
ABSTRACT 

MISCHLER, ADAM. A Pluripotent Stem Cell Model of Human Placental Development. (Under 
the direction of Dr. Balaji Rao). 
 

One of the early events in early embryo development is the specification of the 

trophectoderm and inner cell mass in the blastocyst-stage embryo. The trophectoderm is the 

precursor to the placenta, which plays a critical role during pregnancy. The placenta regulates the 

exchange of gases and nutrients between the mother and the developing fetus. The 

trophectoderm gives rise to all the trophoblast cell types in the placenta – the cytotrophoblast 

(CTB), syncytiotrophoblast (STB), and the extravillous cytotrophoblast (EVT).  The CTB during 

early gestation is a multipotent cell that can differentiate to form the multinucleate STB that is in 

contact with maternal blood during later gestation, and the EVT which play a critical role in 

remodeling uterine arteries to enable efficient perfusion of the placenta with maternal blood.   

Abnormalities with early human trophoblast development are associated with several 

pregnancy-associated pathologies such as preeclampsia, recurrent loss of pregnancy, placenta 

accreta, and intrauterine growth restriction. Despite its critical importance to maternal and fetal 

health, early human trophoblast development remains poorly understood. Legal restrictions and 

ethical considerations limit research on human embryos and placental samples from early 

gestation are scarce. In this context, the use of trophoblast derived from human embryonic stem 

cells (hESCs) as a model system for early human trophoblast development has emerged as an 

attractive alternative since generation of trophoblast-like cells upon treatment with Bone 

Morphogenetic Protein 4 was first reported.  However, whether bona fide trophoblasts can be 

obtained from hESCs has been a subject of intense debate.  In previous studies, we have shown 

that trophoblasts with characteristics consistent with their in vivo counterparts can indeed be 

obtained from hESCs. Here, we expand upon those studies to rigorously establish the use of 

hESC-derived trophoblasts as a model system for early human placental development.  



We show through proteomic analysis that key methyltransferase proteins in hESC derived 

trophoblast are downregulated, similar to levels associated with primary trophoblast of 6-9 weeks.  

This analysis also identified epigenetic factors potentially involved in early placental development. 

Next, we developed a chemically defined and serum-free medium for trophoblast differentiation 

of hESCs. We show that the sphingolipid, sphingosine-1-phosphate (S1P) plays an important role 

in trophoblast differentiation in the context of this culture system. Further analysis revealed the 

role of receptor-mediated signaling in effect of S1P, and chemical agonists for the S1P receptors 

(S1PR)1-3 could replace S1P in our culture system.  Subsequently, using our culture system we 

showed that Rho/ROCK and YAP signaling are necessary for differentiation of hESCs to 

functional trophoblast. Finally, using our culture system, we successfully derived human 

trophoblast stem cells (hTSCs) from hESCs. Specifically, we showed that two distinct hTSC states 

can be maintained in culture – one expressing markers consistent with the trophectoderm of the 

blastocyst-stage embryo and the second with similarities to cytotrophoblasts found in the 

placental villi, similar to the human trophoblast stem cells derived from primary samples.  The use 

of hTSCs from hESCs can significantly accelerate research on trophoblast biology, including 

knockout studies on genes implicated in development of the trophectoderm, and developing 

trophoblast models of placental disorders through derivation of hTSCs from induced pluripotent 

stem cell lines generated from tissues associated with placental disorders.  
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CHAPTER 1: Introduction 

 
1.1 Early development of the human placenta 

1.1.1  Origin of the trophoblast 

 
One of the key early events in human development is the specification of the 

trophectoderm and inner cell mass during transition of the embryo from the morula to the 

blastocyst stage.  Following fertilization, the zygote continuously divides into a ball of cells, the 

morula.  Cells of the morula are totipotent with little contact of neighboring cells and encapsulated 

by the zona pellucida1.  Around day 3 postcoitus (p.c), the cells start to flatten due to compaction, 

which results in forming tight cellular junction and ionic gradients.  Ionic gradients allow water to 

be drawn out to the center of the morula, while the tight cellular junctions allow for redistribution 

of cytoskeleton and protein expression between cells.  Taken together, this results in 

asymmetrical division of cells and transition of the morula to the blastocyst which contains two 

distinct populations – the trophectoderm (TE) that gives rise to all trophoblast (TB) cells that form 

the placenta, and the inner cell mass (ICM) that gives rise to the embryo proper (Figure 1.1)2. 

This specification is the earliest fate decision of the embryo, where trophoblast cells are 

committed to their restricted lineage.  Genetic studies about this lineage separation have been 

restricted to mouse models, where the trophoblast specification is dependent on the transcription 

factor, CDX2, while the ICM is similar morula stage, with the expression of the transcription factors 

OCT4 and SOX23.  Other fate determining factors such as polarization and epigenetic 

modifications play a role in trophoblast formation4–8.  Once the blastocyst is formed and enters 

the uterus it hatches from the zona pellucida, allowing implantation into the uterine wall. 
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Figure 1.1: Transition of the morula to the blastocyst around day 3 p.c. 

 

 The first step of implantation in humans occurs around day 6-7 p.c. and is called 

apposition, where the blastocyst locates an implantation site and attaches to the endometrium 

lining(Figure 1.2A)9.  At this stage the blastocyst can be dislodged from the uterine surface 

without damage through flushing of the uterine lumen.  Once full attachment of the blastocyst 

takes place, a strong physical connection between the trophoblast and the endometrial epithelium 

takes place and the blastocyst cannot be dislodged10,11.  During apposition, the ICM usually faces 

the endometrium, however the ICM is able to migrate along the inside face of the TE to align itself 

to the side of apposition10. Upon attachment, TBs at the embryonic pole rapidly proliferate into a 

double layer.  The TBs facing the maternal tissue undergoes differentiation by cellular fusion of 

neighboring cells forming the syncytiotrophoblast (STB).  Upon differentiation the embryo invades 

into the maternal endometrium (Figure 1.2B)9.  The inner trophoblast layer remains epithelial and 

comprises the stem cell compartment of the trophoblast called the cytotrophoblast (CTB).  The 

invasion of the blastocyst progresses through interstitial implantation, where the STB penetrates 

the intercellular gaps between endometrial cells without initiating apoptosis by inducing lysis of 

cellular junction complexes.  This stage during development is coined the prelacunar stage. 
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1.1.2 Lacunar stage 

 Over the following days the syncytiotrophoblast invades further into the endometrium and 

subsequent trophoblastic proliferation and fusion occurs upon trophoblast contact of maternal 

tissues.  By day 12 p.c. the whole blastocyst has fully invaded into the endometrium, closing the 

uterine epithelium over the implantation site.  The outer surface of the blastocyst is completely 

composed of the STB with the inner surface covered by a layer of CTBs.  Since trophoblast 

proliferation and differentiation to the STB occurred at the embryonic pole, this section is 

considered thicker at this point compared to the antiimplantation pole.  This size difference is 

Figure 1.2: Stages of placental development; (A) Blastocyst implantation (6 to 7 days p.c.); (B) Prelacunar period 
(7 to 8 days p.c.); (C) Lacunar period (8 to 9 days p.c.); (D) Formation of primary villus (12 to 15 days p.c.); (E) 
Formation of secondary villus (15 to 21 days p.c.); (F) Formation of tertiary villus (18 days to term).  

CP, primary chorionic plate; CT, cytotrophoblast; D, decidua; E, endometrial epithelium; EB, embryoblast; EG, 
endometrial gland; EM, extraembryonic mesoderm; IVS, intervillous space; L, lacunae; SA, spiral artery; ST, 
syncytiotrophoblast; T, trabeculae; TS, trophoblastic shell; X, extravillous trophoblast (X cells). (Modified from 
Frank et al.)9 

L 
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never made up by the thinner trophoblast section during subsequent developmental steps.  This 

allows the thicker trophoblast section to subsequently form the placenta, whereas the thinner 

regressively transforms to a smooth chorion.  Over the course of blastocyst invasion, small 

vacuoles of water within the STB start to appear due to the rapid increase in mass of the STB.  

These vacuoles quickly expand to form a system of lacunae, while the separated pillars of STB 

are the trabeculae, forming the lacunar stage in development (Figure 1.1C)1,10.  Around the same 

time as lacunae form, the CTBs beneath the STB proliferate and expand within the trabeculae.  

Formation of the lacunar stage subdivides the trophoblasts into three layers, the primary chorionic 

plate, which faces the original blastocystic cavity; the lacunar system with the trabeculae; and the 

cytotrophoblastic shell, which faces the endometrium that is the forerunner of the basal plate.1   

1.1.3 Early villous stage 

Expansion of the CTBs within the trabeculae allows for longitudinal growth and branching 

of the trabeculae that protrude into the lacunae forming the primary villi (Figure 1.2D).  The 

primary villi are made up of a core of CTBs surrounded by the STB.  Further growth and branching 

of the CTBs initiate the development of primitive villous tree structures. Upon formation of the 

primary villi, the CTBs start to slowly lose expression of the trophectoderm marker, CDX2, but 

maintain another bipotential trophoblast stem cell marker, P6312.  This transcriptional and 

physiological change leads to the CTBs to become villous CTBs (vCTBs).  Some vCTBs 

continually expand and penetrate past the STB and into the endometrium, in which they spread 

laterally to form the cytotrophoblastic shell and anchor the blastocyst9.  When the primary villi 

maintain contact with the cytotrophoblastic shell, they are called anchoring villi.  VCTBs of the 

anchoring villi characterized as collumn cytotrophoblast (cCTBs).  In addition, the exposure of 

cCTBs to endometrial tissue initiates differentiation to extravillous trophoblasts (EVTs) that 

migrate into the endometrium to start trophoblast invasion.  This key event is responsible for 

adaptation of maternal vessels and further anchorage of the developing placenta13,14.  During 

these processes, the lacunae  expand and become the intervillous space9.   
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After the formation of the primary villi, the extraembryonic mesenchyme originating from 

the embryonic disk expands out forming a new layer to the chorionic plate.  Extraembryonic 

mesenchyme cells continue to expand within the center of the primary villi and establish a 

connective tissue core forming secondary villi (Figure 1.2E).   The extraembryonic mesenchyme 

expansion is restricted by the vCTBs and cCTBs and never reach the cytotrophoblast shell.  Soon 

after the formation of the secondary, the mesenchyme differentiates to form cells associated with 

the formation of hemangioblastic cell cords15,16.  By around day 20 p.c., the first fetal capillaries 

start to appear, changing the secondary villi into tertiary villi structures (Figure 1.2F).  Until term, 

this is the general structure of all placental villi.  Only new villous sprouts correspond to primary 

and secondary villi. 

 

Figure 1.3: Schematic of extravillous trophoblast invasion in human 
placenta. (Modified from Moser et al.)28  
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1.1.4 Formation of the definitive placenta 

As the fetal capillaries establish within the villi, the maternal arteries begin to circulate 

directly to the placenta.  One of the key events that begin this process is through the EVTs.  The 

EVTs differentiate from the proliferative cCTBs located at the cytotrophoblastic shell and invade 

into the maternal tissue.  This invasion occurs along two routes; the interstitial cells that migrate 

within the maternal stromal cells, and the endovascular cells that invade the maternal spiral 

arteries (Figure 1.3).  The interstitial cells invade deep into the first third of the myometrium 

providing anchoring of the placenta, where they undergo a differentiation into a large 

multinucleated cell giant cell.  This differentiation process is to ensure the tight restriction of 

trophoblast invasion into the maternal tissue17.  Further, the interstitial EVTs play an important 

role in the communication with maternal uterine Natural Killer cells, macrophages, and the 

endometrium.  Interstitial EVTs also remodel spiral arteries deep within the endometrium.  The 

arteries change from narrow flexible vessels with high flow resistance to highly dilated, low 

resistance stiff vessels18,19.  The interstitial EVTs affect the immunomodulation of cells by 

secreting specific factors that aid in apoptosis of T-cells, reduce cytotoxicity of uterine Natural 

Killer cells, and reduce the activation of lymphocytes1. Lastly, the interstitial EVTs help promote 

the endometrial stroma to undergo differentiation to decidual cells through paracrine actions20–25.  

The decidualization aids in the immune-response of the invading EVTs and regulates the amount 

of invasion.  Further, the decidualization of the endometrium allows for the detachment of the 

placenta during birth.   

 The endovascular EVTs initially propagate at the spiral artery interface within the 

intervillous space and plug the outflow.  This initial plugging only allows plasma to perfuse through 

lessening the oxidative stress and allowing villi to grow normally.  Around the end of the first 

trimester (10-12 weeks), plugging of the spiral arteries dissipates and induction of remodeling the 

spiral arteries takes place26,27.  This marks the transition of the vascular connection between 

mother and fetus in the transition of a histotrophic into a hemotrophic nutrition system.  For this 
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to occur, the endovascular EVTs migrate along the arterial lumens and remodel the arteries.  The 

narrow, flexible vascular smooth muscle and endothelial cells are replaced by the endovascular 

EVTs to create an expanded stiff arteries allowing high perfusion flow into the intervillous space 

for nutrient-gas exchange on the villi22,28–30.   

Once fetal blood enters the intervillous place nutrients-gas permeate through the tertiary 

villi to the fetoplacental vessels which in turn transfer to the developing fetus along the umbilical 

cord.  Over the course of pregnancy, the network of tertiary villi continues to expand within the 

hemotrophic system, with new sprouting villi occurring throughout pregnancy.  As the growth of 

new villi occurs, the expansion of the STB lowers the maternofetal diffusion distance and creates 

a high surface area network for nutrient-gas exchange needed for healthy fetal growth.  This 

encapsulates the formation of the definitive placenta. 

1.2 Trophoblast research 

1.2.1 Mouse Trophoblast Model 

 One key model system for studying trophoblasts is the mouse.  Mouse trophoblast stem 

cells (mTSCs) were first derived from blastocysts and the extra-embryonic ectoderm.  These cells 

provide a key in vitro model for studying the signaling mechanisms and function of TBs31.  MTSCs 

grow indefinitely and differentiate to all lineages under continuous induction of fibroblast growth 

factor 4 (FGF4) and transforming growth factor β1 (TGFβ1).  The trophoblast transcription factors 

CDX2, TEAD4, TFAP2C and GATA3 were found to be essential for specification and 

determination of trophoblasts32–37.  CDX2 was the first to be implicated to TE development; where 

loss of CDX2 in mouse embryos does not affect blastocyst formation but does prevent the 

blastocyst implantation.  In addition, CDX2 ectopic induction in mouse embryonic stem cells 

(mESCs) promoted mTSC fate.  Expression of CDX2 has an essential role in the function and 

specification of TE, though other factors may compensate the specification upon loss of CDX23,38.  

GATA3 follows a similar expression pattern as CDX2 in mouse embryos, wherein ectopic 
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induction of GATA3 in mESCs lead to formation of mTSCs36.  Loss of GATA3 via RNAi-mediated 

knockdown led to inhibition of the morula to blastocyst transition39.     

 In preimplantation mouse embryos, TEAD4 has an imperative role in establishment of the 

TE, where loss of TEAD4 prevents TE-specific gene expression including CDX2 and GATA334.  

The signaling mechanisms in mediating TEAD4 have revolved around the hippo signaling 

pathway, specifically nuclear localization of YAP.  Signaling mechanisms involving YAP and 

TEAD4 have been proposed to lead to specification of TE and ICM, where the ICM lacks TEAD433.  

Findings associated with transcription factor expression and their associated signaling pathways 

have led to a better understanding of TE specification.  However, mouse models cannot be directly 

compared to human models. Whereas both systems share similarities in morphology of placenta 

and hemochorial gas-nutrient exchange, they differ from each other in gestational length, litter 

size, trophoblast cell types, organization, and invasion40. 

1.2.2 Human Trophoblasts 

 Human trophoblast research has been limited due to the scarcity of human samples and 

ethical concerns associated with studying human embryos41–44.  Until very recently, when first 

trimester placenta samples were obtained, isolated trophoblasts underwent rapid differentiation 

and could not be maintained45–53.    Due to this restriction, most in vitro studies are carried out 

with choriocarcinoma-derived trophoblast cell lines such as BeWo, JEG-3, and HTR-8/SVneo54–

56.  These cells are easily maintained and do perform similar functions of trophoblasts cells such 

as cellular syncytialization and invasion.  However, these cell lines still show differences in their 

transcriptome compared to primary samples.  Further, these choriocarcinoma cell-lines lack the 

ability to be multipotent and differentiate into both STB and EVTs57–59.  Lastly, many of the cells 

do not meet the trophoblast criteria proposed by Lee et al.60.   Recently another human trophoblast 

progenitor cell line was established from the chorion and a human ESC (hESC) line named 

UCSFB661,62.  Though these cells express some trophoblast marker proteins, most of the criteria 
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of Lee et al. was not tested60.  In addition, the established cell lines represent a mesenchymal 

morphology, where CTBs are epithelial.  Due to these key differences, studies using these cells 

and choriocarcinoma-derived lines must be met with skepticism.   

 Recently, two model systems isolated from primary samples have been reported that 

could have significant influence on trophoblast research.  The first system is the establishment of 

the trophoblast organoid63,64.  The organoid system provides a 3D model that could potentially 

recapitulate the physiology of the primary villi structure found in early placenta formation and the 

formation of cell columns that a 2D model could not generate.  The 3D model in organoid 

structures allows for the study of the complex dynamic between the CTBs and STB, and 

differentiation into the EVTs that occurs during in vivo placentation.  3D epithelial organoids have 

been achieved from various tissues such as the endometrium, but organoids of the human 

placenta could never be established in the past65,66.  The trophoblast organoids established were 

able to be continuously propagated through the establishment of the CTBs and an inner layer of 

the STB.  Embedding the organoid into the extracellular matrix, Matrigel, or inhibition of Wnt 

signaling leads to the spontaneous differentiation of the CTBs to EVTs63,67.  These organoids 

could allow a better understanding into cell column formation and what effect the endometrium 

microenvironment has on trophoblast function.  Further, analysis on the histotrophic nutrition 

system within the organoid or their response to extraembryonic mesoderm cells could provide 

crucial insight into the kinetics of the gas-nutrient exchange within the villi and formation of more 

complex villi structures.   

 Though the trophoblast organoid systems provide new areas to explore and understand 

early placenta development, limitations around the organoids remain.  The trophoblast organoids 

developed have physiological differences compared to human primary villi in that the CTBs are 

on the periphery surrounding the STBs.  In primary samples the STB encapsulate the CTBs, 

wherein the CTBs differentiate and fuse to replenish the STB.  This physiological difference from 

primary human villi is a cause of concern into the microenvironment that these cells are 
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established.  Further transcriptome differences in primary villi and trophoblast organoids shows 

that further work is required for optimization of culture conditions64. 

 The second key system reported was the establishment and maintenance of the human 

trophoblast stem cell (hTSC) in vitro derived from primary placental samples and blastocysts68.  

This study showed that the transcriptome of the hTSCs were very similar to primary human CTBs 

and met all the criteria associated with human trophoblast cells60.  Further, they showed ability to 

form the EVTs and STB (2D and 3D) with similar transcriptomes to their primary counterparts.  In 

addition, studies on hTSCs revealed that the activation of Wnt (wingless/integrated) and inhibition 

of TGF-β are essential for derivation and maintenance of cells.  In contrast, mTSCs require the 

opposite conditions – presence of TGF-β and inhibition of Wnt signaling69–71.  In mTSCs, FGF4 

and FGFR2c are essential for maintenance of cells, FGFR2c is not expressed in human 

blastocysts72.  HTSCs were found to express the FGFR2 spliced variant FGFR2b, associated with 

FGF10, thus showing the stark difference between the two models and the potential in revealing 

the key signaling involved in trophoblast maintenance.  Lastly, when the hTSCs were injected into 

immune-deficient mice, they mimicked key features of trophoblast invasion during implantation.  

Though ethical reasons prohibit the examination of hTSC injected into human blastocysts, the 

hTSCs established show comprehensive data corresponding to human CTBs.  Though the 

development of hTSCs provides a powerful tool to examine the mechanistic signaling and 

functionality of each trophoblast cell type, limitations remain.  The hTSCs established lost 

expression of the early trophectoderm marker, CDX2, though maintained the vCTB marker, P63.  

This maintenance of P63 shows that the hTSCs represent cell associated with vCTBs, rather than 

trophectoderm, which could limit studying trophoblast signaling, differentiation, and functionality 

associated with implantation and maintenance of cell associated with the blastocyst and lacunar 

stages during development.  Lastly, culture conditions associated with differentiation of STB and 

EVTs are undefined and suboptimal in establishing what key mechanistic signaling is responsible 

for cellular differentiation from CTBs.  Nonetheless, the hTSCs provide an essential means to 
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better understanding trophoblasts and could lead to substantial insight into developmental 

disorders associated with trophoblasts.   

1.2.3 Trophoblast from human embryonic stem cells 

Human embryonic stem cells (hESCs) were first established by the immunosurgery of 

human blastocysts73–75. Most hESCs are derived from discarded embryos during in vitro 

fertilization.  HESCs have great potential for regenerative medicine due to their ability to form all 

tissue types found in the body and be continuously maintained.  TBs were first derived from 

hESCs through treatment with Bone Morphogenetic Protein 4 (BMP4); under these conditions, 

differentiated cells expressed key TB markers76.  The differentiation of TBs from hESCs has since 

been optimized in other studies12,43,77–90.  HESCs exposed to BMP4 undergo morphological 

differentiation in large flattened cells proceeding from the periphery inwards.  During BMP4 

treatment, hESCs lose expression associated with ICM, and undergo upregulation of transcription 

factors associated with TB, with little upregulation of mesoderm, endoderm or ectoderm82,89,90. 

Extended exposure of BMP4 leads to syncytialization of cells and secretion of placental hormones 

associated with formation of STB78,79.  Through these studies, BMP4 treatment with inhibition of 

Activin/Nodal and FGF2 signaling (BAP treatment) provided became the accepted condition for 

forming TBs79.  However, these cells exhibit key differences in transcriptome, epigenetics, and 

ability to form EVTs compared to primary samples.  One of the key morphological differences is 

that the cells from BAP treatment become STB-like cell type that do not form mesenchymal HLA-

G expressing cells.  Though these cells have been found to have invasive capabilities, their 

transcriptome differs significantly from primary samples.  Further all cells treated continuously 

with BMP4 showed high methylation at the ELF5 promoter region showing epigenetics more 

associated with hESCs than human TBs42,60,91,92.  HESCs differentiated from BAP or BMP4 

treatment show increasingly higher heterogeneity over longer induction periods, leading to 

confusion as to what key mechanistic pathways cause cellular differentiation.  Lastly, TB 

derivation from hESCs has been called into question since Bernardo et al. showed BMP4 
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induction leads to extraembryonic mesoderm phenotype over TB91. In the study is claimed that 

hESCs are epigenetically restricted from forming TBs, an analog of mESCs and TB formation.  

However, further studies have addressed the issues raised by Bernardo et al., but seeds of doubt 

about hESC ability to form TBs remain12,79,93.   

Over the past few years, we have established a protocol for developing homogenous 

development of STB and EVTs through a two-step protocol involving the inhibition/activation of 

Activin/Nodal signaling upon passaging of BMP4 treated hESCs77,81.  In addition to homogenous 

cellular populations of EVTs and STB, we have shown the cells to have hypomethylation of ELF5 

promoter region and high expression of HLA-G in EVTs.  These key advances are essential to 

verifying the potential for TB differentiation from hESCs, still maintenance of CTBs from hESCs 

remains elusive. 

The media systems involved in the differentiation of TB from hESCs are all derived from 

feeder cells or involve complex component additives such as fetal bovine serum or knockout 

serum replacement (KOSR) or bovine serum albumin (BSA).  These additive, including BSA, are 

associated with lipid species that aid in cell growth but confound mechanistic analysis of the 

signaling pathways involved in the differentiation process94–97.  A variety of defined culture 

systems have been used for maintenance of undifferentiated hESCs including Essential 8, 

mTeSR1, XFT, HESCO, NBF, and FTDA98–103.  Defined culture conditions are an invaluable tool 

to understand hESCs differentiation and signaling since all known exogenous signaling inputs are 

known.  However, all these media formulations vary in terms of what signaling pathways are 

induced/inhibited.  For example, mTeSR1, and HESCO contain Wnt signaling activators while the 

other media systems do not.  Further feeder-cell conditioned media contains serum-associated 

lipid factors such as sphingosine-1-phosphate (S1P) and lysophosphatidic acid (LPA), while the 

defined media formulations do not104.  S1P has shown to interact with the Hippo signaling 

pathways, specifically inhibiting Lats1/2 and allowing YAP translocation to the nucleus and 

interaction with TEAD4105–108.  It is not fully understood how defined media systems affect TB 
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differentiation, but previous studies looking at TB formation using serum-free media have shown 

to form mesoderm, extraembryonic mesoderm and partial endoderm91,109–111.  It is important to 

use a defined culture to understand TB formation from hESCs; this in turn will enable the 

derivation of hTSCs from hESCs, if such a transition is theoretically possible. 

1.3 Trophoblast role on disease 

 Human trophoblast research has come a long way over the past few years with the 

establishment of the hTSC and the organoid systems. However, as previously discussed these 

are associated with significant limitation, and early human trophoblast development remains 

unclear. The National Institute of Health recently coined the placenta “the least understood organ”, 

and with good reasoning.  Improper trophoblast development within the placenta is responsible 

for a number of pregnancy disorders such as preeclampsia, placental accreta, infarcts, and 

intrauterine growth restriction1,112–117.  A common factor in several placental disorders is the extent 

of invasion associated with the EVTs.  When the EVTs are overly invasive, such as in placental 

accreta, they migrate too far into the myometrium and can cause the placenta to attach strongly 

to the uterus; this can cause hemorrhaging during labor118,119.  When EVTs are not invasive 

enough, such as in preeclampsia and intrauterine growth restriction, they do not fully remodel the 

spiral arteries causing insufficient exchange of nutrients and gases required for the developing 

fetus (Figure 1.4)30,113,114.  A mechanistic understanding of early trophoblast differentiation will 

provide insight into these placenta-associated pregnancy disorders.  This is particularly relevant 

when in the United States, maternal deaths are on the rise – in contrast to the rest of the 

developed world120.  In addition to maternal deaths, approximately 70% of conceptions are lost 

prior to birth due to implantation failure, miscarriage, or early pregnancy loss, with little 

understanding as to what is affecting this low yield121.  Obesity and cesarean section operations 

have led to a higher incidence of pregnancy disorders and almost no pharmaceutical medicine is 

available to help122–124.  Moreover, environmental influence on the epigenetics of the placenta is 

an emerging key candidate to its role in placental dysfunction in pregnancy-associated disease 
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and later adult disease58,125.  Thus overall, understanding early TB differentiation will have a 

significant impact on maternal and fetal health during pregnancy and beyond. 

 

 
 
Figure 1.4: Schematic representation of EVT invasion and artery remodeling during normal and preeclamptic 
pregnancy (modified from Kaufman et al.)30. 
 
 

1.4  Overview 

 Development of the trophoblast cells in early gestation plays an important role in placental 

development, which in turn has significant implications for fetal and maternal health both during 

and after pregnancy.  The ability to form and maintain hTSCs enables better understanding of the 

functionality, mechanistic signaling in, and differentiation of TBs.  Current models of the hTSCs 

and TB organoids derived from primary placental samples may provide useful insight into 

pathogenesis of TB defects occurring around the first trimester of pregnancy.  However, these 

models differ from primary tissue in important aspects as discussed earlier.  Importantly, these 

models do not capture the trophectoderm state in the blastocyst stage embryo.  A model system 

for TE cells would enable studies on formation of all TB cell types and give potential insight into 

the implantation of the blastocyst.  It is unknown if isolated first trimester primary TBs can be 

reverted back to their TE state; therefore, hESCs become an attractive and indispensable tool.  

HESCs are characteristically representative to the ICM of the blastocyst, and can be brought to a 

naïve totipotent state to access the TE compartment as was done in mESCs93,126.  This work 
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describes the use of hESCs for developing an in vitro model system for early trophoblast 

development, including cells that are consistent with the TE. 

 In Chapter 2, we describe the use of hESCs as a model to identify epigenetic factor 

proteins during the differentiation to TBs.  Using isotope labeling during cell culture and 

quantitative proteomics, 30 epigenetic factors were identified as changing during the 

differentiation process.  Chief among the epigenetic factors were the down regulation of DNA 

methyltransferases DNMT1, DNMT3A, and DNMT3B.  The epigenetic factor proteins found from 

hESC-derived trophoblasts were in turn analyzed through immunohistochemistry analysis in 6-9-

week human placentas.  The expression patterns found in primary placentas, largely matched 

those found in the hESC-derived TBs.  This validation enables further investigation into the 

epigenetic factors involved in trophoblast development and the power of the hESC-model for 

assessing TB epigenetics. 

 In Chapter 3, we discuss the development of a chemically defined media system for TB 

differentiation from hESCs.  During this process, it was found that S1P plays a vital role in enabling 

hESCs to access the TB compartment and prohibiting gene expression to neural and mesoderm 

cell types.  Using this system, we were able to show that both inhibition ROCK and knockdown of 

YAP eliminates the ability to form bipotent TBs from hESCs.  The specific signaling mechanism 

in which S1P acts during hESC differentiation to TB was found to be receptor mediated. This 

system provides insight into the signaling pathways during hESCs differentiation to TB and 

enabled development of a culture system for maintenance of hTSCs. 

 Chapter 4 described the maintenance of a TE-like stem cell derived from hESCs.  These 

cells maintain expression of the TE-marker CDX2, while showing the ability to adapt to a P63+ 

vCTB in the media system developed by Okae et al68.  Further, the established vCTBs match 

morphologically to primary cells in same media system and are able to differentiate to both EVTs 

and STB.   
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 Derivation of bona fide hTSCs from hESCs can greatly accelerate TB research.   This will 

enable generation of hTSCs from pluripotent stem cells that are genetically modified (or from 

different genetic backgrounds).  In addition, ease of access to human pluripotent stem cell lines 

and hESCs could lead more widespread research into TB development.  Finally, the ability to 

form TE from hESCs allows for exploration into molecular mechanisms involved during the 

blastocyst formation and subsequent implantation.   
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CHAPTER 2: Identification of Epigenetic Factor Proteins Expressed in Human Embryonic 

Stem Cell-derived Trophoblast and in Human Placental Trophoblasts 

 

2.1 Abstract 

 Human embryonic stem cells (hESCs) have been used to derive trophoblasts through 

differentiation in vitro. Intriguingly, mouse ESCs are prevented from differentiation to trophoblasts 

by certain epigenetic factor proteins such as Dnmt1, thus necessitating the study of epigenetic 

factor proteins during hESC differentiation to trophoblasts. We used stable isotope labeling by 

amino acids in cell culture and quantitative proteomics to study changes in the nuclear proteome 

during hESC differentiation to trophoblasts and identified changes in the expression of 30 

epigenetic factor proteins. Importantly, the DNA methyltransferases DNMT1, DNMT3A, and 

DNMT3B were downregulated. Additionally, we hypothesized that nuclear proteomics of hESC-

derived trophoblasts may be used for screening epigenetic factor proteins expressed by primary 

trophoblasts in human placental tissue. Accordingly, we conducted immunohistochemistry 

analysis of six epigenetic factor proteins identified from hESC-derived trophoblasts−DNMT1, 

DNMT3B, BAF155, BAF60A, BAF57, and ING5−in 6−9-week human placentas. Indeed, 

expression of these proteins was largely, though not fully, consistent with that observed in 6−9 

week placental trophoblasts. Our results support the use of hESC-derived trophoblasts as a 

model for placental trophoblasts, which will enable further investigation of epigenetic factors 

involved in human trophoblast development. 

 

2.2 Introduction 

Molecular mechanisms underlying the development of trophoblast cell types in the human 

placenta−the villous cytotrophoblasts (vCTBs), the syncytiotrophoblast (STB), and extravillous 

cytotrophoblasts1 −remains poorly understood due to ethical and legal constraints on research 

with human embryos and limited availability of primary samples from early gestation. 
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Consequently, there has been significant interest in the development of in vitro model systems, 

such as trophoblasts obtained through differentiation of human embryonic stem cells (hESCs)2−5. 

Trophoblasts have been derived from hESCs through treatment with BMP4 and/or treatment with 

SB431542, an inhibitor of Activin/Nodal signaling6−10. However, the ability of hESCs to 

differentiate to trophoblasts has been controversial,2−4,11−14 in part because mouse embryonic 

stem cells (mESCs) are restricted from differentiating to trophoblasts through the activity of 

epigenetic factor proteins such as Dnmt112. Therefore, the identification of epigenetic factor 

proteins that are modulated during hESC differentiation to trophoblasts is critical toward resolving 

this controversy. Quantitative mass spectrometry (MS) has emerged as a valuable tool for 

studying changes in the expression of transcription factors and marker proteins during hESC 

differentiation to various embryonic lineages, such as the neural and cardiomyocyte lineages14−40. 

However, the proteomic analysis of hESC differentiation to the trophoblast lineage has received 

little attention. We have previously reported the proteomic analysis of the membrane and 

cytoplasmic fractions as hESCs were differentiated to trophoblasts in vitro14. Here, we report the 

quantitative analysis of changes in the nuclear proteome of hESCs during their differentiation to 

trophoblasts through stable isotope labeling by amino acids in cell culture (SILAC) and 

quantitative MS. We specifically focus on the identification of epigenetic factor proteins that are 

modulated during trophoblast differentiation of hESCs. The epigenetic factor proteins expressed 

in early human placental tissues are also not known. This is, in part, due to limited availability of 

placental tissue samples from early gestation. Further, placental tissue is heterogeneous and 

comprises both trophoblast and non-trophoblast cell types, making the use of cell-population level 

analyses such as mass spectrometry difficult. Also, the population of trophoblasts in the placenta 

is itself heterogeneous in terms of transcription factor expression13. We have recently shown that 

hESC-derived trophoblasts possess key properties of primary placental trophoblasts, including 

the epigenetic property of hypomethylation at the ELF5-2b promoter locus14. Therefore, we 

hypothesized that the analysis of hESC-derived trophoblasts may be useful for identifying the 



   

29 
 

epigenetic factor proteins that are expressed in early human placental trophoblasts. Accordingly, 

upon proteomic identification of epigenetic factor proteins in hESC-derived trophoblasts, we 

probed the expression of a subset of these proteins in first trimester human placental samples 

(6−9 weeks). Thus, we used quantitative proteomics of hESC-derived trophoblasts as a screen 

for identifying epigenetic factor proteins that may be present in early human placental 

trophoblasts. 

2.3 Experimental Procedures 

2.3.1 Cell Culture and Differentiation 

 H1 and H9 hESCs were grown on mouse embryonic fibroblasts (MEFs), which were 

isolated from E13.5 pregnant CD-1 mice embryos (Charles River, Wilmington, MA)41. Thereafter, 

hESCs were grown on growth factor-reduced Matrigel (BD Biosciences, Bedford, MA) using MEF-

conditioned medium (MEF-CM)42. For stable isotope labeling by amino acids in cell culture 

(SILAC), MEF-CM containing stable isotope-labeled [13C6], [15N2]L-lysine, and [13C6]L-arginine 

(Pierce, Rockford, IL) (SILAC-CM) was prepared41. Incorporation of stable isotope-labeled 

arginine and lysine was found to be 98.5 and 98.0%, respectively, and arginine-to-proline 

conversion was found to be ∼5%.27 Differentiation of H9 cells was carried out using SB431542 

(25 μM) (Sigma-Aldrich) in the presence of normal MEF-CM14. 

2.3.2 Subcellular Fractionation, In-Gel Digestion, LC-MS/MS and Data Analysis 

Nuclear fractions were isolated as previously described41. Twenty-five micrograms of SILAC-

labeled nuclear sample from undifferentiated hESCs was mixed with 25 μg of unlabeled nuclear 

sample from either day 6 or 12 differentiated hESCs. In-gel digestion, LC−MS/MS, and data 

analysis were carried out as previously described14. Briefly, the protein sample was run on a Tris-

HCl gel (Bio-Rad) and stained with Coomassie Stain (Bio-Rad), and the gel lane was cut into 12 

fractions. Peptides were extracted from the gel fractions using an adapted protocol from 

Shevchenko et al.43. Reversed-phase separation of peptides was carried out on an Eksigent 1D+ 

nano-LC system (Eksigent, Dublin, CA) as previously described44. Briefly, Magic C18AQ (5 μm 
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particle, 200 Å pore size, Michrom BioResources, (Auburn, CA)) was used as stationary phase 

and packed in house to a length of 5 cm in a 75 μm i.d. IntegraFrit Capillary for the trap column 

(New Objective, Woburn, MA). A 75 μm i.d. × 15 cm long analytical column was packed in-house 

with the same stationary phase into a PicoFrit Capillary with a 15 μm electrospray emitter (New 

Objective). Mobile phase A was comprised of 98% water, 2% acetonitrile, and 0.2% formic acid, 

and mobile phase B was comprised of 98% acetonitrile, 2% water, and 0.2% formic acid. Eight 

microliters of sample were injected and desalted at 1.5 μL/ min on the trap before switching in-

line with the gradient at a flow rate of 350 nL/min. The gradient was held at 2% B for 5 min before 

ramping to 10% B over 2 min, followed by an increase to 50% B over 120 min. Mobile phase B 

was then increased to 95% B in 3 min, held for 5 min, and then reequilibrated at 2% B for 10 min. 

Separations were carried out on an Eksigent 1D+ nano-LC system (Eksigent, Dublin, CA) in a 

vented column configuration. MS measurements were made using an LTQ-Orbitrap XL mass 

spectrometer (Thermo Fisher Scientific, Bremen, Germany). MASCOT Distiller (Matrix Science, 

Boston, MA) generated peak lists were created from LC−MS/MS RAW files utilizing the MASCOT 

server (Matrix Science)45. Briefly, the MS1 m/z range was 300−1800; the resolving power for MS1 

was 60,000 at m/z = 400, and eight precursors were selected for MS/MS from each precursor ion 

scan. The threshold for MS/MS was 500. Monoisotopic precursor selection was enabled. An 

isolation width of 2 m/z was used. MS/MS was performed in an LTQ ion trap with AGC = 8 × 103. 

LTQ was operated in normal mass range, full scan type, and normal scan rate; 1+ charge states 

and unassigned charge states were rejected, and NCE was 35 for 30 ms. Dynamic exclusion was 

employed for 180 s after detection twice in a 30 s period. The exclusion list size was 500. The 

Mascot version was 2.3, and the Distiller version was 2.3. Distiller Method for Peak Generation 

was the default method for Orbitrap with low resolution MS2. SwissProt Release 57.6 was used. 

The release contained approximately 34,000 human protein sequences as of October 2010. The 

SwissProt human database was combined with reverse sequences and used as the database. 

Precursor Ion Tolerance was ±5 ppm. Product Ion Tolerance was ±0.6 Da. Enzyme Specificity 



   

31 
 

was set to Trypsin (K/R) with exceptions for adjacent proline residues. Fixed Modifications were 

set to Carbamidomethylation of Cys residues. Variable Modifications were set to Met Oxidation, 

Glutamine/Asparigine Deamidation, 13C6−Arginine, 13C6, 15N2-Lysine. SILAC quantification 

was carried out using ProteoIQ (NuSep, Athens, GA, USA), and proteins were filtered using a 1% 

false discovery rate. Briefly, aggregate intensity ratios were weighted by peptide intensity. Only 

unique peptides were used to determine ratios. SILAC ratios were normalized for protein loading, 

and log-expression values were centered at zero. Proteins showing a statistically significant 

change in abundance (p-value <0.05) as well as greater than 2- fold change were considered for 

analysis. For estimation of contamination from non-nuclear proteins, the protein list was analyzed, 

and the top protein from each protein group was selected. The normalized spectral abundance 

factor (NSAF) for each protein was calculated by dividing the total spectral counts (SpC) for that 

protein with the protein length (L), and subsequently normalizing for all proteins in the list.  

𝑁𝑆𝐴𝐹𝑖 =
𝑆𝑝𝐶𝑖/𝐿𝑖

∑ 𝑆𝑝𝐶𝑖/𝐿𝑖𝑎𝑙𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠
 

The list of top proteins was then subjected to GO annotation analysis using the Princeton GO 

Term Mapper tool (http://go. princeton.edu/cgi-bin/GOTermMapper) to select proteins annotated 

to the nucleus. Thereafter, the NSAF values for all of the proteins that were not annotated to the 

nucleus were added, and the total NSAF value was considered as an estimate of the 

contamination from non-nuclear proteins. 

2.3.3 Placental sample collection 

First trimester human placentas (6-8 weeks) were obtained from women undergoing 

voluntary elective termination of pregnancy at North Carolina Memorial Hospital, University of 

North Carolina Hospitals, Chapel Hill, NC after obtaining approval from the Institution Review 

Board (IRB#12-2194) and also approval from the patients. Placentas were handled using the 

protocol of Hunkapiller and Fisher46. Briefly, placentas were obtained and placed directly into 

cytowash medium, comprising of DMEM-high glucose (Life Technologies) supplemented with L-
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glutamine (Life Technologies), penicillin/streptomycin (Life Technologies), Gentamycin (Life 

Technologies) and 2.5% fetal bovine serum (Sigma-Aldrich). Villi were isolated under a 

microscope and fixed with 70% ethanol. Villi were stored in 70% ethanol until further use. 

2.3.4 Immunohistochemistry 

Placental villi were processed for immunohistochemistry at the Histology facility at North Carolina 

State University using standard protocols. Manufacturer recommendations were followed for 

antigen retrieval. The following antibodies were used: BAF155 (SMARCC1, Abcam #ab126180), 

BAF60A (SMARCD1, Atlas Antibodies #HPA004101), BAF57 (SMARCE1, Abcam #ab131328), 

ING5 (Proteintech Group #10665−1-AP), DNMT1 (Antibody#1: sc20701, Santa Cruz 

Biotechnology and Antibody#2: ab13537, Abcam), and DNMT3B (R&D Systems #MAB7646, 

sc20704, Santa Cruz Biotechnology). Control antibodies were the following: R&D mouse IgG2a 

(R&D Systems #MAB003), normal rabbit IgG (Santa Cruz Biotech #SC-2027), mouse monoclonal 

IgG1 (Millipore #MABC002), and rabbit monoclonal IgG XP (Cell Signaling #3900) 

2.3.5 Flow Cytometry 

Cells were washed with Dulbecco’s phosphate buffered saline (Sigma-Aldrich) and harvested with 

0.25% trypsin/EDTA (Sigma-Aldrich). Cells were fixed with 2% paraformaldehyde (Fisher). Cells 

were permeabilized and blocked in Saponin permeabilization buffer, which was comprised of 1 

mg/mL of Saponin (Sigma-Aldrich), 1% BSA (Sigma), and human IgG (Immunoreagents Inc.) in 

Dulbecco’s phosphate buffered saline (Sigma-Aldrich). Primary antibodies used were anti-

Syncytin1 (H-280, Santa Cruz Biotechnology), and anti-HLA-G (4H84, Abcam). Isotype control 

antibodies were mouse IgG1 (Millipore) and normal rabbit IgG (Santa Cruz Biotechnology). Cells 

were analyzed in a BD Accuri C6 flow cytometer. Secondary antibodies used were Alexa Fluor 

488-conjugated goat antirabbit IgG (Invitrogen) and Alexa Fluor 633- conjugated goat antimouse 

IgG (Invitrogen). 
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2.3.6 Immunofluorescence 

Cells were washed with Dulbecco’s phosphate buffered saline with calcium and magnesium 

(Sigma-Aldrich) and fixed with 2% paraformaldehyde (Fisher). Cells were permeabilized with 

0.5% Triton X-100 (Fisher Scientific) in Dulbecco’s phosphate buffered saline with calcium and 

magnesium and then blocked with blocking solution, which was comprised of 0.3% Triton X100, 

5% BSA (Sigma), and human IgG (Immunoreagents Inc.) in Dulbecco’s phosphate buffered saline 

with calcium and magnesium. Primary antibodies used were as follows: BAF155 (SMARCC1, 

Abcam #ab126180), BAF60A (SMARCD1, Atlas Antibodies #HPA004101), BAF57 (SMARCE1, 

Abcam #ab131328), ING5 (Proteintech Group #10665-1-AP), DNMT1 (Antibody#1: sc20701, 

Santa Cruz Biotechnology), and DNMT3B (sc20704, Santa Cruz Biotechnology). Control 

antibodies were the following: normal rabbit IgG (Santa Cruz Biotechnology #SC-2027) and rabbit 

monoclonal IgG XP (Cell Signaling #3900). Cells were analyzed with a Zeiss LSM 710 confocal 

microscope. The secondary antibody used was Alexa Fluor 488-conjugated goat antirabbit IgG 

(Invitrogen). 

 

2.4 Results 

2.4.1 Identification of Epigenetic Factor Proteins in hESC-derived trophoblasts 

For identifying epigenetic factor proteins that are modulated during hESC differentiation to 

trophoblasts, hESCs were differentiated using SB431542 treatment,14 and quantitative proteomic 

analysis of the nuclei was conducted. Briefly, hESCs were grown in SILAC medium that contained 

L-[13C6]-arginine and L-[13C6],[15N2]-lysine instead of regular L-arginine and L-lysine, as 

previously reported,27,41 and nuclear fractions were isolated28. Nuclear fractions from SB431542-

treated hESCs were compared with nuclear fractions of undifferentiated SILAC-labeled hESCs 

using quantitative MS. Our overall experimental design is shown in Figure 2.1. A false discovery 

rate of 1% was used for filtering out proteins during SILAC quantification for relative expression 

estimation. Then, the expression levels of each protein were compared across the three biological 
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groups−the day 0 undifferentiated hESCs, the day 6 differentiated hESCs, and the day 12 

differentiated hESCs−for evaluating whether expression values showed statistically significant 

differences in any of the three biological samples. The F-statistic as well as the p-value for this 

comparison are provided for each protein in Table S1 (not provided). We observed statistically 

significant changes (p-value < 0.05 and fold-change > 2) in the expression of 793 proteins, of 

which 30 were associated with epigenetic processes (Figure 2.2A). These included proteins 

associated with DNA methylation, chromatin remodeling, histone acetylation, and histone 

deacetylation. The comprehensive data set is available in Table S1 (not provided). Importantly, 

we observed that the DNA methyltransferases DNMT1, DNMT3A, and DNMT3B were 

downregulated as hESCs differentiated to trophoblasts. We also observed upregulation of various 

components of the BAF-A chromatin remodeling complex,47 such as BAF53A, BAF47, BAF57, 

BAF250A, and BAF155 (Figure 2.2B). BAF60A was not detected at day 6 but was detected at 

day 12 of differentiation. Components of the SIN3 histone deacetylase complex48 were also 

upregulated, including HDAC1, HDAC2, RBBP4, RBBP7, SAP18, and SDS3. These observations 

suggest the possibility that the chromatin remodeling complex BAF-A, the histone deacetylase 

complex SIN3, and the loss of DNA methyltransferases may have a role in hESC differentiation 

to trophoblasts.  
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Figure 2.1: Schematic of the experimental design for analysis of the nuclear proteome during hESC differentiation 

to trophoblasts using SILAC and quantitative mass spectrometry. Undifferentiated hESCs were labeled using SILAC 

and compared with unlabeled hESCs differentiated to trophoblasts using SB431542 treatment for 6 and 12 days. 

Subcellular fractionation of nuclei was carried out, and samples were analyzed using mass spectrometry. 

 
 Furthermore, we identified changes in the expression of various transcription factors 

(Figure 2.2C). The embryonic stem cell-associated transcription factors OCT4 and ZNF28149 

were downregulated, whereas the trophoblast-associated transcription factors OCT1,50 TIF1-β, 51 

and TFCP252 were upregulated. We also observed changes in the transcription factors 

βCATENIN and CBF-1, suggesting the possibility that the Wnt and Notch signaling pathways may 

be involved during hESC differentiation to trophoblasts. We quantified the level of contamination 

in the nuclear proteome data set to be ∼14.88% (Figure 2.2D). We also tested whether 

differentiated hESC samples at day 6 were contaminated with syncytiotrophoblasts (STBs) or 

invasive cytotrophoblasts (iCTBs) by studying respective marker proteins SYNCYTIN1 and HLA-

G. These proteins were not upregulated at day 6 (Figure 2.2E, F). We have previously shown 

that STBs and iCTBs were obtained upon further passage of day 6 differentiated hESCs into 

specific culture conditions14. Specifically, hESCs treated with SB431542 for 6 days and 

subsequently passaged into SB431542 for another 6 days differentiated into a heterogeneous 

cell culture comprised of villous cytotrophoblasts (vCTBs) and iCTBs. Therefore, the mass 

spectrometry results are representative of the mixed population of vCTBs and iCTBs.  
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Figure 2.2: Nuclear proteins modulated during hESC differentiation to trophoblasts. Proteins were identified using 

the criteria of >2-fold change at day 6 and/or day 12, and p-value < 0.05. (A) Change in expression of epigenetic 

factor proteins associated with chromatin remodeling, DNA methylation, histone methylation, histone demethylation, 

histone acetylation, and histone deacetylation. (B) Change in expression of protein components of the BAF-A 

chromatin remodeling complex and the SIN3 histone deacetylase complex. (C) Change in expression of transcription 

factors. (D) Schematic showing the estimated fraction of non-nuclear protein contamination in all the three biological 

samples. (E) Flow cytometry for HLA-G for undifferentiated H9 cells (day 0) and differentiated H9 cells (day 6). (F) 

Flow cytometry for SYNCYTIN1 for undifferentiated H9 cells (day 0) and differentiated H9 cells (day 6). 
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 To validate the results obtained from nuclear proteomics, we carried out 

immunofluorescence staining of H1 and H9 hESC cultures during differentiation. We selected the 

following proteins: BAF155 (SMARCC1), BAF60A (SMARCD1), BAF57 (SMARCE1), ING5, 

DNMT1, and DNMT3B. These proteins were selected using the criteria that they displayed higher 

changes in expression and more peptides were detected for these proteins during MS. BAF155, 

BAF60A, BAF57, ING5, and DNMT1 were expressed in undifferentiated hESCs at day 0 (Figure 

2.3A−O′). Expression levels of BAF155, BAF60A, and BAF57 were maintained in day 6 

differentiated hESCs (Figure 2.4A−I′) and in day 12 differentiated hESCs (Figure 3P−X′, Figure 

2.4S−AA′). Expression of ING5 declined in day 6 differentiated hESCs (Figure A1J−L′) and in 

day 12 differentiated hESCs (Figure 2.3Y−AA′, Figure 2.4AB−AD′). Expression of DNMT1 and 

DNMT3B declined in day 6 differentiated hESCs (Figure 2.4M−R′) and could not be observed in 

day 12 differentiated hESCs (Figure 2.3AB−AD′, Figure 2.4AE−AJ′). 
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Figure 2.3: Study of the expression of BAF155, BAF60A, BAF57, ING5, and DNMT1 in day 0 undifferentiated H9 

cells and day 12 differentiated H9 cells using immunofluorescence. (A) Undifferentiated H9 cells stained with DAPI, 

(B) BAF155, (C) merged; (A′) DAPI, (B′) BAF155 isotype, and (C′) merged; (D) DAPI, (E) BAF60A, and (F) merged; 

(D′) DAPI, (E′) BAF60A isotype, and (F′) merged; (G) DAPI, (H) BAF57, and (I) merged; (G′) DAPI, (H′) BAF57 

isotype, and (I′) merged; (J) DAPI, (K) ING5, and (L) merged; (J′) DAPI, (K′) ING5 isotype, and (L′) merged; (M) 

DAPI, (N) DNMT1, and (O) merged,; (M′) DAPI, (N′) DNMT1 isotype, and (O′) merged. (P) Day 6 differentiated H9 

cells stained with DAPI, (Q) BAF155, and (R) merged; (P′) DAPI, (Q′) BAF155 isotype, and (R′) merged; (S) DAPI, 

(T) BAF60A, and (U) merged; (S′) DAPI, (T′) BAF60A isotype, and (U′) merged; (V) DAPI, (W) BAF57, and (X) 

merged; (V′) DAPI, (W′) BAF57 isotype, and (X′) merged; (Y) DAPI, (Z) ING5, and (AA) merged; (Y′) DAPI, (Z′) 

ING5 isotype, and (AA′) merged; (AB) DAPI, (AC) DNMT1, and (AD) merged; (AB′) DAPI, (AC′) DNMT1 isotype, 

and (AD′) merged. 
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2.4.2 Expression of BAF155, BAF60A and BAF57 in First Trimester Human Placentas 

 Next, we hypothesized that hESC-derived trophoblasts may be representative of early 

human placental trophoblasts and that the analysis of hESC-derived trophoblasts may be useful 

toward screening for epigenetic factor proteins that may be expressed in early human placental 

trophoblasts. For immunohistochemistry analysis of 6−9-week human placental samples, we 

selected the following proteins: BAF155 (SMARCC1), BAF60A (SMARCD1), and BAF57 

(SMARCE1), which are components of the chromatin remodeling complexes BAF-A and BAF-B; 

ING5, a component of the histone acetyltransferase complexes HBO1 and MOZ/MORF; and 

DNMT1 and DNMT3B, which are DNA methyltransferases. BAF155 was strongly expressed in 

villous cytotrophoblasts (vCTBs) in first trimester human placental samples from 6 weeks to 6 

week 6 days (denoted as 6.6 weeks) and 8.6 weeks, whereas weak expression was seen in an 

8-week placenta (Figure 2.5A−E). Prominent but weaker expression was seen in nuclei of 

syncytiotrophoblasts (STBs) at 6−6.6 weeks and 8.6 weeks, and negligible expression was seen 

in nuclei of STBs at 8 weeks. BAF60A expression was weak within the nuclei of vCTBs at 6 

weeks, and nuclei of STBs showed either weak or no staining (Figure 2.5K). One placental 

sample at 6.6 weeks of gestation showed strong expression of BAF60A in the nuclei of vCTBs, 

but staining was absent in the nuclei of STBs (Figure 2.5L). However, another replicate at the 

same gestational age showed prominent but weak levels of staining in the nuclei of vCTBs and 

STBs (Figure 2.5M). Weak to negligible staining levels were also observed in the nuclei of vCTBs 

and STBs in the 8-week placenta (Figure 2.5N) and in the 8.6-week placenta (Figure 2.5O). 

Expression of BAF57 was heterogeneous with vCTBs and STBs at 6 weeks showing weak-to-

negligible staining (Figure 2.5U). One replicate at 6.6 weeks showed moderate to strong 

expression in the nuclei of vCTBs, whereas the nuclei of STBs showed very weak to negligible 

staining (Figure 2.5V). Another placental sample at 6.6 weeks showed weak to negligible staining 

in the nuclei of vCTBs and STBs with most nuclei staining negatively for BAF57 (Figure 2.5W). 

At 8 weeks, BAF57 expression was extremely weak to negative in the nuclei of STBs and cCTBs 
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(Figure 2.5X). The placental sample at 8.6 weeks showed weak but prominent staining in the 

nuclei of vCTBs and weak-to-negligible heterogeneous staining in the nuclei of STBs (Figure 

2.5Y). However, nuclei of the cell columns showed strong staining. Interestingly, extraembryonic 

mesoderm staining was also observed for BAF155, BAF60A, as well as BAF57. These results 

are summarized in Table 2.1. 

Table 2.1: Expression of Epigenetic Factor Proteins in Early Human Placental Trophoblastsα 

 

Protein 6 weeks 6.6 weeks 8 weeks 

vCTB STB vCTB STB vCTB STB 

BAF155 +++ ++ +++ ++ + + 

BAF60A ++ + ++ + + + 

BAF57 + + ++/- +/- +/- +/- 

ING5 wb wb wb wb - - 

DNMT1 wb wb sb/wb sb/wb - - 

DNMT3B wb wb wb/- wb/- - - 

αExpression of proteins was studied using immunohistochemistry, as shown in Figures 4 and 5. (+++) represents robust 

staining; (++) represents moderate staining; (+) represents weak-to-very weak staining; (+ ± ) represents heterogeneity 

with some nuclei staining moderately and some staining negatively; (±) represents heterogeneity with some nuclei 

staining weakly and some staining negatively; (wb) represents weak background staining throughout the placenta; 

(sb/wb) represents variation with one replicate showing strong background staining throughout the placenta and 

another showing weak background staining throughout the placenta; (wb/−) represents variation with one replicate 

showing weak background staining throughout the placenta and another showing no staining; (−) represents no 

staining. 

 

2.4.3 Expression of DNMT1, DNMT3B and ING5 in First Trimester Human Placentas 

For ING5, no expression was detectable in the nuclei of vCTBs and STBs at 6−9 weeks although 

weak background staining could be seen at 6, 6.6 (replicate #1), and 8.6 weeks (Figure 2.6A−E). 

Expression of DNMT1 could not be detected using antibody #1 in human placentas at 6−9 weeks 

(Figure 2.6K−O). Using antibody #2, expression of DNMT1 could not be detected in the nuclei of 

vCTBs or STBs of the human placenta at 6−9 weeks, although weak background staining could 
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be seen at 6 and 6.6 (replicate #1) weeks, and at 8.6 weeks, showed significantly high background 

staining throughout the placenta (Figure 2.6K′−O′). Similarly, expression of DNMT3B could not 

be observed in the nuclei of vCTBs and STBs across 6−9 week human placentas, although weak 

background staining was observed at 6 and 6.6 (replicate #1) weeks (Figure 2.6U and V).  
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Figure 2.4: Study of expression of BAF155, BAF60A, BAF57, ING5, DNMT1, and DNMT3B in day6-differentiated 

H9 cells and day12-differentiated H1 cells using immunofluorescence. A) Day 6 differentiated H9 cells stained 

with DAPI, B) BAF155, C) merged, A’) DAPI, B’) BAF155 isotype, and C’) merged, D) DAPI, E) BAF60A, F) 

merged, D’) DAPI, E’) BAF60A isotype, and F’) merged, G) DAPI, H) BAF57, I) merged, G’) DAPI, H’) BAF57 

isotype, and I’) merged, J) DAPI, K) ING5, L) merged, J’) DAPI, K’) ING5 isotype, and L’) merged, M) DAPI, N) 

DNMT1, O) merged, M’) DAPI, N’) DNMT1 isotype, and O’) merged, P) DAPI, Q) DNMT3B, R) merged, P’) DAPI, 

Q’) DNMT3B isotype, and R’) merged. S) Day 12 differentiated H1 cells stained with DAPI, T) BAF155, U) 

merged, S’) DAPI, T’) BAF155 isotype, and U’) merged, V) DAPI, W) BAF60A, X) merged, V’) DAPI, W’) BAF60A 

isotype, and X’) merged, Y) DAPI, Z) BAF57, AA) merged, Y’) DAPI, Z’) BAF57 isotype, and AA’) merged, AB) 

DAPI, AC) ING5, AD) merged, AB’) DAPI, AC’) ING5 isotype, and AD’) merged, AE) DAPI, AF) DNMT1, AG) 

merged, AE’) DAPI, AF’) DNMT1 isotype, and AG’) merged, AH) DAPI, AI) DNMT3B, AJ) merged, AH’) DAPI, AI’) 

DNMT3B isotype, and AJ’) merged. AK) Day 0 undifferentiated H9 cells stained with DAPI, AL) DNMT3B, AM) 

merged, AK’) DAPI, AL’) DNMT3B isotype, and AM’) merged. 
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Figure 2.5: Study of the expression of BAF155, BAF60A, and BAF57 in first trimester human placentas using 

immunohistochemistry. (A) Staining for BAF155 in human placenta at 6, (B) 6.6, (C) 6.6, (D) 8, and (E) 8.6 weeks. 

(A′−E′) Higher magnification insets from A−E, respectively. (F) Staining for isotype control in human placenta at 6, 

(G) 6.6, (H) 6.6, (I) 8, and (J) 8.6 weeks. (K) Staining for BAF60A in human placenta at 6, (L) 6.6, (M) 6.6, (N) 8, 

and (O) 8.6 weeks. (K′−O′) Higher magnification insets from K−O, respectively. (P) Staining for isotype control in 

human placenta at 6, (Q) 6.6, (R) 6.6, (S) 8, and (T) 8.6 weeks. (U) Staining for BAF57 in human placenta at 6, (V) 

6.6, (W) 6.6, (X) 8, and (Y) 8.6 weeks. (U′−Y′) Higher magnification insets from U−Y, respectively. (Z) Staining for 

isotype control in human placenta at 6, (AA) 6.6, (AB) 6.6, (AC) 8, and (AD) 8.6 weeks. 
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2.5 Discussion 

We report the quantitative analysis of changes in the nuclear proteome during hESC 

differentiation to trophoblasts with a focus on the identification of epigenetic factor proteins that 

are modulated during this process. Notably, the expression of epigenetic factor proteins during 

trophoblast differentiation of hESCs has not been previously studied. The identification of these 

proteins is critical for understanding the mechanisms underlying hESC differentiation to 

trophoblasts because epigenetic factor proteins such as Dnmt1, Tet1, Eset, and Mbd3 have been 

reported to restrict mouse ESC differentiation to trophoblasts12,53−56. In this regard, we report that 

DNMT1 is downregulated in hESCs differentiated to trophoblasts through SB431542 treatment. 

We also report that the DNA methyltransferases DNMT3A and DNMT3B are downregulated in 

hESC-derived trophoblasts. Because DNA methylation is a key epigenetic property that 

demarcates ESCs from trophoblasts,12,57 we further propose that SB435142-induced 

downregulation of DNA methyltransferases in hESCs may have a critical role in enabling hESCs 

to differentiate to trophoblasts. We also observed upregulation of various components of the BAF-

A chromatin remodeling complex upon trophoblast differentiation of hESCs, including BAF53A, 

BAF47, BAF57, BAF250A, and BAF155. Baf155 and Baf47 have been previously implicated in 

mouse trophoblast development58−64. Additionally, we also observed upregulation of various 

components of the SIN3 histone deacetylase complex, including HDAC1, HDAC2, RBBP4, 

RBBP7, SAP18, and SDS3. SDS3 has been implicated in mouse trophoblast development,65 and 

Hdac1 has been implicated in mouse trophoblast stem cell maintenance66. Our results suggest 

the possibility that the BAF-A and SIN3 complexes may have important roles during hESC 

differentiation to trophoblasts. 
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Figure 2.6: Study of expression of ING5, DNMT1, and DNMT3B in first trimester human placentas using 

immunohistochemistry. (A) Staining for ING5 in human placenta at 6, (B) 6.6, (C) 6.6, (D) 8, and (E) 8.6 weeks. (F) 

Staining for isotype control in human placenta at 6, (G) 6.6, (H) 6.6, (I) 8, and (J) 8.6 weeks. (K) Staining for DNMT1 

in human placenta using antibody#1 at 6, (L) 6.6, (M) 6.6, (N) 8, and (O) 8.6 weeks. (P) Staining for isotype control 

in human placenta at 6, (Q) 6.6, (R) 6.6, (S) 8, and (T) 8.6 weeks. (K′) Staining for DNMT1 in human placenta using 

antibody#2 at 6, (L′) 6.6, (M′) 6.6, (N′) 8, and (O′) 8.6 weeks. (P′) Staining for isotype control in human placenta at 6, 

(Q′) 6.6, (R′) 6.6, (S′) 8, and (T′) 8.6 weeks. (U′) Staining for DNMT3B in human placenta at 6, (V′) 6.6, (W′) 6.6, (X′) 

8, and (Y′) 8.6 weeks. (Z′) Staining for isotype control in human placenta at 6, (AA) 6.6, (AB) 6.6, (AC) 8, and (AD) 

8.6 weeks 
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 The expression of epigenetic factor proteins in the human placenta has not been 

previously studied. Therefore, we used the in vitro model system based on hESC differentiation 

to trophoblasts to screen for the epigenetic factor proteins that are likely to be modulated in the 

human placenta. Of the 30 epigenetic factor proteins identified from MS analysis of hESC derived 

trophoblasts, we picked BAF155 (SMARCC1), BAF60A (SMARCD1), BAF57 (SMARCE1), 

DNMT1, DNMT3B, and ING5 for further study in the early first trimester human placenta. We 

picked early first trimester human placentas because we conjectured that hESC-derived 

trophoblasts may be similar to early gestation human trophoblasts as hESCs are themselves 

derived from the blastocyst stage of the early human embryo. Our observations from 

immunohistochemistry analysis are summarized in Table 1.   

 Consistent with downregulation of DNMT1 in hESC-derived trophoblasts, DNMT1 was not 

detectable in the human placenta at 8 weeks. This is also consistent with previous reports of 

transcriptional downregulation of DNMT1 in the human placenta67. Interestingly, DNMT1 is 

downregulated in human placentas but not in mouse placentas,68 thereby pointing to differences 

between human and mouse placental development. This is further consistent with reports that 

Dnmt1 epigenetically restricts mouse ESC differentiation to trophoblasts,12 whereas hESCs 

readily undergo trophoblast differentiation3−7,10,14 and also downregulate DNMT1 expression. 

 We also observed downregulation of DNMT3B in the MS screen of hESC-derived 

trophoblasts and confirmed that DNMT3B is not detected in human placental trophoblasts at 8 

weeks. This is consistent with previous reports wherein Dnmt3b expression is not observed in the 

trophectoderm of mouse blastocysts but is observed in the inner cell mass (ICM) 69. Also, Dnmt3b 

was downregulated during trophoblast differentiation of mESCs using an Oct3/4 knockout model68 

and in hESCs differentiated to trophoblasts using BMP470. Furthermore, we also observed 

downregulation of DNMT3A in our MS screen. Dnmt3a staining is not observed in the early ICM 

and TE of mouse blastocysts69. Also, during trophoblast differentiation of Oct3/4 knockout 

mESCs, the two isoforms of Dnmt3a, namely, Dnmt3a1 and Dnmt3a2, display upregulation and 
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downregulation, respectively68. Our study did not distinguish between these isoforms of DNMT3A, 

and we observed downregulation of DNMT3A expression in hESC-derived trophoblasts. 

 We observed that BAF155 is upregulated in hESC-derived trophoblasts at day 6 but not 

at day 12. In human placental trophoblasts, we detected BAF155 at 6−9 weeks. Baf155 has been 

described previously in mouse blastocysts58−62. Baf60a was also identified in mESCs,47,59 but its 

expression has not been studied in trophoblasts to date. BAF60A was not detected in hESC-

derived trophoblasts at day 6, but expression is detected in hESC-derived trophoblasts at day 12 

at a level similar to that in undifferentiated hESCs. In human placental trophoblasts, moderate 

expression of BAF60A was observed. The expression of Baf57 has also not been studied in 

trophoblasts. We report upregulation of BAF57 in hESC-derived trophoblasts at days 6 and 12. 

In human placental trophoblasts, heterogeneous expression is observed with some trophoblasts 

showing weak expression and others showing no expression. 

 The expression of ING5 has also not been studied in human trophoblasts. Although we 

observed upregulation of ING5 using proteomics, a subsequent analysis of differentiated hESCs 

using immunofluorescence revealed a decline in ING5 levels. This was consistent with our 

observations in 6−9-week human placental trophoblasts in which expression of ING5 was not 

detectable. 

 It must be noted that our day 12 cultures are heterogeneous and are comprised of vCTBs 

and iCTBs, as shown previously14. Therefore, it may be expected that the proteins identified by 

mass spectrometry are likely to show significant upregulation/ downregulation in both the vCTB 

and iCTB compartments. We do not observe contamination from iCTBs or STBs at day 6, as seen 

from flow cytometry analysis for SYNCYTIN1 and HLA-G. Additionally, the immunofluorescence 

analysis for BAF155, BAF60A, BAF57, ING, DNMT1, and DNMT3B are in agreement with the 

immunohistochemistry analysis of primary human placental samples. 

 Although our proteomic analysis was able to identify epigenetic factor proteins as well as 

some transcription factors, key transcription factors such as CDX2, ELF5, TEAD4, and GATA3 
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were not identified. It is possible that these transcription factors are in lower abundance as 

compared to the ones identified during mass spectrometry and that enrichment of transcription 

factors may be necessary for identifying more transcription factors. Moreover, our day 12 cultures 

were a heterogeneous population comprised of both vCTBs and iCTBs, which may lead to lower 

abundance of transcription factors that are solely associated with vCTBs, such as CDX2 and 

ELF5. It is also possible that these transcription factors are upregulated over specific durations 

during hESC differentiation; proteomic analysis will need to be carried out at those time points to 

capture key marker transcription factors associated with vCTBs. Additionally, it must be noted 

that hESC-based in vitro differentiation conditions may not capture the entire microenvironment 

of the human placental vCTBs and therefore may not be able to capture the entirety of biological 

processes that occur in vivo. Therefore, predictions from hESC-derived trophoblasts need to be 

corroborated with placental tissue. 

 

2.6 Conclusion 

We report quantitative proteomic analysis of the nuclear proteome as hESCs are differentiated to 

trophoblasts with emphasis on the identification of epigenetic factor proteins that are modulated 

during the differentiation process. Importantly, we observe that DNA methyltransferases are 

downregulated during hESC differentiation to trophoblasts. We further use the MS analysis as a 

screen for identifying epigenetic factor proteins that may be present in early human placental 

trophoblasts. Our analysis of human placentas for epigenetic proteins shows that the results from 

hESC-derived trophoblasts are largely consistent with the expression observed in early placental 

trophoblasts. Our results lend support to the validity of hESC-derived trophoblasts as a valid 

surrogate for early human placental trophoblasts. Further, our results, and the comprehensive 

proteomics data set included herein, provide important cues for further mechanistic studies on 

hESC fate specification and differentiation to trophoblasts. 
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CHAPTER 3: A chemically defined medium reveals a role for Sphingosine-1-Phosphate 

mediated signaling in trophoblast differentiation of human embryonic stem cells 

 

3.1 Summary 

 Human embryonic stem cells (hESCs) have frequently been differentiated to the 

trophoblast (TB) lineage through treatment with bone morphogenetic protein and/or inhibition of 

activin/nodal signaling.  Here we describe a chemically defined culture system for TB 

differentiation of hESCs. We show that the sphingolipid sphingosine-1-phosphate (S1P) is 

necessary for the differentiation of TBs from hESCs in this culture system.  The effect of S1P is 

mediated by signaling downstream of S1P receptors (S1PRs); chemical agonists for S1PR1-3 

can replace S1P during TB differentiation.  Further, we show that Rho/ROCK and Yap signaling 

pathways are essential for hESC differentiation to TB under these conditions. A chemically 

defined culture system will enable mechanistic studies on differentiation of hESCs to the TB 

lineage, and subsequently to terminally differentiated TB subtypes.  

 

3.2 Introduction 

 Specification of the trophectoderm (TE) and the inner cell mass (ICM) in the blastocyst  is 

the first differentiation event in the developing human embryo1–5.  The TE is the precursor of all 

trophoblast (TB) cells in the placenta. The TE gives rise to the multipotent cytotrophoblasts 

(CTBs), which subsequently differentiate to form the extravillous cytotrophoblasts (EVTs) and the 

syncytiotrophoblast (STB) - subpopulations of TB cells in the placenta.  Understanding of early 

human TB development and differentiation is limited due to ethical and regulatory constraints on 

research with human embryos6–10.  Immortalized cell lines derived from placental samples exhibit 

significant differences with primary TBs11–15.  More recently, culture of human TB stem cells and 

organoids, derived from primary TBs of the first trimester or the TE have been described16–18. 

These systems are valuable tools for investigating early human placental development. 
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Nevertheless, their relationship to primary tissue is not entirely clear. For instance, human TB 

stem cells do not express CDX2, a transcription factor associated with the TE and early CTB. 

Further, more importantly, culture conditions for maintenance of undifferentiated hTSCs and their 

differentiation to EVT or STB are poorly defined and not conducive to mechanistic understanding 

of TB biology.  

 Pluripotent stem cells such as hESCs are attractive sources for generating TB cells by 

differentiation. Generation of TB cells from hESCs was first reported by Xu et al. by treatment of 

hESCs with Bone Morphogenetic Protein 4 (BMP4)19. Subsequently, several studies have 

reported TB differentiation of hESCs with varying experimental protocols, which predominantly 

rely on BMP treatment and/or inhibition of additional receptor-mediated signaling pathways1,20–42. 

However, despite significant progress, molecular mechanisms regulating the differentiation of 

hESCs to TBs remain poorly understood. Additionally, a mechanistic understanding of terminal 

differentiation to EVT and STB is lacking. 

We have previously shown that bona fide TBs that exhibit properties similar to TBs in vivo, 

including demethylation of the ELF5-2b promoter region and down regulation of HLA class I 

antigens, can be derived from hESCs by inhibition of activin/nodal signaling. Further, we have 

shown that activin/nodal signal acts as a switch in controlling differentiation of hESC-derived TB 

to STB or EVT. Continued inhibition of EVT in hESC-derived TB results in EVT differentiation, 

while removal of activin/nodal inhibition results in STB formation33. These results are the starting 

point for the current work wherein we investigated the molecular mechanisms underlying TB 

differentiation of hESCs.  

Previous studies on TB differentiation have utilized feeder-cell derived conditioned 

medium (FCM) containing t knockout serum replacement (KOSR), or bovine serum albumin 

(BSA) in their experimental protocols28,29,32. Consequently, the culture system is poorly defined, 

rendering mechanistic studies difficult. Note that the exact composition of KOSR is not known and 

BSA is associated with lipid components that are poorly characterized43,44.  Other studies 
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investigating TB differentiation of hESCs in serum-free, defined culture systems have reported 

differentiation to cells associated with other germ layers such as mesoderm, extraembryonic 

mesoderm, and endoderm22,45–47.  Taken together, these observations led us to the hypothesis 

that an essential component associated with FCM and KOSR required during TB differentiation 

of hESCs.  S1P is a major component that is found in serum, KOSR, and shows binding affinity 

for BSA48–52.  Interestingly, as discussed below, S1P has been implicated in YAP signaling, which 

is associated with trophectoderm lineage specification. 

 TEAD4 is a key transcription factor that specifies the trophectoderm lineage in mammalian 

development3,53–56. Further, in mouse TEAD4-/- embryos are unable to form the trophectoderm 

lineage, showing TEAD4 is needed for TB specification53. The necessity of TEAD4 for 

trophectoderm specification suggests a significant role for YAP, which is downstream of the in the 

Hippo signaling pathway;  nuclear YAP has been shown to initiate TEAD4 transcription and have 

a key role in TB differentiation57–59.    Strikingly, two key lipid components of serum S1P and 

Lysophosphatidic Acid (LPA) have been implicated in YAP signaling through a G-protein coupled 

receptor (GPCR) mediated mechanism60–64.  S1P and LPA treatment causes nuclear localization 

of YAP through inhibition of the Hippo pathway kinases Lats1/2, which phosphorylate YAP and 

target it for degradation; inhibition of Lats1/2 results in dephosphorylation of YAP, leading to 

nuclear localization and accumulation of YAP60,61,64–66.  In addition, S1P has been activate 

Rho/Rock, which can inhibit Lats1/2 and cause nuclear YAP localization67–69.   

 Due to S1P being involved in activation of YAP, and its presence in serum, KOSR, and 

BSA, we chose to investigate the role of S1P in TB differentiation of hESCs, in the context of a 

chemically defined, serum-free culture system. Additionally, we used this culture system to 

investigate the role of Rho/ROCK and YAP signaling in TB differentiation of hESCs.  
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3.3 Results 

3.3.1 Initial S1P treatment of hESCs leads to formation of CTB-like cell with potential of 

subsequent formation of both EVT- and STB-like cells. 

We adapted our previously described conditions for TB differentiation in the context of a 

completely defined and serum free medium33. We studied whether treatment with S1P in addition 

to BMP4, SB431542 (TGF-β inhibitor) and basic FGF (bFGF; FGF2) could lead to the formation 

of CTBs from hESCs after 6 days of treatment (Figure 3.1A).  To assess TB formation, we 

measured expression levels of the TB markers CDX2 and ELF5 in both H9 and H1 cell lines 

(Figure 3.1B).  Both markers were observed to be upregulated throughout treatment.  Mesoderm-

associated genes such as LMO2, KDR and T (brachyury) were not upregulated; however, 

significant upregulation of TBX4 was observed in in both cell lines.  Expression of the neural 

genes MSI1, OLIG3, and NES (Nestin) was variant did not show any significant difference from 

hESCs. These results showed that neural and mesodermal differentiation did not occur under 

these conditions.   At day 6, cells expressed a pan-TB marker, KRT7, as well as the CTB marker, 

P63, and mono-nuclear marker GATA3 (Figure 3.1C).  These cells were designated a CTB-like 

cell type with differentiation potential towards EVT- and STB-like cells. 

To analyze EVT and STB differentiation potential, a similar protocol to Sarkar et al. was 

utilized33.  EVT differentiation was carried out by passaging CTB-like cells obtained at day 6 with 

continual treatment of SB431542 along with the addition of Epidermal Growth Factor (EGF), in 

the presence of TGF-β and bFGF (Essential 8 medium) (Figure 3.1D).  These cells underwent 

epithelial to mesenchymal transition (EMT) over the course of 6 days and expressed the pan-TB 

marker KRT7, along with strong EVT marker expression of HLA-G and VE-Cadherin (Figure 

3.1E).  STB was formed through passaging of CTB-like cells obtained at day 6 in medium 

containing Activin A and EGF (Figure 3.1F).  Over 8 days, the cells flattened and formed large 

multinucleated cells as shown by membrane staining, and expressed the STB markers KRT7, 

hCG, and Syncytin (Figure 3.1G).  It is important to note that high seeding density prevented 
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syncytialization of cells and subsequent marker expression.  Thus, a low seeding is critical for 

formation of STB. In contrast, seeding density did not significantly impact EVT differentiation. 

Taken together, these results show that hESCs can be differentiated to form CTB-like cells, and 

subsequently further differentiated to EVT or STB in a chemically defined medium.  
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Figure 3.1: Initial S1P treatment of hESCs leads to formation of CTB-like cell with potential of subsequent 

formation of both EVT- and STB-like cells. 

(A) Schematic of differentiation protocol of hESCs to TB.  (B) Gene expression of CDX2, ELF5, KDR, LMO2, 

MSH1, Nes (nestin), OLIG3, and T (brachyury) in H9 hESCs over 2,4,6-day induction treatment compared to 

hESCs. Three biological replicates were used. (Error bars, S.E. *, statistically significant changes (p<0.05). (C) 

Immunostaining of KRT7 (TB marker), P63 and GATA3 (CTB markers) in H9 cells at day 6 of initial treatment.  

Nuclei were stained with DAPI. (D)  Confocal images of EVT-like cells from 12-day treatment of H9 hESCs 

staining for KRT7, HLA-G and VE-Cadherin (EVT markers).  (E) Confocal images of STB-like cells from 14-day 

treatment of H9 hESCs staining for KRT7, Syncytin and hCG (human choriogonadotropin) (STB markers). 
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3.3.2 S1P, Rho/Rock signaling, and YAP are necessary for TB differentiation from hESCs 

To investigate if S1P is necessary for TB differentiation from hESCs, S1P was dropped 

during the initial differentiation of hESCs to the CTB cell type (Figure 3.2A).  These cells were 

further differentiated to the EVT and STB using the same methods as previously described.  The 

gene expression of CTB-like cells at day 6 of treatment in the absence of S1P showed variant 

expression levels in key neural and mesoderm markers, relative to the S1P control (Figure 3.2D).  

H9 cells showed relatively stable expression of CDX2 compared to both treatments, while H9 

cells showed higher expression level of ELF5.  KDR saw a significant downregulation, but LMO2 

saw a high up-regulation.  The neural gene, NES did not see any significant difference in the cell 

lines, but MSI1 and OLIG3 did see a significant up-regulation in H9 cells compared to control.  

We further investigated if EVT and STB cell types could be formed using the previously described 

protocol (Figure 3.1A), despite removal of S1P in the initial differentiation step.  Dropping S1P 

from the initial step abolished the ability to form EVTs that are positive for HLA-G and VE-Cadherin 

(Figure 3.2B).  Further, differentiation to STB did not occur, as observed by a lack of expression 

of Syncytin and KRT7 in both H9 and H1 cell lines (Figure 3.2C).  These results suggest that 

removal of S1P causes hESCs to differentiate towards neural and mesoderm over TB, ensuring 

the necessary role of S1P. 

We next investigated the role of Rho/ROCK and YAP signaling in the context of TB 

differentiation of hESCs our defined culture system. (Figure 3.2A).  To assess the role of 

Rho/ROCK signaling we added Y-27632, a ROCK inhibitor, throughout during the differentiation 

towards the CTB, EVT, and STB.   
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Figure 3.2: S1P, Rho/ROCK signaling, and YAP are necessary for TB differentiation from hESCs. 

(A) Schematic outline of differentiation protocol of hESCs to TBs.  (B) Confocal images of EVT-like cells from 12-

day treatment of H9 hESCs with loss of S1P (-S1P), ROCK inhibition (+Y27632), induced scramble shRNA 

(scramble), and induced shRNA knockdown of YAP (YAPish) staining for HLA-G and VE-Cadherin.  Nuclei were 

stained with DAPI.  (C) Confocal images of STB-like cells from 14-day treatment of H9 hESCs with loss of S1P (-

S1P), ROCK inhibition (+Y27632), induced scramble shRNA (scramble), and induced shRNA knockdown of YAP 

(YAPish) staining for KRT7 and Syncytin.  (D) Gene expression of CDX2, ELF5, KDR, LMO2, MSH1, NES 

(Nestin), OLIG3, and T (Brachyury) in H9 hESCs at 6-day induction treatment with loss of S1P, ROCK inhibition, 

and induced shRNA knockdown of YAP compared to 6-day normal induction treatment or scrambled shRNA 

knockdown. Three biological replicates were used. (Error bars, S.E. *, statistically significant changes (p<0.05)) 
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We did not observe significant differences in gene expression compared to control cells in H9 

cells. (Figure 3.2D).  H9 cells were able to form EVTs that expressed HLA-G, but only some cells 

weakly expressed VE-Cadherin, showing a heterogeneous population of EVTs (Figure 3.2B).  

Additionally, continued inhibition of ROCK eliminated the formation of STB in H9 lines, as 

evidenced by lack of expression of Syncytin and KRT7 (Figure 2D). 

To investigate the role of YAP signaling in TB formation from hESCs, we used an hESC 

cell line (H9) that expresses an inducible shRNA against YAP (H9-YAP-ishRNA). This cell line 

along with a scrambled shRNA control were the kind gift from Dr. Sean Palecek (University of 

Wisconsin).  shRNA expression was induced with doxycycline and under constant exposure to 

puromycin as the selection marker.  Gene expression analysis revealed significant reduction in 

ELF5 upon YAP knockdown, relative to the scrambled shRNA control, though the CDX2 was 

statistically similar (Figure 3.2D).  Significant downregulation of the mesodermal genes TBX4 and 

LMO2 was observed, whereas, while T was upregulated, in H9-YAP-ish, relative to the scrambled 

control.  Importantly, YAP knockdown abolished differentiation to EVT and STB, as evidenced by 

lack of expression of the relevant markers. Notably, high cell death was observed (Figures 3.2B-

C). Taken together, these results show that Rho/ROCK signaling, and YAP are necessary for 

differentiation of hESCs to functional TB that can give rise to both EVTs and STB. 

 

3.3.3 Formation of TBs from hESCs acts through receptor-mediated S1P signaling 

S1P can mediate its effects through both receptor-mediated receptor-independent 

pathways62,63. To investigate the specific mechanism of S1P action, we replaced S1P with D-

erythro-dihydrospingosine-1-phosphate (dhS1P) in our differentiation protocol. dhS1P mediates 

signaling through S1PRs similar to S1P but cannot replace the intracellular function of S1P.  

Under these conditions TB differentiation of hESCs occurred similar to the case with S1P. The 

CTB-like cells at day 6 of treatment showed high expression levels of CDX2, GATA3, P63, and 

TEAD4 (Figure 3.3A).  Upon further differentiation as previously described, STB showing marker 
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expression of KRT7 and hCG, and EVT with high levels of HLA-G and VE-Cadherin could be 

obtained (Figure 3.3B-C).  These results show that S1P mediates its effects through its receptors 

in the context of TB differentiation of hESCs in our defined culture system.  

 S1P acts extracellularly through S1PR1-5 62,63, however TBs have been shown to only 

express S1PR1-3 65.    To identify specific S1PRs involved in TB differentiation of hESCs in our 

culture system, we used selective chemical agonists for S1PR1-3 –CYM5442 hydrochloride, 

CYM5520 and CYM5541, respectively – to replace S1P in differentiation protocols previously 

discussed. Expression of markers associated with CTB, STB, and EVTs.  Expression for CDX2, 

GATA3, P63, and TEAD4 was observed for all three agonists (Figure 3.3A).  Variability was seen 

in CDX2 and P63 marker expression, with CYM5442 and CYM5541 agonists giving strong 

expression of CDX2 and P63, though nuclear P63 expression was strongest for CYM5442 

compared to CYM5541.  Use of the S1P2 agonist, CYM55220, resulted in lower expression of 

CDX2, strong cytoplasmic expression of P63, and high heterogeneity in staining at day 6 relative 

to other the other agonists. Formation of STB and EVTs, with strong expression of KRT7, hCG 

for STB (Figure 3.3B) and HLA-G, VE-Cadherin for EVTs (Figure 3.3C), was observed with all 

three agonists.   Formation of large multinucleated STB was more pronounced when CYM5520 

or CYM5541 was used, as compared to CYM5442. On the other hand, differentiation to 

mononuclear EVTs was enhanced by CYM5442 and CYM5541, relative to CYM5520.  
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Figure 3.3:  Formation of TBs from hESCs acts through receptor-mediated S1P signaling 

(A) Confocal images of CTB-like cells from 6-day treatment induced with dhS1P, CYM5442 (S1P1A), CYM5220 

(S1P2A), and CYM5541 (S1P3A) staining for CDX2 (TE marker), GATA3, P63, and TEAD4.  (B) Confocal 

images of STB-like cells from 14-day treatment induced with dhS1P, CYM5442, CYM5520, and CYM5541 during 

initial 6-day treatment staining for KRT7 and hCG.  (C) Confocal images of EVT-like cells from 12-day treatment 

induced with dhS1P, CYM5442, CYM5220, and CYM5541 during initial 6-day treatment staining for HLA-G and 

VE-Cadherin. 
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3.4 Discussion 

 A significant obstacle in the use of pluripotent stem cell models for early human TB 

development is that the mechanistic basis for TB differentiation of hESCs remains unclear.  Lack 

of a completely defined culture system for studies on TB differentiation hinders mechanistic 

studies. Towards this end, we have developed a completely defined culture system for TB 

differentiation of hESCs that utilizes the sphingolipid S1P. Treatment of hESCs with BMP and 

activin/nodal inhibition in the presence of S1P, in a completely defined and serum-free medium.  

resulted in the formation of a CTB-like cells that could be directed towards either the STB or EVT 

cell types. Our differentiation protocol is thus similar to that described by Sarkar et al., with 

replacement of FCM for S1P33.    

 Though a few previous studies on TB differentiation of hESCs have started with defined 

medium conditions, they subsequently utilize FCM, KOSR, or BSA28,32,34.  In our studies, hESCs 

were initially cultured in the defined Essential-8 (E8) medium consisting of 8 essential 

components, including FGF2 and TGF-.  TB differentiation is initiated in Essential-7 (E7) 

medium as a defined basal medium; E7 contains the same high concentration of FGF2 (100 

ng/ml) as E8, but lacks TGF-β.  Inhibition of FGF2 in combination with BMP4 induction and 

inhibition of TGF-β results in high differentiation of hESCs to TB, specifically towards STB27.  

Several subsequent studies have since inhibited FGF for TB differentiation of hESCs28,29,32,34,71,72. 

Interestingly however, inhibition of FGF in TB differentiation protocols resulted in a lack of 

mononuclear mesenchymal EVTs expressing the key marker HLA-G1,28,35.  Note that 

mesenchymal EVTs expressing HLA-G are readily obtained in our studies. Our results prompt us 

to speculate that FGF2 may be important in the formation of mesenchymal EVT compartment or 

possibly initiate formation column CTB cells, a precursor to mesenchymal EVT differentiation.  In 

this context, it is interesting to note that FGFs are expressed in the placenta, and have been 

shown to play a role in invasion73.   
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 Similar to Sarkar et al. and Horii et al.32,33, we utilized a two-step differentiation protocol to 

produce homogenous populations of STB and EVTs.  To generate STB, CTB-like cells derived 

from hESCs at day 6 were passaged into minimal basal medium (E6, which is E7 lacking TGF-) 

only containing Activin A and EGF.    STB formation has been induced by a variety of different 

protocols such as forskolin, a cAMP agonist or EGF16,33.  Our previous studies have shown that 

STB differentiation requires activation of Activin/Nodal signaling. Therefore, we chose to include 

Activin A in our protocol.  EGF was included since it has been shown to induce cAMP amplification 

in cells, and has been implicated in cellular syncytialization74–78.  EVTs were formed in E8 medium 

containing FGF2 and TGF-, supplemented with a TGF-beta inhibitor and EGF.  FGF2 and EGF 

were added due to their ability to induce epithelial to mesenchymal transition79–81.  The role of 

TGF-β in the medium, which also contains an inhibitor of the ALK5/4/7 TGF- receptor kinases 

associated with canonical SMAD2/3 signaling, is unclear. Possible explanations that needs further 

investigation is the role of non-canonical TGF- signaling or binding to ALKs associated with 

SMAD1/5/8 signaling (red).  Consistent with our results however, the protocol for obtaining EVTs 

from human TB stem cells used with Matrigel with high concentrations of EGF, FGF2 and TGF-β 

in combination with inhibition of SMAD2/316. 

 We found that addition of S1P is necessary for the differentiation of hESCs to TBs in our 

defined culture system; removal of S1P completely abolished the ability to form EVTs or STB.  

Moreover, in the absence of S1P, expression of neural and mesoderm markers was observed.  

Previous studies have shown S1P can activate Rho/ROCK and YAP signaling60,61,64–69.  In this 

context, we observe that inhibiting Rho/ROCK or knocking down YAP expression abolishes the 

differentiation of hESCs to functional TB.  ROCK inhibition did not alter the gene expression of 

mesoderm and neural markers compared to control but did abolish the ability to form STB-like 

cells.  Interestingly, H9 hESCs were able to form EVTs expressing HLA-G, but VE-Cadherin was 

not expressed indicating that cells formed may not be bona fide EVTs.   YAP knockdown during 
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TB differentiation of hESCs affects results in up-regulation of the mesoderm marker, T, while also 

showing lower expression of ELF5.  Further, cells were unable to form STB and EVTs upon YAP 

knockdown, while a control scramble line was able to form both cells types.  YAP may play an 

essential role for TB formation, but it is still unclear as to how YAP is being regulated. While our 

results conclusively show that S1P, Rho/ROCK and YAP are necessary for TB differentiation of 

hESCs in our culture system, additional studies are needed to clarify mechanistic details linking 

these pathways 

 Studies using dhS1P or chemical agonists of S1P receptors show that S1P receptor 

mediated signaling plays a role in TB differentiation of hESCs in our culture system.   Previous 

studies have shown that S1P plays an important role in TB functionality and differentiation, and 

TB only express S1P1-3
82–84.  We found that agonists of S1P1-3 are all able to form the CTB, STB, 

and EVT compartments. However, differences were observed in case of the S1P2 agonist; low 

expression of CDX2 in the CTBs and a lower propensity to form mononuclear EVTs was 

observed.  S1P2 has been shown to decrease invasion in EVTs, and the initial induction of S1P2 

may have altered cells ability to form EVTs85.  The agonists for S1P1 and S1P3 showed high 

propensity to form CTBs, STB, and EVTs. Based on the high expression of CDX2 in differentiated 

cells, S1P3 was chosen to be the best agonist for use in TB differentiation from hESCs.  We were 

unable to derive human TB stem cells from hESC-derived CTB at day 6.  Our data shows the 

CTB marker P63 becoming cytoplasmic, indicating potential differentiation at this time point.  

Further optimization is required to fully maintain the CTB compartment and is discussed in detail 

in Chapter 4.   

 In conclusion, we have established that S1P and chemical agonists of the S1P receptors 

specifically the S1P3 agonist, can be used for the differentiation of TBs from hESCs in a serum-

free defined media system.  This provides a powerful tool for studying the molecular and functional 

characterization of TB formation.  Furthermore, this system allows the potential for developing 

and maintaining human TB stem cells from hESCs. 
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3.5 Materials & Methods 

Table 3.1: Key resources table 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Anti-KRT7 Santa Cruz Biotechnology Cat#sc-23876, RRID:AB_2265604 

Anti-KRT7 Cell Signaling Technologies Cat# 4465, RRID:AB_11178382 

Anti-hCG Abcam Cat# ab9582, RRID:AB_296507 

Anti-hCG Abcam Cat# ab9376, RRID:AB_307221 

Anti-P63 Cell Signaling Technologies Cat# 13109, RRID:AB_2637091 

Anti-GATA3 Cell Signaling Technologies Cat# 5852, RRID:AB_10835690 

Anti-TEAD4 Abcam Cat# ab58310, RRID:AB_945789 

Anti-CDX2 Abcam Cat# ab76541, RRID:AB_1523334 

Anti-VE-Cadherin Cell Signaling Technologies Cat# 2500, RRID:AB_10839118 

Anti-HLA-G Abcam Cat# ab52455, RRID:AB_880552 

Anti-Syncytin Santa Cruz Biotechnology Cat# sc-50369, RRID:AB_2101536 

Rabbit Polyclonal IgG R&D Systems Cat# AB-105-C, RRID:AB_354266 

Rabbit XP IgG Cell Signaling Technologies Cat# 3900, RRID:AB_1550038 

Mouse IgG1 Abcam Cat# ab18447, RRID:AB_2722536 

Mouse IgG2a Abcam Cat# 554126, RRID:AB_479661 

Alexa Fluor 488-conjugated anti-rabbit IgG Thermo Fisher Scientific Cat# A-11034, RRID:AB_2576217 

Alexa Fluor 647-conjugated anti-rabbit IgG Thermo Fisher Scientific Cat# A-21052, RRID:AB_2535719 

DAPI R&D Systems Cat#5748 

Chemicals, Peptides, and Recombinant Proteins 

TrypLE Thermo Fisher Scientific Cat#12604013 

Vitronectin Thermo Fisher Scientific Cat#A14700 

TeSR-E8 Stem Cell Technologies Cat#05990 

TeSR-E7 Stem Cell Technologies Cat#05914 

TeSR-E6 Stem Cell Technologies Cat#05946 

ReleSR Stem Cell Technologies Cat#05872 

Sphingosine-1-phosphate Tocris Cat#1370 

PBS w/o CaMg Sigma Cat#D5773 

PBS w/ CaMg Sigma Cat#D8662 

SB431542 Tocris Cat#1614 

BMP4 Thermo Fisher Scientific Cat#PHC9534 

CYM5442 hydrochloride Tocris Cat#3601 

CYM5520 Tocris Cat#5418 

CYM5541 Tocris Cat#4897 

Y-27632 dihydrochloride Tocris Cat#1254 

Doxycycline hyclate Tocris Cat#4090 

Puromycin dihydrochloride Tocris Cat#4089 
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Table 3.1 (continued). 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

EGF R&D Systems Cat#236-EG 

Activin A R&D Systems Cat#338-AC 

Trizol Reagent Thermo Fisher Scientific Cat#15596018 

DEPC Sigma Cat#95284 

Baseline Zero DNAase Kit VWR Cat#76081-624 

Oligo-dT IDT Cat#51-01-15-07 

dNTP mix Thermo Fisher Scientific Cat#10297018 

Superscript II RT Thermo Fisher Scientific Cat#18064014 

SYBR Green Supermix Bio-rad Cat#1725272 

Greiner Bio-one Cell View glass plates Greiner Bio-one Cat#627965 

Methanol Fisher Scientific Cat#A412-500 

Acetone Fisher Scientific Cat#A18-500 

4% Paraformaldehyde in PBS Thermo Fisher Scientific Cat#R37814 

Triton X-100 Sigma Cat#T8787 

Human IgG Immunoreagents Cat#Hu-003-C 

BSA Fisher Scientific Cat#BP9703 

 

3.5.1 Culture of hESCs   

H1 and H9 hESCs were grown on Vitronectin coated at 5 µg/ml at room temperature for 

at least one hour.  hESCs were cultured in TeSR-E8 medium at 37°C in 5% CO2 and culture 

medium was replaced every day.  When cells reached confluency, they were passaged using 

ReleSR according to manufactures protocol as colonies at 1:30 split ratio.  

 

3.5.2 Differentiation of hESCs   

The day after passaging, H1 or H9 cultures were induced with sphingosine-1-phosphate 

(10 µM), SB431542 (25 µM), BMP4 (20 ng/ml) to TeSR-E7 for 6 days.  In some experiments 

CYM5442 hydrochloride (20 nM), CYM5520 (5 µM), CYM5541 (2 µM), Y-27632 (5 µM), 

Doxycycline (2 µM), and/or Puromycin (1.5 µg/mL) was added during the differentiation process.  

The medium was replaced every day. 
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At day 6 of treatment, cells were dissociated with TrypLE for 5 min at 37°C.  For induction 

of EVTs, cells were seeded in a 6-well plate pre-coated with 5 µg/ml of vitronectin at a density of 

7×104 cells per well and cultured in 2 ml of EVT medium [TeSR-E8 medium supplemented with 

SB431542 (25µM) and EGF (2.5 ng/ml)].  Medium was replaced every other day and analyzed at 

day 12 of total treatment.  For induction of STB, cells were seeded in a 6-well plate pre-coated 

with 5 µg/ml of vitronectin at a density of 4×104 cells per well and cultured in 2 ml of STB medium 

[TeSR-E6 supplemented with Activin A (20 ng/ml) and EGF (50 ng/ml)].  Medium was replaced 

every other day and analyzed at day 14 of total treatment. 

 

3.5.2 RNA Isolation, cDNA synthesis and Quantitative PCR.   

RNA was isolated using TrizolTM reagent using manufacturer’s protocol.  For cDNA 

synthesis, the RNA pellet was dissolved in diethyl pyrocarbonate (DEPC)-treated water.  The 

RNA was purified using Baseline-ZERO DNase buffer and Baseline-ZERO DNase enzyme and 

incubating at 37°C for 30 min.  The purification was stopped with Baseline-ZERO DNase stop 

solution and heated at 65°C for 10 min.  cDNA was synthesized using 18-mer Oligo-dT and dNTP 

mix and heated to 65°C for 5 min and quickly chilled on ice.  First strand buffer and DTT was 

added and incubated at 42°C for 2 min then superscript II RT enzyme was added and incubated 

at 42°C for 50 min.  The enzyme was inactivated at 70°C for 15 min.  The cDNA was stored at -

20°C until further used.   

The Quantitative PCR (qPCR) reaction was carried out using SYBR Green Supermix in a 

C1000 Touch Thermal Cycler CFX384 Real-Time System (Rio-Rad).  The primers used for qPCR 

analysis are listed in Table 3.2.  ANOVA analysis of the data was carried out with SAS software 

using the ΔΔCt method to determine gene expression changes Analysis of relative gene 

expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method.  Methods 

San Diego Calif 25:402-408.).  QPCR analysis was carryout out using three biological replicates 

for H9 and H1 hESCs as specified in the figure panels. 
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3.5.3 Immunofluorescence 

 For immunofluorescence analysis, cells were grown on glass-bottom culture dishes 

coated with Vitronectin.  Cells were fixed using 1:1 methanol:acetone or 4% paraformaldehyde in 

PBS (Thermo Fisher) for 10 min, permeabilized with 0.5% Triton X-100 for 5 min. and blocked in 

3% BSA/PBS with 0.1% human IgG and 0.3% Triton X-100 for one hour.  Cells were then 

incubated overnight with the primary antibody diluted in blocking buffer.  The following primary 

antibodies were used: anti-KRT7 (1:50), anti-hCG (1:100), anti-P63 (1:600), anti-GATA3 (1:500), 

anti-TEAD4 (1:250), anti-CDX2 (1:300), anti-VE-Cadherin (1:400), anti-HLA-G (1:300), anti-

Syncytin (1:50), corresponding isotype controls (rabbit polyclonal IgG, rabbit XP IgG, mouse IgG1, 

and mouse IgG2a) were used at primary antibody concentrations.  Alexa Fluor 488- or Alexa Fluor 

647-conjugated secondary antibodies were used as secondary antibodies.  Nuclei were stained 

with DAPI and all samples were imaged using a Zeiss LSM 710 or 880 laser scanning confocal 

microscope (Carl Zeiss, Germany). 

 

Table 3.2: List of primers used for quantitative PCR analysis 

Gene Primer Sequence 

CDX2 Forward GGC AGC CAA GTG AAA ACC AG 

CDX2 Reverse GGT GAT GTA GCG ACT GTA GTG AA 

ELF5 Forward GCT GCG ACC AGT ACA AGT TG 

ELF5 Reverse CTG CCT CGA CGA ACT CCT C 

GAPDH Forward CTC CAC GAC GTA CTC AGC G 

GAPDH Reverse TGT TGC CAT CAA TGA CCC CTT 

KDR Forward GGC CCA ATA ATC AGA GTG GCA 

KDR Reverse CCA GTG TCA TTT CCG ATC ACT TT 

LMO2 Forward GGC CAT CGA AAG GAA GAG CC 

LMO2 Reverse GGC CCA GTT TGT AGT AGA GGC 

MSI1 Forward TAA AGT GCT GGC GCA ATC G 

MSI1 Reverse TCT TCT TCG TTC GAG TCA CCA 

NES Forward CTG CTA CCC TTG AGA CAC CTG 

NES Reverse GGG CTC TGA TCT CTG CAT CTA C 

OLIG3 Forward AGC CGT CTC AAC TCG GTC T 
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Table 3.2 (continued). 

OLIG3 Reverse CAT GGC TAG GTT CAG GTC GTG 

T Forward CTG GGT ACT CCC AAT GGG G 

T Reverse GGT TGG AGA ATT GTT CCG ATG A 

TBX4 Forward TGT TCC CCA GCT ACA AGG TAA 

TBX4 Reverse GCA GGG ACA ATG TCA ATC AGC 
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CHAPTER 4: Derivation of trophoblast stem cells from human embryonic stem cells 

 

4.1  Summary 

 Human embryonic stem cells (hESCs) have emerged as a robust model for generating 

functional trophoblast. We have previously described (Chapter 3) a chemically and serum-free 

defined culture system for generating all TB subtypes.  Here, we expand upon that study and 

describe the derivation of human trophoblast stem cells (hTSCs) from human embryonic stem 

cells. Specifically, we show maintenance of two distinct hTSC states – one we hypothesize is 

similar to the trophectoderm in the blastocyst stage embryo, and the other with similarities to 

hTSCs derived from primary placenta samples.  The ability to derive hTSCs form hESCs enables 

mechanistic studies on early trophoblast development. Further, derivation of hTSCs from induced 

pluripotent stem cells (iPSCs), similar to hESCs, will enable studies on the role of genetic effects 

in placental disorders.    

 

4.2 Introduction 

The human placenta plays a pivotal role in early development by regulating  nutrient and 

gas exchange between the developing fetus and mother.  Trophoblasts are specialized cells 

within the placenta made up of three subpopulations – the cytotrophoblast (CTB), 

syncytiotrophoblast (STB), and extravillous cytotrophoblast (EVT)1–4.  The CTBs are the stem cell 

compartment of trophoblasts that can differentiate to form STB and EVTs.  The CTB differentiates 

to EVTs by proliferation out of the placental villi, by formation of a column cytotrophoblast 

intermediate.  These column cells further differentiate into other specialized EVT subtypes  that 

invade the decidualized endometrium and remodel spiral arteries in the uterus5–8.  The STB is 

established by cell fusion of CTB, developing one large STB cell that encapsulates the placental 

villi and mediates exchange of nutrients and gas9.  All TB lineages arise from the trophectoderm 

(TE), the outer layer of the blastocyst stage embryo10–14.  
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Abnormalities in TB differentiation, invasion and proliferation are associated with 

pregnancy-related  complications such as miscarriage, preeclampsia, and placenta accreta15–18.  

Yet, human trophoblast development is poorly understood due to ethical and legal constraints on 

research with human embryos and limited availability of placental samples from early 

gestation2,19–22.  Recent studies have made significant strides into understanding trophoblast 

biology by the establishment of the human trophoblast stem cell (hTSC) and organoids23–25.  

Nevertheless, limitations remain in our understanding of early trophoblast development.  hTSCs, 

as described by Okae et al., do not express CDX2 — a transcription factor that is expressed in 

TE and early CTB26–30. Also,  physical layout and orientation of trophoblast subtypes is not 

consistent with that in vivo, in the previously described organoid systems23,24,31,32.   

Human embryonic stem cells (hESC) have been proposed as an attractive alternative 

source for generating an in vitro model of early trophoblast development since differentiation to  

trophoblast-like cells by treatment of hESCs with Bone Morphogenetic Protein 4 (BMP4) was 

reported33. In previous studies, we have shown that bona fide trophoblasts consistent with their 

in vivo counterparts, with key properties such as hypomethylation of the ELF5-2b promoter and 

downregulation of HLA class I antigens, can be derived from hESCs34. We further developed a 

completely defined and serum-free system for differentiation of hESCs to the trophoblast lineage, 

and subsequent differentiation to EVT or STB (Chapter 3).   Here we describe the derivation of 

hTSCs from hESCs. Specifically, we describe derivation and maintenance of two distinct types of 

hTSCs — CDX2+ hTSCs that we hypothesize are more similar to the TE, and CDX2- P63+ hTSCs 

state similar to of hTSCs described by Okae et al25.  Our approach may be used for generation of 

hTSCs from induced pluripotent stem cells (iPSCs), thereby enabling studies on the role a specific 

genetic background on placental development. Additionally, the generation of CDX2+ hTSCs from 

hESCs may potentially enable mechanistic studies on formation of the human trophectoderm.  
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4.3 Results 

4.3.1 Reduced induction time of hESCs retains stem cell potential. 

 We investigated trophoblasts obtained by treatment of hESCs with  the S1P3 agonist 

CYM5541, SB431542, BMP4, and bFGF for 6 days (Figure 4.1A) could be passaged and 

maintained in the trophoblast stem cell medium (TSCM) developed by Okae et al25.  Upon plating 

in TSCM, cells were observed to differentiate significantly, and epithelial colonies could not be 

retained after a single passage (data not shown).  Our previous data has shown that CDX2 

expression is upregulated significantly in as little as 2 days of initial treatment with S1P (Figure 

3.1A).  Also, Horii et al. explored BMP4 induction times as short as 4 days, showing CDX2+ and 

P63+ cells27. Therefore, we explored the use of a shorter differentiation step to observe if 

expression of CDX2, P63, and TEAD4 was obtained.  Upon 3-day treatment, H9 and H1 hESCs 

expressed uniform nuclear CDX2, P63, and TEAD4 (Figure 4.1B).  To confirm that the 3-day 

differentiation step was optimal, we assessed CDX2 expression at two different time points, 3- 

and 6-days (Figure 4.1C).  Quantitative analysis of cells positive for nuclear CDX2 cells showed 

that a 3-day differentiation protocol resulted in higher fraction of CDX2+ cells in both H1 and H9 

cell lines.  Notably, use of a 6-day protocol resulted in significantly reduced CDX2+ cells in case 

of H1 hESCs.  From this analysis, a 3-day induction time was chosen as optimal for TB 

differentiation of hESCs. 
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Figure 4.1: Establishment of CDX2+ hTSCs from day-3 treated hESCs. 

(A) Schematic of differentiation protocol for establishment of hTSCCDX2 from hESCs. (B) Confocal images of 3-

day treated H9 hESCs staining for CDX2 (TE marker), P63 (CTB marker), and TEAD4. Nuclei were stained with 

DAPI. (C) Confocal CDX2 nuclei staining analysis of 3-day and 6-day induction periods of H1 (day 3, n=5455; day 

6, n=2448) and H9 (day 3, n=5552; day 6, n=6448) hESCs.  Analysis was performed in MATLAB, at least 2 

biological replicates were used. (Error bars, S.E. *, statistically significant changes (p<0.05). (D) Confocal images 

of hTSCCDX2 staining for CDX2, TFAP2C and GATA3 (CTB markers), YAP, TEAD4, and P63. 
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4.3.2 Establishment of CDX2+ hTSCs from day-3 treated hESCs 

 To analyze if 3-day treated cells could be maintained we first tried to culture the cells in 

medium containing CYM5541 (S1P3 agonist), CHIR99021 (Wnt activator), A83-01 (TGF-β 

inhibitor), and Epidermal growth factor (EGF) similar to Okae et al25.  CHIR99021 and A83-01 

were added to retain a proliferative epithelial morphology, while EGF was added due to high 

EGFR expression found in CTBs and its use in hTSCs and organoids23–25,31. Upon plating, cells 

started to differentiate and undergo epithelial to mesenchymal transition (EMT).  Further culturing 

revealed loss of epithelial cells (data not shown).  FGF10 was tested next as a potential growth 

factor source due to FGFR2b signaling found in primary and hTSC samples25.  Upon plating of 

cells with CYM5541, CHIR99021, A83-01, and FGF10 (TM-4 — Trophectoderm Medium with 4 

components) epithelial colonies could be maintained from day-3 treated hESCs in both H1 and 

H9 cells (Figure 4.1A).  Cells in TM-4 could be maintained for 20+ passages over the course of 3 

months.  In TM-4, cells expressed CDX2, TFAP2C, YAP, and TEAD4, and GATA3 which are all 

associated with TB formation (Figure 4.1D)35–40.  Specifically CDX2 expression has been strongly 

associated with the TE and is lost in TB once placental villi are formed26,27,30.  In addition, cells 

showed expression for the pan TB marker KRT7, and P63, which is expressed in CTBs found in 

the placental villi, although expression of p63 was low.  Due to strong CDX2 expression these 

cells are denoted as TE-like hTSCs (hTSCCDX2).  

 

4.3.3 Directed differentiation of hTSCsCDX2 into STB and EVTs 

 To analyze the differential potential of the hTSCsCDX2 we employed a similar protocol to 

Sarkar et al.34.  Briefly, STB was formed by treatment of hTSCCDX2 with Activin A and EGF in basal 

medium Upon treatment, hTSCs started to spread forming large multinuclear aggregate syncytia.  

These syncytia expressed the markers syncytin, human choriogonadotropin (hCG) and KRT7 

(Figure 4.1A-B).  EVTs were obtained by continued Activin/Nodal inhibition in the presence of 

EGF, bFGF, and TGF-β.  Under these conditions, mesenchymal EVTs expressing HLA-G were 
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observed (Figure 4.2C-D). The hTSCCDX2 retained their ability to differentiate into STB- and EVT-

like cells after 20 passages. 

 

 

 

4.3.4 Formation of villous-like hTSCs from hESCs and hTSCsCDX2 in TSCM 

 To further evaluate hTSCsCDX2 we investigated if the cells could be transitioned and 

maintained in TSCM developed by Okae et al (Figure 4.3A)25.  After forming stable hTSCsCDX2 

(5+ passages) cells were directly passaged into TSCM.  Cells morphologically slowly changed 

from large cobblestone colony morphology into flattened cell colonies (1 passage), and soon after 

into a tight cobblestone colony (3+ passages).  Though cellular transition did take time, very little 

differentiation was seen.  Further cell morphology closely resembled that of hTSCs from primary 

samples (TSCT) in TSCM (kind gift from Dr. Hiroki Okae, Hohoku University)25.  We next 

investigated if hESCs from the 3-day induction could be maintained in TSCM (Figure 4.3A).  Upon 

Figure 4.2: Directed differentiation of hTSCsCDX2 into STB and EVTs. 

(A) Schematic of differentiation protocol in formation of STB from hTSCsCDX2.  (B) Confocal images of STB-like 

cells staining for Syncytin, KRT7, and hCG from hTSCCDX2 (C) Schematic of differentiation protocol for 

establishment of EVTs from hTSCsCDX2.  (D) Confocal images of EVT-like cells staining for HLA-G.  Nuclei 

stained with DAPI 
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passaging into TSCM from 3-day induced hESCs, massive differentiation ensued, though sparse 

epithelial colonies could be observed.  Further passaging resulted in similar morphological 

changes that were observed from hTSCsCDX2 transitioning to TSCM.  After 6+ passages most of 

the differentiation was lost and only tight cobblestone epithelial colonies remained that closely 

resembled both transitioned hTSCsCDX2 and the TSCT in TSCM.  H9 hTSCs in TSCM expressed 

similar markers as in MYST with high expression of YAP, TEAD4, TFAP2C, and GATA3 (Figure 

4.3B).  Most importantly, the H9 hTSCs lost expression of CDX2 and gained high expression of 

P63.  These cells are denoted as hTSCP63.  hTSCP63 demonstrate similar morphology and TB 

marker profile found in TSCT cells (Figure 4.5A-C). 

 

4.3.5 Directed differentiation of hTSCsP63 into STB and EVTs 

 To analyze the differential potential of the hTSCsP63 we employed a similar protocol to that 

described by Okae et al. to keep consistent when using cells grown in TSCM (Figure 4.4A and 

4.4C)25. Upon treatment, hTSCsP63 started to flatten in a multinuclear cell.  The STB expressed 

the markers Syncytin, hCG and KRT7 (Figure 4.4B).  hTSCsP63 were able to differentiate into 

mesenchymal EVTs expressing HLA-G and VE-Cadherin (Figure 4.2D).  The hTSCP63 retained 

their ability to differentiate into STB- and EVT-like cells after 20 passages.   



   

95 
 

 

 

Figure 4.3: Formation of villous-like hTSCs from hESCs and hTSCsCDX2 in TSCM 

(A) Overall schematic of differentiation of hESCs to hTSCCDX2 and hTSCP63.  (B) Confocal images of hTSCsP63 in 

TSCM staining for CDX2, TFAP2C, GATA3, P63, TEAD4, and YAP.  Nuclei were stained with DAPI. (C) DIC 

image of hTSCsP63 
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Figure 4.4: Directed differentiation of hTSCP63 into STB and EVTs 

(A) Schematic of STB differentiation protocol23.  (B) Confocal image of STB derived from hTSCP63 staining for 

Syncytin, KRT7, and hCG.  (C) Schematic of EVT differentiation protocol23.  (D) Confocal image of EVTs 

derived from hTSCP63 staining for HLA-G and VE-Cadherin.  Nuclei stained with DAPI 
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4.4 Discussion 

 In this work, we have shown that two distinct human trophoblast stem cells – hTSCCDX2
 

and hTSCP63 can be derived from pluripotent human embryonic stem cells.  Both hTSC cells types 

express markers associated with trophoblast stem cells  (P63, TEAD4, TFAP2C, YAP, and 

GATA3)  and can differentiate into EVTs expressing HLA-G, and multinucleate STB expressing 

hCG.  Both hTSC lines have been maintained over several months with upwards of 20 passages; 

hTSCs can be passaged as single cells with minimal differentiation. 

Figure 4.5: Primary TSCT cell analysis 

(A) Schematic of TSCT culture in TSCM23.  (B) DIC image of TSCT cells (C) Confocal image of TSCT cells staining 

for CDX2, GATA3, P63, KRT7, and TEAD4.  Nuclei stained with DAPI 
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 Previously we developed a serum-free defined media system that utilized CYM5541, a 

S1P3 agonist in differentiating hESCs to TBs (Chapter 3).  We optimized the differentiation 

protocol used in that study – specifically shortening the differentiation step – to achieve greater 

retention of CDX2 positive cells.  These cells were then able to generate two distinct hTSC types: 

a CDX2+ TE-like population grown in MYST media and a P63+ vCTB-like population grown in 

TSCM developed by the Okae lab25.  The hTSCCDX2 were able to propagate straight from induced 

hESCs, while hTSCP63 cells took multiple passages due to high differentiation and heterogeneity.  

Our analysis suggests that hTSCsCDX2 represents a TE-like state.  This implies that during TB 

differentiation, hESCs possibly revert to a totipotent morula stage cell type.  HTSCCDX2 cells are 

able to readily form hTSCP63, but consequently cannot be reverted back to a CDX2+ state once 

converted.  Evidence of this has also been observed in established primary TSCT cells provided 

by Okae et al25.  This suggests a potential epigenetic restriction might be occurring during the 

transition process.  Similar reasoning might explain why hTSCs cannot be isolated and derived 

from term placentas.  Additional studies into the epigenetics of our two hTSCs and primary cells 

at various stages of pregnancy are needed to fully elucidate the epigenetic changes that occur 

over time.   

 We found that the initial activation of S1P, BMP4, and bFGF with inhibition of TGF-β are 

important to initiate hESCs differentiation to CDX2+ trophoblasts.  Subsequently, S1P and FGF10 

with TGF-β and GSK-3β inhibition were important to maintain cells in the CDX2+ state.  Notably 

culture conditions for maintenance of mouse TSCs are significantly different, and require 

activation of TGF-β and inhibition of Wnt41–43.  Additionally, FGFR2c and FGF4 are essential for 

maintenance of mouse TSCs44.  However, FGFR2c is absent in human blastocysts, suggesting 

that FGFR2c signaling is dispensable in human TB formation45.  Important differences exist 

between mouse and human placental development in which only humans form a TE that 

differentiate into an invasive STB cells and primitive CTBs that eventually form the primary villi.  

In contrast, the mouse TE forms the extraembryonic ectoderm and the ectoplacental cone46,47.  
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Additionally, FGFR2b was shown to be present in primary human placenta samples, showing that 

FGF10 may have an indispensable role in TB formation25.  Lastly, our two hTSCs show that the 

transition from a CDX2+ to a P63+ state may be caused by addition of EGF.  Okae et al. showed 

that the addition of FGF10 did not up-regulate CDX2 expression, so the addition of EGF may be 

the cause of downregulation of CDX225.  Transcriptome analysis of cells has revealed that EGF 

is important in the villous compartment of CTBs, but this may not be consistent in TE cells or a 

more primitive CTB.  Our cells may reveal a key switch from usage of FGF to EGF that occurs 

during TB formation, but further analysis is required to fully clarify this aspect.  

 The ability to form TBs from hESCs has been long disputed over the years48–50.  TBs from 

hESCs have reported to have properties inconsistent with their in vivo counterparts such as 

hypermethylation of ELF5 promoter region, lack of HLA-G expression, and transcriptome 

differences relative to primary samples10,49,50.  Further, it has been claimed that since mouse ESCs 

are unable to form TBs due to epigenetic restrictions, the same must be true in human systems.  

Consequently, it has been suggested that hESC differentiation to TB is an artifact, and the cells 

are really representative of extraembryonic mesoderm48,50.  Notably hESC-derived hTSCP63 can 

be maintained in the same medium used for culturing hTSCs derived from primary placental 

samples, as described by Okae et al25. Taken together with other characterization of hTSCs 

discussed herein, our results strongly support the contention that bona fide trophoblast cells can 

indeed be derived from hESCs.  The recent developments of the TSCT cells and the self-renewing 

organoids open up new capabilities for studying TB functionality and differentiation in both 2D and 

3D models, but limitations remain23–25.  Use of hESC-derived hTSCs will potentially overcome 

these limitations and greatly expand the scope of trophoblast research.  For instance, our system 

will allow for the ability to generate hTSCs from knockout/knockdown hESC lines to assess the 

role of specific genes in TE formation.  Additionally, induced pluripotent stem cell lines can be 

developed from tissues involving placental disorders, such as preeclampsia, placental accreta, 
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miscarriage, blastocyst implantation, and intrauterine growth restriction, and used to generate 

hTSC models of placental disorders. 

 

4.5 Materials & Methods 

Table 4.1: Key resources table 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Anti-KRT7 Santa Cruz Biotechnology Cat#sc-23876, RRID:AB_2265604 

Anti-KRT7 Cell Signaling Technologies Cat# 4465, RRID:AB_11178382 

Anti-hCG Abcam Cat# ab9582, RRID:AB_296507 

Anti-P63 Cell Signaling Technologies Cat# 13109, RRID:AB_2637091 

Anti-GATA3 Cell Signaling Technologies Cat# 5852, RRID:AB_10835690 

Anti-TFAP2C Cell Signaling Technologies Cat# 2320, RRID:AB_2202287 

Anti-YAP Cell Signaling Technologies Cat# 4912, RRID:AB_2218911 

Anti-TEAD4 Abcam Cat# ab58310, RRID:AB_945789 

Anti-CDX2 Abcam Cat# ab76541, RRID:AB_1523334 

Anti-VE-Cadherin Cell Signaling Technologies Cat# 2500, RRID:AB_10839118 

Anti-HLA-G Abcam Cat# ab52455, RRID:AB_880552 

Anti-Syncytin Santa Cruz Biotechnology Cat# sc-50369, RRID:AB_2101536 

Rabbit Polyclonal IgG R&D Systems Cat# AB-105-C, RRID:AB_354266 

Rabbit XP IgG Cell Signaling Technologies Cat# 3900, RRID:AB_1550038 

Mouse IgG1 Abcam Cat# ab18447, RRID:AB_2722536 

Mouse IgG2a Abcam Cat# 554126, RRID:AB_479661 

Alexa Fluor 488-conjugated  
anti-rabbit IgG 

Thermo Fisher Scientific Cat# A-11034, RRID:AB_2576217 

Alexa Fluor 647-conjugated  
anti-rabbit IgG 

Thermo Fisher Scientific Cat# A-21052, RRID:AB_2535719 

DAPI R&D Systems Cat#5748 

Chemicals, Peptides, and Recombinant Proteins 

TrypLE Thermo Fisher Scientific Cat#12604013 

Vitronectin Thermo Fisher Scientific Cat#A14700 

TeSR-E8 Stem Cell Technologies Cat#05990 

TeSR-E7 Stem Cell Technologies Cat#05914 

TeSR-E6 Stem Cell Technologies Cat#05946 

ReleSR Stem Cell Technologies Cat#05872 

SB431542 Tocris Cat#1614 

BMP4 Thermo Fisher Scientific Cat#PHC9534 

CYM5541 Tocris Cat#4897 

Y-27632 dihydrochloride Tocris Cat#1254 

EGF R&D Systems Cat#236-EG 

Activin A R&D Systems Cat#338-AC 
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Table 4.1 (continued). 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Greiner Bio-one Cell View glass plates Greiner Bio-one Cat#627965 

4% Paraformaldehyde in PBS Thermo Fisher Scientific Cat#R37814 

Triton X-100 Sigma Cat#T8787 

PBS w/o CaMg Sigma Cat#D5773 

PBS w/ CaMg Sigma Cat#D8662 

Human IgG Immunoreagents Cat#Hu-003-C 

BSA Fisher Scientific Cat#BP9703 

10% BSA fatty acid free in PBS Sigma Cat#A1595 

VPA Sigma Cat#P6273 

A83-01 Tocris Cat#2939 

2-mercaptoethanol Sigma Cat#M3148 

FBS Thermo Fisher Scientific Cat#16141-061 

DMEM/F12 Thermo Fisher Scientific Cat#11320033 

ITS-X Thermo Fisher Scientific Cat#51500-056 

L-ascorbic acid Sigma Cat#A8960 

Pen/Strep Thermo Fisher Scientific Cat#15140122 

Forskolin Tocris Cat#1099 

Neuregulin Cell Signaling Technologies Cat#5218SC 

Matrigel Corning Cat#354234 

KOSR Thermo Fisher Scientific Cat#10828028 

 

4.5.1 Culture of hESCs   

H1 and H9 hESCs were grown on Vitronectin coated at 5 µg/ml at room temperature for 

at least one hour.  hESCs were cultured in TeSR-E8 medium at 37°C in 5% CO2 and culture 

medium was replaced every day.  When cells reached confluency, they were passaged using 

ReleSR according to manufactures protocol as colonies at 1:30 split ratio.  

 

4.5.2 Differentiation of hESCs to hTSCs 

The day after passaging, hESCs were induced with CYM5541 (2 µM), SB431542 (25 µM), 

BMP4 (20 ng/ml) to TeSR-E7 for 2 and 3 days for H1 and H9 hESCs, respectively.  The medium 

was replaced every day.  After 2/3 days of treatment, cells were dissociated with TrypLE for 5 

minutes at 37°C.  For propagation of hTSCsCDX2, all cells were seeded in a 6-well plate pre-coated 
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with 5 µg/ml of vitronectin at a density of ~5×104 cells per well and cultured in 2 ml of MYST 

medium [TeSR-E6 medium supplemented with CYM5541 (2 µM), A 81-01 (0.5 µM), FGF10 

(25ng/ml) and CHIR99021 (2 µM)].  For establishment of hTSCsP63, all cells were seeded in a 6-

well plate pre-coated with 5 µg/ml of vitronectin at a density of ~5×104 cells per well and cultured 

in 2 ml of TSCM developed by Okae et al. [DMEM/F12 supplemented with 0.1 mM 2-

mercaptoethanol, 0.2% FBS, 0.5% Penicillin-Streptomycin, 0.3% BSA, 1% ITS-X supplement, 

1.5 µg/ml L-ascorbic acid, 50 ng/ml EGF, 2 µM CHIR99021, 0.5 µM A83-01, 1 µM SB431542, 

0.8 mM VPA and 5 µM Y27632]25.  hTSCsCDX2 were directly passaged into TSCM for formation of 

hTSCP63, this process took some time with at least 3+ passages. 

 

4.5.3 Culture of hTSCs 

hTSCs were cultured 2 mls of culture medium at 37C in 5% CO2.  Culture medium was replaced 

every 2 days. When hTSCs reached 70-90% confluence, they were dissociated with TrypLE at 

37°C for 10 minutes and passaged to a new vitronectin pre-coated plate at a 1:3-1:4 split ratio.  

hTSCs grown in MYST medium were supplemented with Y-27632 upon passage to aid in single 

cell attachment.  Cells were routinely passaged approximately every 4-6 days.  hTSCs at 

passages 6+ were used for analysis. 

 

4.5.4 Differentiation of hTSCsCDX2 and hTSCsP63 

hTSCsCDX2 were grown to ~80-90% confluence in MYST medium and dissociated with 

TrypLE for 10 min at 37°C.  For induction of EVTs, cells were seeded in  6-well plates pre-coated 

with 5 µg/ml vitronectin at a density of 7×104 cells per well and cultured in EVT medium similar to 

Sarkar et al. [TeSR-E8 supplemented with SB431542 (25 µM) and EGF (2.5 ng/ml)]34.  Media 

was changed every 2 days and cells were analyzed at day 6.  For induction of STB cells from 

hTSCsCDX2, cells were seeded at ~5×104 cells per well into pre-coated 5 µg/ml vitronectin wells 
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containing STB medium [TeSR-E6 supplemented with Acitivn A (20 ng/ml) and EGF (50 ng/ml)].  

The medium was replaced every other day and cells were analyzed at day 6. 

 hTSCsP63 were grown to ~80-90% confluence in TSCM and dissociated with TrypLE for 

10 min at 37°C.  For the induction of EVTs and STB, a differentiation protocol developed by 

Okae et al was used25, where induction of EVTs occurred with hTSCsP63 seeded in  6-well 

plates pre-coated with 5 µg/ml vitronectin at a density of 7×104 cells per well and cultured in 2 

mL of DMEM/F12 supplemented with 0.1 mM 2-mercaptoethanol, 0.5% Penicillin-Streptomycin, 

0.3% BSA, 1% ITS-X supplement, 100 ng/ml NRG1, 7.5 mM A83-01, 2.5 mM Y27632, and 4% 

KOSR.  Matrigel was added to a final media concentration of 2% after suspending the cells in 

the medium. At day 3, the medium was replaced with the EVT medium without NRG1, and 

Matrigel was added to a final concentration of 0.5%. At day 6, cells were dissociated with 

TrypLE for 15 min at 37°C and passaged to a new vitronectin-coated 6-well plates at a 1:2 split 

ratio. The cells were suspended in the EVT medium without NRG1 and KSR.  Matrigel was 

added to a final concentration of 0.5%, and cells were analyzed after two additional days of 

culturing.  For induction of STB cells, cells were seeded in pre-coated 5 µg/ml vitronectin 6-well 

plates at a density of 7×104 cells per well and cultured in 2 mL of DMEM/F12 supplemented with 

0.1 mM 2-mercaptoethanol, 0.5% Penicillin-Streptomycin, 0.3% BSA, 1% ITS-X supplement, 2.5 

mM Y27632, 2 mM forskolin, and 4% KOSR. The medium was replaced at day 3, and the cells 

were analyzed at day 6. 

 

4.5.5 Immunofluorescence 

 For immunofluorescence analysis, cells were grown on glass-bottom culture dishes 

coated with Vitronectin.  Cells were fixed using 4% paraformaldehyde in PBS for 10 min, 

permeabilized with 0.5% Triton X-100 for 5 min and blocked in 3% BSA/PBS with 0.1% human 

IgG and 0.3% Triton X-100 for 1 hr.  Cells were then incubated overnight with the primary antibody 

diluted in blocking buffer.  The following primary antibodies were used: anti-KRT7 (SBT, 1:50), 
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anti-KRT7 (CST, 1:500), anti-hCG (1:100), anti-hCG (1:100), anti-YAP (1:200), anti-TFAP2C 

(1:400), anti-P63 (1:600), anti-GATA3 (1:500), anti-TEAD4 (1:250), anti-CDX2 (1:300), anti-VE-

Cadherin (1:400), anti-HLA-G (1:300), anti-Syncytin (1:50), corresponding isotype controls (rabbit 

polyclonal IgG, rabbit XP IgG, mouse IgG1, and mouse IgG2a) were used at primary antibody 

concentrations.  Alexa Fluor 488- or Alexa Fluor 647-conjugated secondary antibodies were used 

as secondary antibodies.  Nuclei were stained with DAPI and all samples were imaged using a 

Zeiss LSM 710 or 880 laser scanning confocal microscope (Carl Zeiss, Germany). 

 

4.5.6 Confocal image analysis 

 Image analysis was conducted using an image processing algorithm created in 

MATLAB. First, the DAPI stain was isolated, binarized, and processed to accurately represent 

the number of cells in each image. The primary-antibody stain of interest was isolated and 

processed in the same manner. Only primary-antibody pixels that overlap DAPI pixels were 

considered for analysis, and the average intensities of those pixels were measured and 

correlated to the nearest nuclei. This was performed for one control image and multiple 

experimental images. For each cell in the experimental images, it was considered positive if the 

average intensity of that cell was greater than the average intensity of all of the cells in the 

control image.  
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Chapter 5: Conclusions and Future Work 

 The trophectoderm layer of the blastocyst stage embryo is the precursor of the placenta.  

A key event in early pregnancy is the development of trophoblasts (TB) from the trophectoderm 

within the blastocyst.  Ethical considerations, legal restrictions, and limited access to primary 

samples have limited our knowledge of early placentation in humans1–4.  Mouse TB models have 

provided significant insight into TB development, but mouse models still vastly differ from human5.  

In the past, isolated primary TBs could not be maintained due to rapid differentiation and lack of 

maintaining a proliferative state6–14.  Recently human TBs from first term placentas and 

blastocysts have been isolated and maintained as human TB stem cells (hTSCs)15.  In addition, 

primary cells aggregated into organoid structures have also been shown to be maintained in a 

proliferative state16,17.  Both model systems could provide significant insight into TB function and 

placental disorders.  However, limitations remain in these models due to limited access to genetic 

manipulation, physiology differences from primary samples, and inadequate access to the early 

trophectoderm.  Human embryonic stem cells (hESCs) have become an effective source of 

studying TB since they were first derived by induction of Bone Morphogenetic Proteins 418.  

Significant strides have since moved the field forward in TB research, but questions still remain 

as to if TBs can actually be formed from hESCs2,19.   

 Our past research has shown that bona fide TBs can be established through a two-step 

protocol, where we first derive cytotrophoblast-like (CTB) cells through a 6 day differentiation 

protocol, and passage in the absence or presence of Activin/Nodal inhibition to develop 

syncytiotrophoblast (STB) or extravillous cytotrophoblast (EVT), respectively20. Deriving TBs from 

hESCs through this differentiation method met key TB criteria that other hESC-derived TB models 

have not achieved21.  To further elucidate the hESC model, we reported quantitative proteomic 

analysis of hESC derived TBs to identify epigenetic factor proteins that are controlled during 

differentiation. We observed that DNA methyltransferases are largely downregulated in hESC-

derived TBs.  To compare our model, we used MS analysis to screen for epigenetic factor proteins 
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found in early primary human TBs.  Our analysis of the epigenetic factors in hESC-derived TBs 

is largely consistent with the expression observed in early placental TBs.  Our results show the 

validity of TBs differentiated from hESCs as a model system for early human placental TBs.  In 

addition, the proteomic data acquired provides new mechanistic studies on hESC fate 

specification to TBs. 

 Current methods for deriving TBs from hESCs all include complex or undefined media 

components such as feeder-cell derived conditioned media, knockout serum replacement, or 

bovine serum albumin20,22–24.  These conditions make understanding the key factors contributing 

to TB differentiation in hESCs largely unknown.  Other studies using serum-free defined culture 

systems during hESCs differentiation were not able to form TBs, instead formed germ layers such 

as mesoderm, extraembryonic mesoderm, and endoderm19,25–27.  These comparative differences 

led us to hypothesize that an essential component within feeder-cell derived media and knockout 

serum replacement is required for TB differentiation of hESCs.  In this work, we report that 

sphingosine-1-phosphate (S1P), specifically S1P receptor-3 agonist, can be used to develop a 

serum-free and defined media system able to form hESC-derived TBs.   Through our system, we 

were able to evaluate the necessity of S1P, Rho/ROCK signaling, and YAP in TB differentiation 

from hESCs.  This system provides a powerful tool for studying the key mechanistic signaling 

during TB formation, and enables studies on cellular functionality, effect of external influences 

such as drugs, and potential mechanisms underlying placental disorders.  Lastly, this system 

allows the potential for developing hTSCs from hESCs. 

 The authenticity hESC-derived TBs have been disputed over the years, with hESC-

derived models lacking key aspects associated with primary TBs and large transcriptome 

differences2,19,21.  Additionally, the development of hTSCs and proliferating organoids from 

primary samples raise questions regarding the relevance of TBs derived from hESCs15–17.  

However, limitations remain in these model systems that only hESCs may potentially overcome.  

In this context, we have described the derivation of hTSCs from hESCs.  Specifically, we have 
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identified conditions for maintenance of two different hTSCs, derived from hESCs – hTSCCDX2 

resembles cells associated with the trophectoderm, while the hTSCP63 closely resembles villous 

CTB, similar to hTSCs found by Okae et al15.  Both hTSCs were able to form the STB and EVT 

subtypes.  Generation of hTSCs from pluripotent stem cells will allow for assessing the role of 

transcription factors such as CDX2 through knockout/knockdown studies.  In addition, our system 

will enable evaluation of TB functionality, e.g. EVT invasion, from induced pluripotent stem cell 

lines generated from tissues associated with placental disorders.  Thus, taken together, our work 

will enable a significant expansion of the scope of trophoblast research. 

 One major area of interest for immediate investigation is the role ascorbic acid (Vitamin 

C) has on TB function and differentiation.  During our work with primary hTSCs, we found that 

high ascorbic acid conditioned hTSCs to differentiate towards the STB fate.  In addition, the ability 

of hTSCs to forming mononuclear HLA-G+ EVTs was significantly reduced.  This insight could 

have significant implication in understanding TB invasion and placental disorders such as 

intrauterine growth restriction and preeclampsia.  Notably, ascorbic acid has been associated with 

both pro-oxidant and antioxidant effects, and epigenetic reprogramming28–34.  Currently our 

hTSCCDX2 are maintained in high ascorbic acid comparable to growth media of hESCs, while 

hTSCP63 and TSCT cells are maintained in low ascorbic acid.  These differences could be key to 

understanding the signaling, functionality, and differentiation of these cells. 

 A second area of interest is investigation of the differentiation potential of hTSCsCDX2.  

These cells express markers associated with the trophectoderm, and further analysis on these 

cells could reveal additional insight into differentiation into the invasive STB, a key event during 

implantation.  The ability of hTSCsCDX2 to form organoid structures must be tested to evaluate the 

3D model of implantation.  Organoid structures made up of CDX2+ cells may potentially represent 

an “empty” shelled blastocyst and would be an indispensable model for examining blastocyst 

implantation.  Development of such a system will likely be the most significant application of 
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hTSCsCDX2, since studies on human blastocysts are extremely limited, especially in the United 

States. 

 As mentioned previously, hESCs are capable of being genetically manipulated to generate 

specific knockdown/knockout lines.  Of significant interest is the use of Crispr-cas9 systems to 

generate multiple knockout lines of specific genes (e.g. CDX2, GATA3) to investigate their role in 

TB differentiation and function.  Other genes of interest involve those associated with invasion 

capabilities of EVTs.  With our current capabilities in tracking cellular invasion in 3D, these cell 

lines can provide significant insight into pathogenesis of placental disorders35.     

 Finally, the placenta has complex interactions with many other cells found within the 

endometrium.  Culturing EVTs with other cell types such as Natural killer cells, decidua, or 

lymphocytes would elucidate the cellular interactions that is possibly occurring in vivo.  These and 

other studies enabled by our results can lead to significant advances in TB biology that will 

hopefully change NIH’s stance on the placenta from being “the least understood organ” to be the 

“best understood”. 
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