in syncytialized cells and the peak of 

expression is in early development. 

 In chapter III, RNAseq analysis identified ACTC1 as a gene highly expressed in 

comparison to cultured primary term trophoblasts and hESCs. We found that ACTC1 

protein was present in the BAP-treated hESCs (hESCBAP) in a unique fashion by 

immunofluorescent analysis. One population along the periphery of the colony expressed 

ACTC1 in a filamentous form, and the other population was expressed in a globular form 

within the nuclei of STB within the colony. We also discovered that ACTC1 expression in 

human placenta is highest during the first trimester and is greatest in the villous STB 

lineage, with lower expression in EVT. The following study takes the initial steps towards 

characterizing the function of ACTC1 within our trophoblast cell model. It is a gene that 

marks early muscle formation and may also function as a marker of early, first trimester 

trophoblast.  

Materials and Methods 

Cell Lines and knockdown of ACTC1 

 hES cell line H1 (WA01) was used in all experiments. H1 cells were maintained on 

mTeSR1 medium and split by Dispase, cutting the colonies into small squares, and splitting 

them into new wells at a 1:20 concentration plated with Matrigel. Differentiation of all hES 
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cell lines occurs in a few steps. 1) H1 cells are cut into uniform square colonies and 50,000 

cells (counted by fully dispersed a sample of the cell population) are plated into a new plate 

with mTeSR1 medium for 24 hours. 2) Cell medium is changed to iMEF conditioned 

medium+ 4ng/mL FGF2 for 24 hours. 3) Cell medium is changed to BAP medium- hESC 

basal medium + 10ng/mL rhBMP4 + 10uM A83-01 + 1uM PD173074. This medium is 

changed daily until termination of the experiment.  

 Ablation of the ACTC1 gene was carried out by viral transduction of CRISPR-Cas9 

with specific guide RNA molecules targeted for regions within exon 2 of the gene. The 

outcome of this edit was mono-allelic ablation, with a mutation of unknown functional 

significance in the other allele. The specific mutations are detailed in figure 1. Cell lines 

ACTC1-1 and ACTC1-2 have a monoallelic pair of premature stop codons created by a 

five base pair frameshift within exon 2. The other allele has a 12 base pair deletion, 

resulting in the loss of four amino acids.  Lines ACTC1-6 and ACTC1-7 are a mixed 

population of cells that contain the mutations and cells that have no mutation. For a 

CRISPR-Cas9 control, we used another H1 cell line that was unsuccessfully targeted for 

the gene VTCN1, termed VT22. Finally, control H1 cells were used as a non-CRISPR 

control. 
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Figure IV-1:  (A) Gene edited sequences in targeted region of exon 2 of ACTC1 

knockdown cell lines used. (B) Alignment of reference sequence (top) and the two alleles 

detected in the knockdown lines.  

 

 

A) 

B) 
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Human Chorionic Gonadotropin (hCG) ELISA 

 To measure the secretion of hCG, 50,000 cells were plated per experiment and 

differentiated for six days by using the BAP method described above. Culture medium was 

changed daily and was collected from cell lines H1, ACTC1-1, ACTC1-2, ACTC1-6, and 

ACTC1-7 on day six of BAP treatment. Medium was diluted 1:250 for analysis. DNA was 

isolated from the same well the medium was collected from and final concentration (mIU) 

of hCG was normalized to DNA content to correct for well to well variability in cell 

density. 

 

Immunofluorescence and Imaging 

 Cell lines H1, ACTC1-2, and ACTC1-6 were grown on Matrigel-coated glass 

coverslips and fixed after 8 days of BAP treatment. Cells were fixed in 4% 

paraformaldehyde for 10 minutes at room temperature. They were permeabilized in 0.1% 

Triton-X100 for 20 minutes at room temperature, followed by blocking in 5% BSA+2.5% 

donkey serum for 1 hour at room temperature. Primary antibody (αACTC1 Millipore clone 

22D3) was added in blocking media at a concentration of 1:100 to the cells grown on 

coverslips and these coverslips were incubated at 4 degrees C overnight. Secondary 

antibody (Invitrogen) combined with fluorescent phalloidin (100nM, Cytoskeleton, Inc.) 

was added for 1 hour at room temperature. Cells were mounted in vectashield+DAPI and 

imaged on a Zeiss widefield fluorescent microscope.  

 Cell lines H1, VT22, ACTC1-2, and ACTC1-6 were treated with BAP and 

brightfield images taken with a Leica M205 FA Stereomicroscope for gross cellular 

morphology. Average colony areas on day 8 of BAP treatment were determined by using 
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ImageJ software in crystal violet-stained wells from three replicate experiments each in 

cell lines H1, VT22, ACTC1-2, and ACTC1-6 . In total, areas of 60-87 colonies were 

measured for each cell line. 

  

Results 

Gross morphology suggests an expansion of cytotrophoblast populations and a reduction 

in syncytiotrophoblast formation 

 STB within BAP-treated hESC control colonies appear as large, raised, bright 

patches while CTB are single-nucleated, flat, and have a cobblestone epithelial cell 

morphology (STB labeled by arrows in figure 2). Compared to H1 and VT22 controls, 

ACTC1-2 and ACTC1-6 do not form STB as robustly and there appears to be an expansion 

of the CTB lineage. There also appears to be an increase in the colony diameter. This 

apparent increase was supported by measurements of colony diameter at day 8 of BAP. If 

each colony was considered to be a replicate (n=51), there was a highly significant increase 

in colony area in ACTC1-2 versus H1 controls (p=0.0054). If however, each plating 

experiment is considered one replicate (n=3), the increase in cell diameter was not 

statistically significant (p=0.242) (Figure 3). 
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Figure IV-2- ACTC1 knockdown lines (ACTC1-2, ACTC1-6) show reduced STB 

formation and an expansion of the CTB lineage compared to H1 and CRISPR control line, 

VT22. Arrows indicate areas of syncytial formation. Scale=200µm. 
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Figure IV-3: ACTC1 knockdown results in expanded colony diameter in BAP treated cells, 

8 days. A) Quantified colony diameters of BAP-treated cell lines H1, VT22 (controls) and 

ACTC1-2, ACTC1-6, ACTC1-7 (ACTC1 knock-downs). Colony diameter appears larger 
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in ACTC1 KDs (B), however statistical significance was not reached with 3 replicates. (B) 

Crystal violet staining of 8 day BAP treated cell lines. Colony diameter appears larger and 

there is no breakdown of the colonies (examples of lifted off STB highlighted with arrows) 

compared to control lines H1 and VT22. Breakdown normally occurs at advanced stages 

of syncytialization between days 8-10 of BAP treatment, and these areas are absent in 

ACTC1 KD cell lines. This suggests that terminal differentiation to the STB lineage is not 

occurring, and potentially increasing the proportion of proliferative CTB. 
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hCGβ secretion is severely decreased in all ACTC1-knockdown cell lines. 

 An hCG ELISA was performed to quantify the secretion of the STB-produced 

hormone hCG from H1, ACTC1-1, ACTC1-2, ACTC1-6, and ACTC1-7 (figure 3). 

Concentrations of hCG were normalized to the DNA content of each well. A significant 

decrease in hCG secretion was found between H1 (~24,200 mIU/ug DNA) and each of the 

ACTC1 knockdown lines (2057-2702 mIU/ug DNA) tested (n=3, p<0.0002).  
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Figure IV-4: hCGβ secretion collected at 6 days of BAP treatment is significantly reduced 

in ACTC1-1, -2, -6, and -7 compared to unaltered H1 controls  (n=3, *p < 0.0002). 
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ACTC1 is decreased in the filamentous form in ACTC1-2 and ACTC1-6 

 Immunofluorescent analysis shows that ACTC1 (green) expression disappears in 

the filamentous form in ACTC1-2 and ACTC1-6 compared to H1 controls. Co-staining 

with phalloidin was performed to visualize filamentous actin within the cells (red) (figure 

4). This filamentous ACTC1 in H1 cells does appear to surround regions of emerging STB, 

although it does not mark all syncytializing areas. In the ACTC1 knockdowns, ACTC1 is 

faint, and no longer filamentous, though potentially globular or inactive ACTC1 is still 

present.  
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Figure IV-5: 8 day BAP treated H1 and ACTC1 knockdown cell lines show differing 

expression of filamentous ACTC1. ACTC1 protein (green) expression appears filamentous 

in H1 controls, surrounding syncytialized trophoblast. Phalloidin is co-stained in red to 

indicate overall filamentous actin localization. ACTC1-2 and ACTC1-6 show potentially 

globular expression of ACTC1 that is mostly nuclear. Scale=100µm.  
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Discussion 

 This study preliminarily found that ACTC1 knockdown may play a role in the 

syncytialization of trophoblasts in the hESCBAP model. This study is complicated by the 

fact that ablation of the gene was not complete, so the remaining ACTC1 may be sufficient 

to perform at least some of its functions . Future studies must include examination of 

trophoblast differentiation after a more robust deletion of ACTC1.  

 There are two likely reasons that the ACTC1 mutant lines exhibit a strong 

phenotype even with only a monoallelic deletion. First, mutations in structural proteins 

often are sensitive to gene dosage effects. For example, mutations in Collagen I that lead 

to insufficient folding of the fiber lead to varying severity of Osteogenesis imperfecta 

(Forlino and Marini 2016). Other dominant autosomal inherited diseases include Retinitis 

Pigmentosa, mutations of which include a number of structural proteins of the retina that 

slowly or quickly, depending on number and severity of mutations, leads to blindness 

(Daiger, Bowne et al. 2014). Second, minor amino acid substitutions, such as those 

occurring in the second ACTC1 allele can have an impact on function, as they may 

facilitate interactions with many other structural proteins including actin homodimers 

involved in the information of a fiber, or myosins (MYBP3, MYH7), and tropomyosin 

(TNNT2) which facilitate contractility in the heart (McKillop and Geeves 1993, Seidman 

and Seidman 2001). Indeed, one single amino acid change in a myosin binding site, 

tropomyosin binding site, or disruption of both binding sites on the ACTC1 protein can 

cause an inability of ACTC1 to function properly with either myosin or tropomyosin, 

usually resulting in hyperactivation of the sarcomere (Despond and Dawson 2018). This 

hyperactivation in human heart muscle results in increased incidence of hypertrophic 
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cardiomyopathy (Semsarian, Ingles et al. 2015). Three of the four amino acids that were 

removed by the CRISPR mutation (RPRH), are charged, and thus particularly likely to 

affect such protein-protein interactions. 

 Future directions will include a full knockout of ACTC1 expression in H1 and other 

hES cell lines. The cell lines used in this initial group of experiments were from the first 

attempts to use CRISPR-Cas9 technology in our lab and so there are some modifications 

needed to improve the technique. In addition to disrupting expression in our hESCBAP 

model, knockout of ACTC1 expression in the Okae et al trophoblast stem cell model that 

may be unidirectionally differentiated towards the STB or EVT lineage would clarify the 

potential ACTC1 plays in trophoblast syncytialization. Additional future directions include 

analysis of the mouse placenta in the Actc1 KO mouse. Severe cardiac defects have been 

reported in the fetuses of these mice as they die either in utero or soon after birth (between 

E13.5-2 weeks post birth) (Kumar, Crawford et al. 1997). Another report of the Actc1 KO 

mouse demonstrates that cardiac cell apoptosis does not occur until E17.5 or shortly after 

birth (Abdelwahid, Pelliniemi et al. 2004). However, upon personal correspondence with 

the creators of the mouse, we learned they have never inspected it for placental 

development defects (Lessard, personal communication). We hypothesize that if 

syncytialization is affected by Actc1 KO, then formation of STB within the labyrinth zone 

of the mouse placenta would also be affected. However, STB formation occurs much 

earlier in placental development than E17.5 and the fetuses remain alive, but smaller than 

their WT littermates. It is possible that STB differentiation is limited compared to WT, 

reducing nutrient transfer to the fetus and as a result the fetuses are smaller.  
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CHAPTER V 

SUMMARY AND PERSPECTIVES 

 

 The objectives of my research were to 1) determine the expression pattern of 

ITGA1 in the hESCBAP model and test the response to oxygen. 2) determine the time 

(specifically the trimester) and cell types that express the four genes of interest highly 

expressed in hESCBAP- GABPR, WFDC2, VTCN1, and ACTC1. We also performed 

advanced bioinformatics analysis comparing our own hESCBAP model to other existing 

datasets of the pre-implantation blastocyst stage, datasets containing first trimester and 

term trophoblast cell types, and the Okae et al TSC model. And, 3) explore the role of 

ACTC1 in hESCBAP differentiation.  

 These studies collectively improve our knowledge of first trimester trophoblast and 

broadens our understanding of the hESCBAP in vitro trophoblast model. Below I outline 

future directions. 

 

Future Directions 

Objective 1: Characterization and knockout of other genes found highly upregulated in 

hESCBAP.  

 

Rationale:  

In Chapter III, we focused primarily on 4 genes of interest GABRP, WFDC2, 

VTCN1, and ACTC1. There are other promising candidates- NTRK2 and DIO3. NTRK2 

appears to have a role in suppressing anoikis (apoptosis when a cell is no longer in contact 
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with ECM) (Geiger and Peeper 2005). It is also a membrane-bound receptor that 

autophosphorylates and goes on to affect internal cell signaling that can direct 

differentiation events. This indicates NTRK2 is an interesting candidate for both EMT and 

differentiation.  DIO3 is an interesting candidate because it is imprinted and highly 

expressed in other fetal tissues, disappearing after birth (Darras, Hume et al. 1999). Its main 

role is in converting active thyroid hormone (T3) into an inactive form (T4), potentially 

functioning to protect the early embryo from high levels of thyroid hormone.  

 

Approach:  

 This can be approached in much the same way as has been approached in Chapter 

III. An undergraduate researcher, Taylor Lavalle, performed an immunostaining 

timecourse over gestation for DIO3 and found that DIO3 was more highly expressed during 

the first trimester compared to term. One potential study that could be done in addition to 

this is by adding active forms of thyroid hormone and observing whether there are changes 

in cell viability or differentiation. Following this, knocking out DIO3 and then adding 

thyroid hormone to observe whether DIO3 participates in protection of trophoblast cells 

from the damaging effects of thyroid hormone is possible. 

 Since the introduction of human TSCs, it will also soon be a requirement to 

characterize and knockout genes in this model, followed by differentiation to either STB 

or EVT to observe whether cell differentiation is impacted.  

Anticipated results and potential pitfalls 

 Seeing NTRK2’s role in metastasis, I predict that NTRK2 will be expressed mainly 

by EVTs in primary trophoblast. And since cell differentiation and invasion is highest 
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during the first trimester, I predict it will be higher during the first trimester. One pitfall 

with this project is a technical one, as there seem to be few specific antibodies that work 

for immunofluorescence for this protein. I did attempt staining for this protein on primary 

trophoblast tissue sections and hESCBAP, and it was associated with high background with 

no clear specificity. I suggest measuring this protein or transcript in another way to quantify 

amounts during the first, second, and term trimester timepoints.  

 Determining the function of DIO3 via CRISPR-Cas9 knockout is the next step for 

this project as it has already been determined to be expressed highly during the first 

trimester. I predict that that knockout of DIO3 and differentiation to trophoblast by BAP 

treatment, if it results in proper trophoblast differentiation, will result in cell death when 

treated with exogenous activated thyroid hormone. Repeating this experiment in TSCs and 

determining whether differentiation to EVT or STB will be essential. I predict that 

differentiation may be impacted and cell survival upon treatment with exogenous active 

thyroid hormone will decrease.  

 

Objective 2: Complete Knockout of ACTC1 in hESCBAP and human TSCs. 

Characterization of Actc1-/- in the mouse placenta. 

  

Rationale and Approach:  

 The work described in Chapter IV is encouraging preliminary evidence for a 

phenotype that is related to syncytialization. However, the most confident CRISPR-Cas9 

alteration resulted in a mono-allelic stop codon insertion, and an unspecified mutation on 

the other allele. This is not necessarily a solid deletion, so improvements on the CRISPR-
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Cas9 technique need to be optimized. Once this is done, repeating many of the experiments 

I’ve done here would be a place to begin. For syncytialization, measuring a fusion index 

and hCG secretion would be required. Another phenomenon that was observed is the 

expansion of CTB lineage, so therefore I would suggest doing both Ki67 (or any other 

proliferation marker) staining and TUNEL staining that overlaps with CGA/CGB. Another 

future direction is understanding the nuclear globular expression pattern in STB of 

hESCBAP. Although complicated, a nuclear isolation and a co-IP pull down of ACTC1 can 

help determine the protein binding partners of ACTC1 that may hint at a role for ACTC1 

in the nucleus.  

It has been shown previously that Actc1-/- mice show increased apoptosis in 

syncytializing cardiomyocytes, therefore I would suspect that CTBs have enhanced 

proliferation and any cells that are committing to STB differentiation are undergoing 

apoptosis instead of syncytializing. Understanding whether Actc1 has a role in the mouse 

placenta is another direction in need of investigation. I predict if ACTC1 has a role in 

human trophoblast syncytialization, then it is possible it will also have a role in STB 

differentiation in the mouse labyrinth zone.  

 

Potential Pitfalls: 

 The most obvious pitfall of any of the in vitro model work will be the successful 

knockout of ACTC1 by CRISPR-Cas9. Without this needed first step, understanding 

function will be difficult, even though it appears that even a partial knockdown of ACTC1 

does appear to have a phenotype.  
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 In terms of the mouse model, the most glaring pitfall is that Actc1-/- mice do not die 

when STB forms in the mouse placenta, they die near term or shortly after birth. Death was 

previously attributed to severe heart defects (Kumar, Crawford et al. 1997, Abdelwahid, 

Pelliniemi et al. 2004). If there is a placental defect, this indicates that the fetus is either 

able to survive without forming STB or that the STB is formed by some other 

compensatory mechanism. What is encouraging is that the Actc1-/- fetuses born are smaller 

(Kumar, Crawford et al. 1997), indicating that if there is an STB formation defect, that 

possibly nutrient transfer is abrogated. 
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