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Deciphering trophoblast identity, specification, and communication in the 

developing placenta 

Bryan Marsh 

 

Abstract 

The placenta is the first organ to develop and establishes the essential connection 

between embryonic/fetal and maternal cells, protects the embryo/fetus, mediates 

exchange of all nutrients with maternal blood, and instructs its development. Often an 

afterthought to embryonic development, the molecular determinants of trophoblast 

identity and function remain incomplete. Here we use single cell RNA sequencing 

methods to profile distinct aspects of placental development in mouse and human.  

 

The placenta is the interface between mother and embryo/fetus in all eutherian species. 

However, our understanding of this essential organ remains incomplete. A substantial 

challenge has been the syncytial cells of the placenta, which have made dissociation and 

independent evaluation of the different cell types of this organ difficult. In Chapter 2, we 

address questions concerning the ontogeny, specification, and function of the cell types 

of a representative hemochorial placenta by performing single nuclei RNA sequencing 

(snRNA-seq) at multiple stages of mouse embryonic development focusing on the 

exchange interface, the labyrinth. Timepoints extended from progenitor-driven expansion 

through terminal differentiation. Analysis by snRNA-seq identified transcript profiles and 

inferred functions, cell trajectories, signaling interactions, and transcriptional drivers of all 

but the most highly polyploid cell types of the placenta. These data profile placental 
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development at an unprecedented resolution, provide insights into differentiation and 

function across time, and provide a resource for future study. 

 

The human placenta contains two specialized regions: the villous chorion where gases 

and nutrients are exchanged between maternal and fetal blood, and the smooth chorion 

which surrounds more than 70% of the developing fetus but whose cellular composition 

and function are poorly understood. In chapter 3, we use single cell RNA sequencing to 

compare the cell types and molecular programs between these two regions in the 

second trimester human placenta. Each region consists of progenitor cytotrophoblasts 

(CTBs) and extra-villous trophoblasts (EVTs) with similar gene expression programs. 

While CTBs in the villous chorion differentiate into syncytiotrophoblasts, they take an 

alternative trajectory in the smooth chorion producing a previously unknown CTB 

population, which we term smooth-chorion-specific CTBs (SC-CTBs). Marked by 

expression of region-specific cytokeratins, the SC-CTBs form a stratified epithelium 

above a basal layer of progenitor CTBs. They express epidermal and metabolic 

transcriptional programs consistent with a primary role in defense against physical 

stress and pathogens. Additionally, we show that SC-CTBs closely associate with EVTs 

and secrete factors that inhibit the migration of the EVTs. This restriction of EVT 

migration is in striking contrast to the villous region where EVTs migrate away from the 

chorion and invade deeply into the decidua. Together, these findings add an important 

new dimension to our understanding of CTB differentiation in these distinct regions of 

the human placenta. This knowledge has broad implications for studies of the 

development, functions, and diseases of the human placenta. 
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Together these studies further our understanding of lineage specification and 

trophoblast communication in placental development and all data are publicly available 

as a resource for future scientific inquiry.  



xi 
 

Table of Contents 

Chapter 1: Introduction .................................................................................................... 1 

References ................................................................................................................ 16 

Chapter 2: Single nuclei RNA-seq of mouse placental labyrinth development .............. 28 

Introduction ................................................................................................................ 28 

Results ....................................................................................................................... 32 

Discussion ................................................................................................................. 50 

Figures ....................................................................................................................... 57 

Methods ..................................................................................................................... 86 

References ................................................................................................................ 93 

Chapter 3: Regionally distinct trophoblast regulate barrier function and invasion in 

the human placenta ..................................................................................................... 107 

Introduction .............................................................................................................. 108 

Results ..................................................................................................................... 112 

Discussion ............................................................................................................... 128 

Figures ..................................................................................................................... 135 

Methods ................................................................................................................... 164 

References .............................................................................................................. 170 

Chapter 4: Conclusions and Future Directions ............................................................ 182 

References .............................................................................................................. 190 



xii 
 

 

List of Figures 

Figure 2.1 - Nuclear isolation and snRNA-seq of mouse placental cells (E9.5-

E14.5). .................................................................................................................... 57 

Figure 2.2 - snRNA-seq (E9.5-E14.5) dataset metrics and annotations. ....................... 59 

Figure 2.3 - Sub-clustering of the trophoblast nuclei identifies the cell types of the 

labyrinth and junctional zone. ................................................................................. 61 

Figure 2.4 - Trophoblast subset metrics and LaTP subcluster localization. ................... 63 

Figure 2.5 - Localization of JZ clusters. ......................................................................... 65 

Figure 2.6 - Junctional Zone Markers ............................................................................ 67 

Figure 2.7 - Developmental time course and trajectory inference reveal details of 

lineage dynamics and commitment in trophoblast. ................................................. 69 

Figure 2.8 - Time resolved differences in S-TGC .......................................................... 72 

Figure 2.9 - Defining distinct roles of the trophoblast subtypes at the gas exchange 

interface. ................................................................................................................ 73 

Figure 2.10 - Division of cellular function and nutrient transport in the labyrinth. ........... 75 

Figure 2.11 - Predicting Cell Signaling within the placental labyrinth. ........................... 77 

Figure 2.12 - Complete CellPhoneDB results ................................................................ 79 

Figure 2.13 - Representative images supporting Figure 2.11. ....................................... 81 

Figure 2.14 - Modeling transcription factor regulon activity identifies new candidate 

regulators of SynTII. ............................................................................................... 82 

Figure 2.15 - Expression of Genes and TFs with placental phenotypes. ....................... 84 



xiii 
 

Figure 3.1 - The transcriptional landscape of the villous and smooth chorion at mid-

gestation. .............................................................................................................. 135 

Figure 3.2 - Metrics of the integrated dataset. ............................................................. 136 

Figure 3.3 - Metrics and markers of the immune cell subset. ...................................... 137 

Figure 3.4 - Metrics and markers of the stromal cell subset. ....................................... 139 

Figure 3.5 - Identification of a smooth chorion-specific cytotrophoblast. ..................... 142 

Figure 3.6 - Metrics of the trophoblast subset. ............................................................ 143 

Figure 3.7 - Metrics of the trophoblast subset. ............................................................ 144 

Figure 3.8 - KRT6 expression in the VC region. .......................................................... 147 

Figure 3.9 - A common CTB progenitor gives rise to STBs in the VC and SC-CTBs 

in the SC. ............................................................................................................. 148 

Figure 3.10 - SC trophoblast display reduced expression of STB and increased 

expression of epithelial TFs. ................................................................................. 149 

Figure 3.11 - SC-CTBs express a distinct epidermal transcriptional program. ............ 150 

Figure 3.12 - Complete CTB Gene Ontology Analysis. ............................................... 151 

Figure 3.13 - Similarities and differences between CTB 1 in VC and SC. ................... 152 

Figure 3.14 - Cytokeratin expression in VC and SC trophoblast. ................................ 153 

Figure 3.15 - IFITM3 expression in CTB populations. ................................................. 154 

Figure 3.16 - EVTs of the VC and SC regions are behaviorally distinct but 

transcriptionally similar. ........................................................................................ 155 

Figure 3.17 - Functional annotation of EVT clusters. ................................................... 158 

Figure 3.18 - Differential expression between EVT from VC and SC. ......................... 159 

Figure 3.19 - CTBs of the SC inhibit EVT invasion. ..................................................... 160 



xiv 
 

Figure 3.20 - CTB-EVT interactions in the VC or SC region. ....................................... 161 

Figure 3.21 - Representative images of the transwell invasion assay. ........................ 162 

Figure 3.22 - Cell density is not correlated with culture in conditioned media. ............ 163 

  



 1 

Chapter 1: Introduction 
 
The placenta, the first organ to develop, is the necessary bridge between maternal and 

embryonic/fetal tissues (Turco and Moffett, 2019; Knöfler et al., 2019). This remarkable 

organ must develop shortly after conception to perform myriad functions for the 

embryo/fetus that will eventually be carried out by multiple organ systems in the adult. 

These functions include gas exchange (lung), nutrient exchange (intestine), filtration 

(liver), waste excretion (intestine/kidney), and hormone production (various endocrine 

organs)[Burton and Fowden, 2015]. The placenta is also incredibly dynamic over the 

course of gestation, performing distinct roles specific to developmental stages. These 

roles require the specification, maturation, and coordination of numerous cell types, 

which must be robust in identity but adaptable to developmental timing and 

environmental challenges. A foundational understanding of the placenta rooted in its 

cellular components is essential for a complete understanding of the organ’s role during 

development and dysfunction during disease. 

 

The placenta is a defining feature of, and specific to, eutherian mammals (Maltepe and 

Fisher, 2015; Wildman et al., 2006). The evolutionary history and anatomical 

organizations of the placenta among species paint a portrait of an organ that is highly 

mutable but always in service of the same goals – construct and maintain an 

environment for embryonic/fetal development, enable and facilitate maternal-fetal 

exchange, and protect from pathogenic, immunological, and physical insults. Over the 

last 140 million years, the eutherians have evolved rapidly resulting in four clades of 

placental mammals (Afrotheria, Xenartha, Laurasiatheria, Euarchontaglires), four 
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distinct placental gross morphologies (Diffuse, Cotyledonary, Zonary, Discoid), and at 

least four different organizations of the maternal-fetal exchange interface 

(Epitheliochorial, Synepitheliochorial, Endotheliochorial, Hemochorial)[Roberts et al., 

2016; Wildman et al., 2006]. The structural variation among eutherian placentas is 

greater than that of any other organ and raises numerous exciting theoretical questions 

concerning the selective pressures on a short-lived organ, the influence of retroviral 

elements on gene expression, and convergent evolution (Griffith and Wagner, 2017; 

Chuong, 2013). This variation poses a challenge in a practical experimental sense 

concerning the applicability of knowledge from studies of the placenta in model 

organisms to the human organ. Several recent reviews have compared placental 

development in mouse and humans. They conclude that despite striking differences, 

data from the mouse provides an important perspective on human placental 

development (Hemberger et al., 2020; Woods et al., 2018). However, several aspects of 

human development remain poorly modeled in other species. Therefore, mouse and 

human represent important independent but complementary models for studying 

placental development.  

 

This introduction will cover placental development in the mouse (the most common 

mammalian model organism), placental development in the human, and single cell RNA 

profiling technologies that have aided in the understanding of these organs at a 

molecular level. 
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Placental development in mouse 

Placental development in the mouse begins at the blastocyst stage with trophectoderm 

specification from the inner cell mass, definitively and irreversibly separating the 

extraembryonic and embryonic lineages (Rossant and Tam, 2009; Maltepe et al., 2010). 

The trophectoderm gives rise to all extraembryonic lineages, including the placenta 

(Hemberger et al., 2020). Implantation of the blastocyst at E4.5 begins the process of 

decidualization of the maternal endometrial stroma cells, beginning the coordinated 

development of the maternal-fetal interface (Hemberger et al., 2020). By E5.5 the 

extraembryonic cells are specified into two lineages, the extraembryonic ectoderm and 

the ectoplacental cone (Rossant and Tam, 2009). Each lineage, which gives rise to 

spatially restricted and functionally distinct regions of the mature mouse placenta, 

contains highly specialized trophoblast populations (Maltepe and Fisher, 2015). The 

extraembryonic ectoderm is located proximal to the developing embryo and gives rise to 

the placental labyrinth, the expansive area for exchange of gases, nutrients and waste 

between the maternal blood and the fetal circulation (Simmons et al., 2008a; Ueno et 

al., 2013; Maltepe and Fisher, 2015).  

 

The ectoplacental cone is located distal to the embryo and in close proximity to the 

decidua. The cells of this region give rise to the junctional zone, an exocrine region 

important for metabolism and hormone secretion, and invasive trophoblasts that 

remodel maternal arteries to allow maternal blood to contact the placenta (Woods et al., 

2018; Simmons et al., 2007). The fusion of the allantois with the chorion at E8.5 triggers 

cascades of differentiation in each lineage (Watson and Cross, 2005). This fusion event 
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establishes the mature structure of the placenta. Thereafter, the mesoderm-derived fetal 

blood vessels of the allantois intercalate with the trophoblasts of the extraembryonic 

ectoderm leading to differentiation and expansion of the labyrinth from E9.5-E14.5 

(Watson and Cross, 2005; Hemberger et al., 2020; Ueno et al., 2013), and 

subsequently, the maturation and expansion of the junctional zone ending at parturition 

between E18-21 (Simmons et al., 2007).  

 

Development of the labyrinth 

Development of the placental labyrinth requires tight coordination of trophoblast 

differentiation with the invasion and branching of the fetal vasculature (Watson and 

Cross, 2005). By E9.5, immediately after chorioallantoic fusion, multipotent labyrinth 

trophoblast progenitors (LaTPs) can be identified in the nascent labyrinth. LaTPs are 

marked by elevated expression of Epcam and are localized to the basal chorionic plate 

and in clusters throughout the developing labyrinth. LaTPs are present and proliferating 

at E9.5-10.5, before decreasing in number by E12.5 and ceasing to exist by E14.5 

(Ueno et al., 2013). This timeline correlates with the development, expansion, and 

maturation of the labyrinth. Clonal analysis using fluorescent reporters established that 

LaTPs contribute to the three terminally differentiated lineages of the labyrinth—

Syncytiotrophoblast layer I (SynTI), Syncytiotrophoblast layer II (SynTII), and sinusoidal 

trophoblast giant cells (S-TGC)[Ueno et al., 2013]. While LaTP are accepted as the sole 

progenitor cells of the labyrinth, the factors required for their specification remain 

unknown. Hgf/c-Met signaling is required for LaTP proliferation and also for expression 

of Gcm1, a transcription factor required for labyrinth formation (Ueno et al., 2013; 
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Anson-Cartwright et al., 2000). Clusters of Gcm1 positive cells initiate branching 

morphogenesis of the labyrinth at E8.5 and are strong candidates for LaTP precursors, 

though this has not been proven (Anson-Cartwright et al., 2000; Simmons and Cross, 

2005). Genetic deletion of Gcm1 reduces the proliferation rate and total number of LaTP 

but does not block specification (Ueno et al., 2013). This suggests that Gcm1 is 

important for LaTP function but is not required for LaTP specification. The 

spatiotemporal dynamics of LaTP specification, especially with respect to chorioallantoic 

fusion, remains an exciting and open area of investigation.  

 

The trophoblast component of the maternal-fetal exchange interface in the mouse 

placenta is a trilaminar structure comprised of each of the lineages derived from LaTP— 

SynTIs, SynTIIs, and S-TGCs (Simmons and Cross, 2005; Simmons et al., 2008a). S-

TGCs reside in the maternal blood space, farthest from the fetal vasculature. Termed 

‘giant cells’ because of their increased ploidy, these large cells line the maternal blood 

sinuses with long perforated projections, which allow maternal blood to pass through 

and contact the trophoblasts beneath (Coan et al., 2005). S-TGCs are an important 

source of placental lactogens, which suggests a primary role as the endocrine cells of 

the labyrinth. S-TGC uniquely express Ctsq from E11.5 onward, but no earlier unique 

markers have been identified. Thus, little is known about the specification and 

maturation of these cells (Simmons et al., 2007).  

 

Beneath the S-TGC is the SynTI layer. As the name suggests, SynTI are multinucleate 

syncytial cells that form through repeated cellular fusion events. SynTI contact maternal 
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blood and comprise the outermost continuous trophoblast layer of the labyrinth (Woods 

et al., 2018). Because numerous vesicular proteins, transporters, and receptors such as 

CD71 are localized to their apical surfaces, SynTI is considered to be important for 

uptake from maternal blood (Ueno et al., 2013, Simmons et al., 2008a).  

 

Beneath the SynTI layer is SynTII, another multinucleate syncytial layer. An important 

distinction between the two syncytial layers is that SynTII does not contact maternal 

blood and instead is opposed to the fetal vasculature, separated only by a shared basal 

lamina (Cross, 2000; Simmons et al., 2008a). Together, SynTI and SynTII facilitate 

uptake from maternal blood and export to fetal circulation, respectively. In contrast to S-

TGC and SynTI, much is known about the specification of SynTII from trophoblast 

progenitors. Gcm1 is required for formation of this syncytium in vivo and is highly 

expressed in mature SynTII (Anson-Cartwright et al., 2000; Ueno et al., 2013). 

Additionally, SynTII have been derived in vitro, with specification relying on canonical 

Wnt signaling (Zhu et al., 2017). While the spatial orientation and basic functions of 

each layer are known, a detailed understanding of the molecular determinants of the 

specification of each lineage from LaTPs remains lacking. 

 

Development of the junctional zone 

The cells of the ectoplacental cone give rise to the junctional zone, which occupies the 

interstitial space between the labyrinth and the decidua (Woods et al., 2018; Simmons 

et al., 2007). The junctional zone contains several specialized cell types, including 

spongiotrophoblasts (SpTs), glycogen trophoblasts (GCs), and several subtypes of 
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trophoblast giant cells (TGCs)[Simmons and Cross, 2005]. Each of these cell types has 

exocrine functions and is located near the maternal blood sinus enabling secretion 

directly into maternal circulation (Adamson et al., 2002). Lineage tracing alone, and in 

combination with scRNA-seq, demonstrate a common progenitor, derived from the 

ectoplacental cone and marked by Prdm1, for the three cell types (Mould et al., 2012; 

Nelson et al., 2016). However, the factors required for establishment of this progenitor 

remain elusive as data from mouse mutants is complex and our knowledge of potential 

regulators is incomplete (Simmons et al., 2005).  

 

The SpT layer is located directly above the labyrinth and secretes antiangiogenic 

factors, including Flt1 and Plfr (Cross et al., 2002). This layer is in direct contact with the 

TGCs that overlie the SpT and secrete angiogenic factors (Proliferin), vasodilators 

(Adrenomedullin), and anticoagulants (Thrombomodulin) to promote the remodeling of 

maternal arteries and the flow of maternal blood to the labyrinth below (Lee et al., 1988; 

Yotsumoto et al., 1988; Weiler-Guettler et al., 1996). These opposing signals may 

establish a barrier against the expansion of the maternal endothelium into the SpT and 

labyrinth regions (Cross et al., 2002). TGCs are a heterogenous group of cells that are 

all highly polyploid and mononuclear. TGCs are endocrine cells and are the largest 

producer of placental hormones, including the prolactins, a family that has undergone 

repeated genomic expansion in the mouse (Simmons et al., 2007; Wiemers et al., 

2003). Several subtypes of TGC have been defined, including parietal TGC – that 

overlie the SpT – and spiral artery TGCs – that invade into the decidua and remodel the 

maternal arteries. The molecular markers and determinants of TGC sub-specification 
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remain unclear, but combinatorial expression of the prolactin genes can be used to 

identify certain subpopulations (Simmons et al., 2007; Simmons et al., 2008b). The third 

cell type in the junctional zone is the glycogen trophoblast, which first appears 

interspersed in the SpT layer at approximately E12.5 (Simmons et al., 2005). The name 

derives from the glycogen-rich deposits in their cytoplasm and they are uniquely marked 

by Pcdh12 expression (Rampon et al., 2005; Bouillot et al., 2006). However, few 

additional markers or molecular determinants of this lineage have been identified. In 

sum, the junctional zone represents a complex structure whose development, 

components, functions, and interactions must still be elucidated. 

 

Morphological studies and genetic evidence from mouse mutants have generated a 

detailed description of the developmental milestones, cellular components, and key 

regulators of murine placenta development. However, a molecular accounting of the 

determinants of cell fate and function does not yet exist.  

 

Placental development in humans 

Placental development in human, as in mouse, begins with the separation of 

trophectoderm and inner cell mass at the blastocyst stage (Hemberger et al., 2020; 

Turco and Moffett, 2019). After implantation, human placenta development proceeds 

rapidly as trophectoderm-derived primary syncytiotrophoblast (STBs; multinucleate 

cells) and diploid cytotrophoblasts (CTBs) form a shell surrounding the developing 

embryo. The placental villi – the functional units for gas, nutrient, and waste exchange – 

are established within the first 2-3 weeks of gestation (Knöfler et al., 2019; Turco and 
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Moffett, 2019). The villi are formed by CTB invasion into the primary syncytial layer and 

followed by the migration of stromal and endothelial cells (Knöfler et al., 2019; 

Hemberger et al., 2020). The result is a stromal core that houses and supports the fetal 

vessels, covered by a CTB monolayer and an outer STB layer. To maximize surface 

area, the villi undergo extensive branching morphogenesis and arborization (Knöfler et 

al., 2019). The tips of villi in contact with the decidual stroma invade into the decidua 

and form permanent structures called anchoring villi (Turco and Moffett, 2019; Maltepe 

and Fisher, 2015). Upon migrating out from the anchoring villi, CTBs differentiate into 

extravillous trophoblasts (EVTs) that invade deeply into the decidua, home to the 

maternal arteries, and remodel them allowing blood to flow to the underlying villi 

(Maltepe and Fisher, 2015; Knöfler et al., 2019). This forms the mature structure of the 

villous placenta, also known as the villous chorion (VC).  

 

At approximately 6-7 weeks of gestation, the villi opposite the site of implantation begin 

to degenerate (Knöfler et al., 2019; Hamilton and Boyd, 1960; Benirschke et al., 2006). 

This process spreads radially, restricting villi to the mature discoid organization of the 

human placenta (Knöfler et al., 2019). The causes of degeneration are not well 

understood. The most parsimonious explanation is mechanical. The ballooning of the 

amnion separates the overlying villi from the decidua and maternal blood supply, which 

triggers atrophy. While degeneration eliminates the arborized villi (SCTs and a 

vascularized stroma), an epithelial-like cytotrophoblast layer atop a connective tissue 

layer persists until parturition. The term smooth chorion (SC) denotes the absence of 

villi (Benirschke et al., 2006; Genbacev et al., 2015). Although EVTs are found in the 
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SC, they fail to invade the adjacent decidua (Genbacev et al., 2015; Garrido-Gomez et 

al., 2017; Pique-Regi et al., 2017). The distinct morphological and cellular composition 

of the SC and the VC suggests these two regions have different functions. While 

considered vestigial, lacking the STBs and vascularization and villous organization 

required for nutrient transfer, the SC makes up more than 70% of the extraembryonic 

surface area surrounding the developing embryo/fetus (Benirschke et al., 2006). As 

gestation proceeds, the fetus grows and forces the amnion, associated fetal stroma, 

SC, and decidual stroma into contact, leading to fusion of these layers (Genbacev et al., 

2015; Boyd and Hamilton, 1967). Therefore, the human placenta becomes separated 

into two regionally distinct regions by mid-second trimester.  

 

The ontogeny, differentiation trajectories, and relationships between the mature 

lineages of the VC trophoblast – CTBs, STBs, and EVTs – have been studied and 

reviewed extensively (Hemberger et al., 2020; Knöfler et al., 2019; Turco and Moffett et 

al., 2019). CTBs, often termed villous CTBs, function as a multipotent progenitor for all 

trophoblast lineages in the developing VC (Knöfler et al., 2019; Okae et al., 2018). In 

the villi, CTBs self-renew to maintain a monolayer separating the stromal villous core 

and the overlaying STB. At seemingly sporadic spatial intervals CTBs differentiate and 

fuse with the STB layer (Knöfler et al., 2019). Differentiation to STB requires cell cycle 

exit, as P21 and GCM1 complex to drive transcription of endogenous retroviral genes 

that mediate membrane fusion (Lu et al., 2017). STB can also be generated in vitro, 

with canonical WNT signaling and elevation of cAMP being essential for this process 

(Okae et al., 2018; Haider et al., 2018). Further maturation then occurs as STB function 
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as the main source of fetal derived hormones, including CGA and CSH1 (Liu et al., 

2018; Maltepe et al., 2010). STB are the conduit for nutrient uptake from maternal blood 

and to which they return spent materials (Maltepe and Fisher, 2015). As such, STB are 

highly polarized, with an apical surface covered with microvilli and optimized for both 

diffusion and active transport (Burton and Fowden, 2015). CTBs at the tips of anchoring 

villi do not differentiate to STB and instead migrate outward into the decidua through the 

cell column, which connects the villi and the uterus. During this migration, CTBs in the 

cell column undergo a final mitotic cycle and differentiate into EVTs (Genbacev et al., 

1997; Knöfler et al., 2019). This process entails a dramatic remodeling of adhesion, 

immune and vascular molecules, which, necessary for EVT migration into maternal 

tissue and blood vessels. For example, CTBs in the cell column switch numerous 

integrin heterodimers (e.g., ITGA5 to ITGA1) and vasculogenic/angiogenic molecules 

(e.g., VEGF family members) and upregulate various matrix metalloproteinases (e.g., 

MMP9) and immunomodulatory factors such (e.g., HLA-G) (Fisher et al., 1989; Kovats 

et al., 1990; Zhou et al., 1997; Genbacev et al., 1997; McMaster et al., 1995; Knöfler et 

al., 2019).  

 

It is accepted that the SC and VC contain similar CTB populations (Benirschke et al., 

2006; Pique-Regi et al., 2019; Genbacev et al., 2015). Immunolocalization 

demonstrates the expression of CTB markers (KRT7) and EVTs stage-specific antigens 

(HLA-G and ITGA4) in both locations (Genbacev et al., 2015; Garrido-Gomez et al., 

2017). Single cell RNA-sequencing of tissue samples, including the SC, identifies EVTs 

isolated from this region as clustering with EVT isolated from the VC. Because this 
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analysis did not identify CTBs in the SC, the similarities between CTBs across regions 

could not be addressed (Pique-Regi et al., 2019). Similarity between EVTs from the VC 

and SC has been described previously, but remains in contrast with the divergent 

behavior of these cells (Genbacev et al., 2015). Unlike their counterparts in the VC, 

EVTs in the SC do not invade deeply into the decidua or remodel maternal arteries 

(Genbacev et al., 2015; Garrido-Gomez et al., 2017). However, whether SC-derived 

EVT lack inherent invasive capacity and if this capacity changes over time or as a result 

of disease is unclear (Genbacev et al., 2015; Garrido-Gomez et al., 2017). Therefore, 

unanswered questions about SC-CTBs concern their role as EVT progenitors and 

whether invasion is under autocrine or paracrine control.  

 

Despite the paucity of molecular markers distinguishing SC from VC trophoblasts or 

identifying SC trophoblast subtypes, several morphological studies provide insight into 

cellular heterogeneity and potential functions of SC-CTBs. Yeh et al., identify two 

distinct populations defined as vacuolar and eosinophilic (Yeh et al., 1989). An 

additional study notes variability in SC-CTBs morphology, including their nuclei and 

organelles (Bou-Resli et al., 1981). It has been hypothesized that the cells of the SC are 

in varying stages of degeneration. However, three pieces of evidence contradict this 

theory (Benirschke et al., 2006). First, strong staining for alkaline phosphatase shows 

that SC-CTBs are metabolically active (Yeh et al., 1989). Second, these cells 

incorporate tritiated thymidine, which shows they are replicating and dividing (Benirscke 

et al., 2006). Finally, SC-CTBs are connected by gap junctions, which allow passage of 

ions, signaling molecules, and metabolites between cells (Bartels and Wang, 1983). 
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Taken together, these results suggest a level of activity, growth, and coordination that is 

not characteristic of a degenerating tissue.  

 

Single cell profiling methodologies 

Single cell RNA-sequencing (scRNA-seq) has become an important and commonplace 

technique for profiling mRNA expression of organs, tissues, or systems, which are 

made up of heterogeneous collections of cells. Cataloguing and quantifying the 

transcripts in each cell enables identification of broad types, estimation of their 

proportions, and generation of hypotheses about their functions at scale (Kharchenko, 

2021). Improvements in the throughput of scRNA-seq allow for the profiling of large 

numbers of cells, permitting the robust identification of rare populations and/or the 

capture of all cells in an organ or organism (Stuart and Satija, 2019).  

 

The ability to perform unbiased profiling of large numbers of cells has motivated three 

common types of scRNA-seq experiments. The first is broad surveys of cell types in a 

particular environment. Generally termed ‘atlases’, these experiments begin with the 

premise of identifying and characterizing the cell types in a particular system and 

inferring their behavior. Chapter 2 of this thesis is an example of this type of experiment. 

We determined the transcriptional features of hard to isolate cell types in the mouse 

placental labyrinth. The second category is comparative studies that use scRNA-seq to 

identify differences between two conditions such as wildtype vs. mutant, healthy vs 

disease, or – as exemplified in Chapter 3 of this thesis – the differences between CTBs 

in two spatially distinct regions of the human placenta. The third type is the use of 
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scRNA-seq in combination with molecular perturbations or recording systems. 

Examples include scRNA-seq in combination with CRISPR perturbations, lineage 

recorders, and other high throughput single cell genomic measurements (Dixit et al., 

2016; Datlinger et al., 2017; Wagner et al., 2018; Chan et al., 2019). At the time of 

writing, no examples of this type of experiment have been published in the placenta. 

Future applications of this experimental framework in placental research are discussed 

in Chapter 4.  

 

Premise of these studies 

At the outset of the experiments presented in this thesis, only one publication had 

applied scRNA-seq to the mouse placenta (Nelson et al., 2016) and only two had used 

the technique to profile the human placenta (Pavlicev et al., 2017; Tsang et al., 2017). 

Inspired by the recent profiling of nuclei instead of whole cells (Grindberg et al., 2013; 

Lacar et al., 2016; Habib et al., 2017), in Chapter 2 we describe experiments in which 

we applied single nuclei RNA-sequencing (snRNA-seq) to address outstanding 

questions about the ontogeny and differentiation of the mouse labyrinth. Building on 

previous work implicating changes the human SC coordinated with severe pre-

eclampsia (Garrido-Gomez et al., 2017), in work summarized in Chapter 3 we sought to 

establish a baseline for the cellular composition, molecular identities, and 

developmental trajectories of the SC trophoblasts in the context of their VC 

counterparts. Both studies provide public resources for generating hypotheses. They 

will also be valuable for comparing new datasets, including the molecular changes 
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associated with placental pathologies that are the result of genetic alterations in mice or 

associated with pregnancy diseases in humans.  
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Chapter 2: Single nuclei RNA-seq of mouse placental labyrinth development 
 

Abstract 

The placenta is the interface between mother and fetus in all eutherian species. However, 

our understanding of this essential organ remains incomplete. A substantial challenge 

has been the syncytial cells of the placenta, which have made dissociation and 

independent evaluation of the different cell types of this organ difficult. Here, we address 

questions concerning the ontogeny, specification, and function of the cell types of a 

representative hemochorial placenta by performing single nuclei RNA sequencing 

(snRNA-seq) at multiple stages of mouse embryonic development focusing on the 

exchange interface, the labyrinth. Timepoints extended from progenitor driven expansion 

through terminal differentiation. Analysis by snRNA-seq identified transcript profiles and 

inferred functions, cell trajectories, signaling interactions, and transcriptional drivers of all 

but the most highly polyploid cell types of the placenta. These data profile placental 

development at an unprecedented resolution, provide insights into differentiation and 

function across time, and provide a resource for future study. 

 

This study was published in eLife in 2020 (Marsh and Blelloch, 2020). 

 

Introduction  

The placenta links maternal tissues and the embryo, providing necessary support and 

instructing the development of the embryo. The placenta performs many essential 

functions including transport of nutrients and exchange of gasses and waste between 

maternal and fetal blood, production and uptake of hormones, and regulation of the 
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maternal immune system (Maltepe et al. 2015; Woods et al. 2018). The mouse placenta 

is separated into three main regions – the decidua, the junctional zone (JZ), and the 

labyrinth. Select fetal trophoblast invade into the maternal decidua and remodel and line 

maternal arteries, facilitating maternal blood to flow into the fetal portion of the placenta 

(Adamson et al. 2002; Maltepe et al. 2015). The JZ lies directly beneath the decidua and 

is comprised of parietal trophoblast giant cells, spongiotrophoblast, and glycogen cells 

that largely function in hormone secretion and metabolism (Simmons et al. 2007; Woods 

et al. 2018). Beneath the JZ, closest to the embryo, is the labyrinth, which is specially 

designed to maximize surface area for gas and nutrient exchange between maternal and 

fetal blood (Figure 2.1A) (Simmons et al. 2008; Soncin et al. 2015;Woods et al. 2018).  

 

The development of the labyrinth structure begins with fusion of the allantois with the 

chorion at E8.5 (Cross et al. 2003). This begins a process of invasion and branching 

morphogenesis resulting in an expansive surface area for gas and nutrient exchange by 

E10.5 (Soncin et al. 2015). The gas exchange interface in the mouse contains three layers 

of differentiated trophoblast separating maternal blood from the endothelial cells of the 

fetal vasculature (Simmons et al. 2008; Maltepe et al 2015; Coan et al. 2005). Sinusoidal 

trophoblast giant cells (S-TGC) reside in the maternal blood space, have demonstrated 

exocrine functions, and are a source of placental lactogens (Simmons et al. 2008). S-

TGC are attached to the outermost syncytiotrophoblast layer (SynTI) but are perforated 

allowing maternal blood to contact SynTI (Coan et al. 2005; Woods et al. 2018). Next, are 

the two SynT layers which together transport gasses and nutrients from the maternal 

blood to the fetal vasculature (Giorgiades et al. 2002; Woods et al. 2018). SynTI is the 
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outer layer in direct contact with maternal blood forming the barrier between maternal 

blood and fetal tissue. Beneath, is SynTII which functions as an intermediary between 

SynTI on its apical membrane and the fetal endothelium on its basal side. Proper 

patterning of each cell type ensures efficient transport of nutrients and waste between 

maternal and fetal blood, and is necessary for embryonic growth, development, and 

viability.  

 

Investigating the cells of the placental labyrinth is difficult due to their size and an 

expansion in the number or ploidy of nuclei. SynT cells are multinucleate and are not 

amenable to standard dissociation and isolation procedures. As a reference, human SynT 

are 80-200uM in diameter and contain 5-15 nuclei meaning their size and fragility do not 

allow for profiling by FACS or passage through microfluidic channels for droplet based 

single cell RNA sequencing (Liu et al. 2018). Therefore, questions remain about how each 

cell type is specified, how essential placental functions are distributed between cell types, 

and how each cell type changes throughout developmental time.  

 

Single cell RNA sequencing has become the preferred method for understanding the 

composition of a complex tissue at the transcriptional level. Several studies in both mouse 

(Nelson et al. 2016; Home et al. 2019) and human (Vento-Tormo et al. 2018; 

Suryawanishi et al. 2018) have profiled the placenta using scRNA-seq, however, 

syncytiotrophoblast are greatly underrepresented in these data. Studies in mouse have 

either avoided profiling the labyrinth trophoblast, or are unable to distinguish between the 

two SynT layers (Nelson et al. 2016; Home et al. 2019). Recently, application of droplet-
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based transcriptome profiling to nuclei has been shown to provide high quality data and 

results which recapitulate those from whole cell scRNA-seq (Habib et al. 2017; Lake et 

al. 2017; Bakken et al. 2018; Ding et al. 2020). To circumvent complications with single 

cell dissociation and capture of placental cells, we applied single nuclei RNA-seq (snRNA-

seq) to the mouse placenta.  

 

In this study, we used snRNA-seq to profile the murine placental development at four time 

points spanning placental cell type specification, differentiation, and maturation (E9.5, 

E10.5, E12.5, and E14.5). We resolve all populations of the labyrinth at single nucleus 

resolution and identify distinct markers and transcript signatures for each population. We 

are able to separate each SynT layer, furthering the understanding of the independent 

roles of each cell type at the gas exchange interface. Mapping differentiation from 

stem/progenitor cells to terminal differentiation, we capture novel intermediates and 

identify putative regulators. We predict signaling interactions between populations of the 

labyrinth to understand crosstalk between these populations, revealing factors guiding 

concerted development of SynT and fetal endothelium. Finally, we identify transcription 

factor (TF) driven gene regulatory networks active in each placental population, 

uncovering candidate regulators of fate and function in the placenta. By separating and 

characterizing placental cell types, specifically those in the labyrinth, these data provide 

a resource for understanding development in vivo, generation of molecular tools in vitro 

and in vivo, and for future modeling of prenatal pathologies. 
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Results 

Nuclear Isolation and snRNA-seq of mouse placental cells (E9.5-E14.5) 

To gain a better understanding of the constitution of cell types and developmental 

trajectories in the mouse placenta, we performed single nuclei droplet-based sequencing 

of their transcriptomes at four embryonic time points: E9.5, E10.5, E12.5, and E14.5. 

Given the largely syncytial nature of the placenta, we reasoned that sequencing of nuclei 

would bypass the problems inherent in using a single cell RNA sequencing approach. To 

decrease contribution from maternal tissues, the placenta was carefully dissected at the 

boundary between the fetal junctional zone and the maternal decidua (Figure 2.1A). On 

the labyrinth side of the placenta, the placenta was separated from embryo proper at the 

point of attachment with the allantois on the basal side (embryo facing). Nuclei were 

isolated and sorted for DNA content by FACS enabling the removal of doublets and 

contaminating cytoplasmic RNA (Figure 2.1B). Isolated nuclei were subjected to droplet-

based sequencing using the 10x Genomics platform. 

 

A total of 27,326 nuclei passed quality control (between 500 and 4000 unique genes 

identified and fewer than 0.25% mitochondrial reads), ranging from 4124 to 9485 nuclei 

across the embryonic days (Figure 2.1C, Table S1). Clustering of nuclei using the Seurat 

package identified 26 clusters, then projected in UMAP expression space allowing for an 

understanding of the relationship among populations as visualized by proximity (Figure 

2.1D, Figure 2.2A-C) (Satija et al. 2015; Butler et al. 2018). Based on general markers, 

these populations were separated into 5 broad groups: Trophoblast, Decidual Stroma, 

Blood Cells, Endothelial Cells, and Fetal Mesenchyme.  
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The maternal decidual stroma was identified by the absence of Xist expression in male 

embryonic tissue (Figure 2.1E). Marker genes further subdivided the five broad groups 

into subgroups (Figure 2.2D). The fetal mesenchyme group consisted of two distinct 

subgroups. One (clusters 6, 10, and 24) expressed markers of pericytes (e.g. Acta2) and 

several growth factors including Wnt5b and Pdgfrb that are critical for development and 

maintenance of vascular populations (Eaton et al. 2020). The other (clusters 15 and 19) 

expressed Gata4, Kit, and Pdpn. The nature of the cells in this subgroup is unclear, but 

immunofluorescence for PDPN showed the cells to be interstitial with long projections that 

appear to make contact with PECAM positive fetal endothelial cells (Figure 2.2E). The 

endothelial group consisted of cells expressing markers of vascular endothelium (Cluster 

3 - Pecam1, Kdr, Tek), lymphatic endothelium (cluster 26 - Flt4/Vegfr3), and pro-

angiogenic and lymphogenic lineages (Clusters 20 and 25 - Vegfc and Igf1, respectively) 

(Cao et al. 1998; Björndahl et al. 2005). The identification of cells expressing lymphatic 

markers is intriguing because the placenta is not thought to contain lymphatics. However, 

lymphatic endothelium has been discovered in human and it is possible a similar cell type 

exists in mouse (Pique-Regi et al. 2019). The blood cell group consisted of putative 

erythrocytes (Cluster 13 - Hbb-y, Hba-x), macrophages (Cluster 17 - Mrc1+; Martinez and 

Gordon, 2014), B-cells (Cluster 21 - Bank1, Btla; Aiba et al. 2006), T-cells (Cluster 22 – 

Gzmc, Slamf1, Cd84; Griewank et al. 2007, Veillette 2006), and natural killer cells (Cluster 

23 - Cd244; Lee et al. 2004). Together, these data show that snRNA-seq has the 

sensitivity and specificity to identify the multitude of cell types in the developing placenta. 
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Sub-clustering identifies the trophoblast subpopulations of the labyrinth and 

junctional zone 

Trophoblast cells are unique to the placenta and perform the majority of its specialized 

functions. Unsurprisingly, they also make up the largest of the five broad groups of nuclei 

(Figure 2.1D). To gain a deeper understanding of the trophoblast populations, we used 

Seurat to cluster only trophoblast nuclei. Nuclei collected at each individual timepoint 

were analyzed separately and those assigned a trophoblast identity were then integrated 

and visualized on a single UMAP. This analysis resulted in 13 clusters consisting of 

16,386 nuclei, with clusters ranging in size from 159 to 2906 nuclei (Figure 2.3A, Figure 

2.4A). The clusters formed five appendages arising from a central body.  

 

The central body consisted of 4 clusters. One of these clusters highly expressed the 

receptor tyrosine kinase Met (Figure 2.3B), which was previously described as a marker 

of labyrinth trophoblast progenitor (LaTP) cells with trilineage potential: SynTI, SynTII, 

and S-TGC (Ueno et al. 2013). The snRNA-seq data places these cells as most closely 

related to SynTII. Notably, the LaTP shared expression of the Wnt signaling pathway 

members Ror2, Lgr5, and Tcf7l1 with presumptive SynTII precursors. Interestingly, the 

clustering identified a second subpopulation of cells in the central body that shared 

relatively high expression of Tcf7l1 and the long non-coding RNA Pvt1 with LaTPs, but 

expressed low levels of Met, Ror2, and Lgr5 and high levels of Egfr (Figure 2.3B). These 

cells were more closely related to SynTI and S-TGC. We designated this subpopulation 

as LaTP2. Correlative analysis of RNA levels for Met and Egfr in individual cells confirmed 

that for the most part these markers were uniquely expressed in LaTP and LaTP2 cells 
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respectively (Figure 2.4B). Previously described LaTPs were also shown to express high 

levels of the adhesion protein EPCAM (Ueno et al. 2013). EPCAM mRNA and protein 

was mostly limited to the MET+ LaTP cells, although rare EPCAM/EGFR double positive 

cells were also present (Figure 2.4C-D). Positionally, MET expressing LaTP cells were 

more basal than the EGFR expressing LaTP2 cells, suggesting that LaTP may be giving 

rise to LaTP2 (Figure 2.4D). Consistent with this interpretation, immunofluorescence 

staining of E8.5 embryos identified a large number of EPCAM/MET double positive cells, 

but few EGFR positive cells in the developing chorion plate (Figure 2.4E). Together, these 

data show that LaTPs can be separated into two populations based both on mRNA and 

protein expression. The developmental relationship between these two populations will 

require future lineage tracing. 

  

The remaining two clusters within the central body appeared to represent precursors of 

the differentiated cells of the junctional zone – glycogen cells (GCs) and 

spongiotrophoblasts (SpT) [Junctional zone precursors (JZPs) 1 and 2 (Figure 2.3A)]. 

JZP1 exclusively expressed high levels of Cdh4, whereas Prune2 and Ncam1 showed a 

continuum of expression, increasing from JZP 1 to 2 and finally specified GCs (Fig2B and 

Figure 2.5A). Markers such as Igfbp7, Pla2g4d, Plac8, and Pcdh12 marked later stages 

of GC specification. In contrast to GCs, the SpT arm separated from late JZP2/ early GCs, 

with increasing expression of Mitf, Flt1, Prl8a9, and Slco2a1 as they transitioned from 

precursors to differentiated cells. The relationship between LaTPs and JZPs is unclear as 

they shared few markers. One shared marker was Pvt1, a target and enhancer of 

expression of the oncogene Myc and, therefore, may reflect the shared proliferative 
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nature of these two populations, explaining their juxtaposition in UMAP space (Tseng et 

al. 2014). 

 

The arms extending from the central body showed a transition from progenitors through 

precursors to fully differentiated cells representing five previously described cell types of 

the mouse placenta: SynTI, SynTII, S-TGCs, GCs, and SpTs. SynTI was easily identified 

based on the expression of known markers of SynTI function including the transferrin 

receptor Tfrc and monocarboxylase transporter Mct1 (Walentin et al. 2016), but also 

expressed previously unknown markers such as the transcription factor (TF) Glis1 and 

the retinol receptor Stra6 (Figure 2.3B). SynTI precursors also expressed these markers, 

albeit at lower levels, while additionally expressing high levels of the signaling molecules 

Epha4 and Tgfa, which decreased with further differentiation. SynTII was annotated by 

expression of the TF Gcm1 and fusion gene Synb (Maltepe et al 2015, Simmons et al 

2008), but also expressed many previously unknown cell specific genes such as the 

glucagon receptor Gcgr and vascular endothelial growth factor Vegfa. SynTII precursors 

showed elevated expression of Ror2 and Lgr5 relative to the LaTP. In contrast, Tcf7l1 

decreased throughout the process of differentiation from LaTP to SynTII. S-TGCs were 

easily identified by the expression of the canonical marker Ctsq (Simmons et al 2007; 

Simmons et al 2008), but also uniquely expressed the leptin receptor Lepr and the Nitric 

Oxide Synthase 1 adaptor Nos1ap among other genes. Marker genes for all populations 

are included in supplementary information (Figure 2 – source data 1). 
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We further probed the transition from multipotent LaTP through precursors to each of the 

differentiated labyrinth cell types (SynTII, SynT1, and S-TGC) using pseudotime analysis. 

The pseudotime analysis program Slingshot aligned cells along a 2D trajectory from the 

most transcriptionally similar LaTP population (LaTP-SynTII; LaTP2-SynTI; LaTP2-

STGC) to each of the mature populations (Figure 2C-E). Pseudotime analysis expanded 

upon the marker genes for each population by defining the timing of expression of genes 

through the differentiation process and identifying distinct signaling pathways in each 

lineage. Expression of Wnt regulated TF Tcf7l1 along with Wnt receptor Ror2 were 

maintained from LaTP through commitment to a SynTII precursor state. Upon 

commitment to the SynTII lineage, the TF Zfhx3 and growth factor receptor Igf1r are newly 

expressed while canonical markers Gcm1 and Synb are among the later transcript 

changes (Figure 2.3C). SynTI Precursor cells maintain Pvt1 expression but uniquely 

upregulate the ephrin receptor Epha4, the Egf-related ligand Tgfa, and the Egf receptor 

substrate Eps8. Only mature SynTI express the kinase Prkce and clathrin coat assembly 

protein Snap91 (Fig 2D). S-TGC Precursor cells activate the receptors Pparg and Lifr as 

well as the hypoxia induced TF Epas1 upon lineage commitment. Expression of the 

canonical marker Ctsq occurs only in mature S-TGC along with Lepr and the 

Glucocorticoid signaling effector Tsc22d3 (Fig 2E). These data are consistent with distinct 

signaling pathways (e.g. SynTII – WNT, IGF; SynTI – EGF, EPH; S-TGC – LIF, PPAR) 

driving differentiation of LaTP into the three main cell types of the placental labyrinth. 

Interestingly, the S-TGC appear to differentiate from the junction of LaTP2 and JZP1 

(Figure 2.3A), potentially suggestive that S-TGC arise from ectoplacental cone cells 

(Simmons et al. 2007; Simmons et al. 2011) as well as from chorion derived LaTP (Ueno 
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et al. 2013). It is also possible the location of the S-TGC near JZP1 reflects the shared 

prolactin expression between S-TGC and other junctional zone populations. Again, 

lineage tracing will be required to address their developmental relationships.  

 

As described above, the remaining two arms were consistent with differentiation of the JZ 

populations: SpT and GC cells. Immunofluorescence of the representative markers 

NCAM1 and SLCO2A1 confirmed their expression in the JZ (Figure 2.3F). Furthermore, 

staining of juxtaposed sections confirmed their mutually exclusive expression (Figure 

2.5B). Co-staining with the known GC marker PCDH12 (Rampon et al. 2005), verified the 

GC identity of the NCAM1+ cells (Figure 2.5C). Previous work has identified differential 

expression of prolactin genes between GC and SpT (Simmons et al. 2008). Therefore, 

we analyzed the expression of these genes in our dataset. Expression analysis of 

prolactin genes showed both distinct and overlapping expression of this large gene family 

between the SpT and GC cells, and confirmed the identities of these clusters (Figure 2.6A 

and B). Of important note, parietal TGC nuclei were not identified in our snRNA-seq data, 

likely due to their very large size precluding their passage through the FACS pre-filter, 

which removes nuclei greater than 35 microns (Figure 2.5D). Our data also did not identify 

invasive trophoblast giant cells (spiral artery and canal TGCs) that invade the decidua, 

which was dissected away. Still, this analysis of the trophoblast snRNA-seq was able to 

clarify the cell types and their relationships for a predominance of the lineages of the 

mouse placenta identifying novel intermediate states and markers of the different cell 

populations. 
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Developmental time course and trajectory inference reveal details of lineage 

dynamics and commitment  

Next, we asked how the trophoblast cell populations changed over developmental time 

by separating the conglomerate data into its individual timepoints (Figure 2.7A). This 

visualization clearly showed the rapid diminishment of the LaTP populations over time, 

resulting in few progenitors remaining by E14.5 (Figure 2.7A and B). The precursor 

populations also decreased over time, presumably maturing into terminally differentiated 

cells, which dramatically increased during the time course (Figure 2.7A and B). To 

determine which populations were primarily responsible for the expansion of the number 

of cells in the placenta, we evaluated expression of the cell cycle marker Mki67 which is 

lost when cells exit the cell cycle (Gerdes et al. 1984). The majority of Mki67 expressing 

nuclei were among the progenitor and precursor cell populations (Figure 2.8A). However, 

at E9.5 and E10.5, a substantial number of nuclei at the distal tips of each arm also 

expressed Mki67, suggesting ongoing proliferation even after cells have transitioned to a 

more mature-like expression state. Very few nuclei expressed Mki67 at E14.5 consistent 

with the expansion in placental cell number happening prior to E14.5, with later growth 

occurring through cellular hypertrophy rather than cell division (Ueno et al. 2013; Paikari 

et al. 2017). 

 

Cellular dynamics can be tracked not only by collecting samples at different 

developmental time points, but also by leveraging splicing information inferred through 

comparisons of intron vs. exonic reads of genes within individual cells, termed RNA 

velocity. We performed RNA velocity using the scVelo package to produce vectors 
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representing both the direction and speed of cellular maturation (Bergen et al. 2019). In 

the scVelo visualization, each nucleus is identified by  

an arrow representing the inferred direction and rate of cellular change projected in UMAP 

space. The data was visualized separately for each different developmental timepoint to 

discern the dynamics of cell transitions and how these dynamics change over time (Figure 

2.7C). In addition, the velocity magnitude was summarized for each cell population at 

each developmental timepoint (Figure 2.7D). 

 

These analyses uncovered a number of interesting properties associated with placental 

development. Progenitor vectors (LaTP and LaTP2) showed little directionality and small 

magnitudes, likely reflecting a maintenance of multipotency and self-renewal. In contrast, 

the cells within each precursor population showed uniform directionality and large 

magnitudes, especially at E10.5 and E12.5, the period of greatest placental expansion. 

Surprisingly, the differentiated cell populations also showed vectors of great magnitude 

and uniform directionality at the early timepoints, suggesting ongoing transcriptional 

maturation, before diminishing by E14.5. To evaluate ongoing changes in the mature 

populations, we selected the S-TGC population and performed differential expressional 

analysis between each timepoint and E9.5. Consistent with the vectors, the number of 

differentially expressed genes at each consecutive timepoint increased from 143 to 700 

genes (adj. P-value <0.05; Figure 2.7E, Figure 2.8B). 

 

Gene ontology analysis showed that genes up at E9.5 were highly enriched for ontology 

groups concerning cell division, while those at E14.5 were enriched for Ras GTPase 
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signaling and various developmental processes (Figure 2.8C). Examples of genes that 

increased over developmental time include Ctsq, the Cathepsins (Ctsj, Ctsr, Ctsm, Cts3, 

and Cts6), and several genes involved in hormone signaling and response (Lepr, 

Tsc22d3, and Ghrh) (Figure 2.8B, D, E, F). In contrast, Podxl is expressed from the very 

early stages of S-TGC specification through E14.5. Podxl is a highly charged membrane 

protein which, in a different context, has been implicated in luminogenesis in early 

embryos (Shahbazi et al. 2017). While the formation of maternal blood spaces in the 

placental is distinct from the early embryo, the early expression of Podxl in S-TGCs might 

function in maintaining open maternal blood spaces within the placental labyrinth. The 

differential dynamics of PODXL and LEPR in S-TGCs was confirmed by 

immunohistochemistry (Figure 2.7F). Similar ongoing maturation processes were seen in 

the SynTII, SynTI, GC, and SpT populations (Figure 2.8G). Together these data support 

a model of early expansion by self-renewing progenitor cells and committed precursors 

followed by ongoing maturation of all five differentiated cell types of the placenta proper. 

 

Defining distinct roles of the trophoblast subtypes at the gas exchange interface  

The labyrinth is the site of transport between fetal and maternal blood in the mouse 

placenta. Fetal and maternal blood are separated by a thin membrane consisting of four 

cell layers starting with the fetal endothelial cells, then SynTII, followed by SynTI, and 

finally S-TGCs (Simmons et al. 2008) (Figure 2.9A). A basal lamina separates the fetal 

endothelial cells from SynTII cells. The expression programs and functions of the three 

trophoblast cell layers have been difficult to dissect due to the syncytial nature of the 

SynTI and SynTII cells. Isolation of nuclei followed by snRNA-seq overcomes this barrier 
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enabling the determination of the unique expression programs of each trophoblast layer. 

Immunohistochemistry for the marker genes PECAM1, IGF1R, STRA6, and PODXL 

demonstrate each cluster corresponds to Endothelial, SynTII, SynTI, and S-TGC 

populations respectively in vivo (Figure 2.9A). Each layer could be distinguished by high 

resolution image analysis with nucleated erythrocytes residing in the PECAM1+ fetal 

vessels and large polyploid S-TGC residing in the maternal blood sinuses. PODXL+ 

cytoplasmic extensions of the S-TGCs spread over the perimeter of the maternal blood 

space forming a permeable lining (Figure 2.9A).  

 

SynTII, SynTI, and S-TGCs were distinguished from one another based on their transcript 

profiles (Figure 2.9B). Furthermore, gene ontology analysis of differentially expressed 

genes between populations suggested highly distinct functions (Figure 2.9C-E and Figure 

2.10). SynTII differentially expressed genes were highly enriched for cell-cell and cell-

matrix interactions such as those encoding cell junction and cell adherens proteins 

consistent with a role as a basal permeability barrier between maternal and fetal blood. 

SynTII also expressed collagens and laminin subunits (Figure 2.9E) which likely form the 

basal lamina separating SynTII from the fetal endothelium. Also identified in SynTII 

differentially expressed genes was the stem cell population maintenance GO category, 

which included several genes known to be important for placental function though not 

specific to stem cells (Bcl9, Gata2, and Tbx3).  

 

In contrast, SynTI differentially expressed genes were enriched for intracellular transport 

and cell signaling including genes encoding for vesicular organization and transport, 
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protein localization to membranes, and Ras signaling. These data are consistent with 

SynTI layer playing a critical role in the transport of materials between maternal and fetal 

blood. SynTI is also enriched for genes involved in neuron projection development, driven 

by expression of canonical axonal pathfinding genes (Plxna2, Plxnd1) and synapse genes 

(Snap91). The exact function of these genes in SynTI is unclear and would be of interest 

for future study.  

 

Although more generally understood as an exocrine cell type, the S-TGC were enriched 

for GTPase and Ras signaling and receptors including Kras, Grb2, and Pdgfrb, 

suggesting these cells also transduce signals from maternal blood. S-TGC differentially 

expressed genes were strikingly enriched for those encoding for migration factors. Such 

expression could explain the long thin cellular extensions from these cells, which form the 

only non-syncytial trophoblast at the interface (Coan et al. 2005). S-TGCs are connected 

to SynTI by desmosomes, which are known to undergo constant remodeling and have 

additional functions in signaling and migration (Simmons et al 2008; Johnson et al. 2014). 

These S-TGC specific programs along with the high expression of Podxl, likely underlie 

a central role for these cells in the function of the maternal sinuses. S-TGC are also 

enriched for the placental development category which includes several genes important 

for giant cell function including Hand1 (regulation of giant cell lineage), Hsd17b2 (steroid 

hormone production), and E2F7 (endoreduplication). 

 

Given that the labyrinth represents the site of exchange of nutrients, minerals, 

metabolites, ions, gases, and regulatory factors, between the mother and fetus, we next 
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wanted to better understand how these functions are distributed across the different 

trophoblast layers. We focused on two large functional categories: solute transporter and 

cholesterol/vitamin transport. All genes in these categories that were found to be 

differentially expressed between one of the interface populations (SynTI, SynTII, S-TGC) 

compared to all other trophoblast populations were included in this analysis. The results 

suggested a striking separation of functions between the layers (Figure 2.10B and C). For 

example, genes responsible for carboxylate transport were highly enriched in SynTII, 

while organic anion transporters were enriched in SynTI. Even within specific transport 

pathways, functions were often separated; for example, factors important in Zinc transport 

were distributed across, yet distinctly expressed between the populations. Cholesterol 

transporters are enriched in SynTII (Scarb1, Vldlr) and S-TGC (Hdlbp, Ldlr), while Folate 

receptors (Folr1, Folr2) are uniquely expressed in SynTI. Together, these data show a 

highly evolved separation of functions between the three trophoblast layers that separate 

maternal from fetal blood. 

 

Predicting cell signaling within the placental labyrinth  

Single cell RNA-seq has been used to predict signaling between different cell types of a 

tissue or organ (Efremova et al. 2020; Vento-Tormo et al. 2018). Here, we asked whether 

we could do the same with snRNA-seq to provide insight into the developmental signals 

driving mouse placental development. We used the package CellPhoneDB (Efremova et 

al. 2020) which applies a data base of annotated receptor-ligand pairs to the single cell 

expression data evaluating all possible combinations of cell types (i.e. identified clusters). 

We focused our analysis on the populations of the developing labyrinth (LaTP, LaTP2, 
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SynTI Precursor, SynTI, SynTII, S-TGC Precursor, S-TGC, and fetal endothelium). Given 

that CellPhoneDB receptor-ligand database was developed for human cells, we only 

included orthologous genes from our mouse snRNA-seq data. The results are 

summarized as a heatmap of the predicted strength (average log 2 expression of ligand-

receptor pair) in Figure 2.12 with receptor-ligand interactions shown on the rows and each 

cluster pair shown as columns. A total of 139 unique ligand–receptor interactions reaching 

significance (adj. p-value < 0.05) were uncovered.  

 

CellPhoneDB predicted an interaction between Rspo3 in the endothelium with Lgr5 in the 

LaTP/SynTII lineage (Figure 2.11A). Rspo3 is required in vivo for the maintenance of 

Gcm1 expression (Kazanskaya et al. 2008; Aoki et al. 2007) and canonical Wnt signaling 

is essential for differentiation of SynTII (Zhu et al. 2017, Matsuura et al. 2011). Predicted 

signaling in the opposite direction included Vegfa secreted by SynTII to the receptors Kdr, 

Flt1, Nrp1, Nrp2 located only on endothelial cells. Immunostaining confirmed SynTII and 

SynTI as the sources of VEGFA in the labyrinth (Figure 2.11B, Figure 2.13). These data 

suggest a feedback loop where Rspo3-Lgr5 supports SynTII differentiation and function, 

while Vegfa-Kdr/Flt1 drives vascular maintenance and remodeling, thereby coordinating 

lineage differentiation with development of tissue structure. 

 

Analysis of marker genes suggested Egf signaling as a regulator of LaTP differentiation 

to SynTI (Figure 2.3D). CellPhoneDB analysis was consistent with that interpretation as 

it predicted an interaction between the EGFR ligands Tgfa, Hbegf and Nrg1 produced by 

SynTI with Egfr on both LaTP2 and SynTI precursor populations. However, it also 
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predicted an interaction with Egfr on LaTP, SynTII, and S-TGCs (Figure 2.11C). We 

confirmed protein expression HBEGF alone in SynTI, and colocalization of HBEGF and 

EGFR in SynTII (Figure 2.11D; Figure 2.13B and C). Therefore, SynTI appears to be a 

hub of EGF signaling that impacts the majority of the cell populations in the labyrinth. 

Loss of Egfr in vivo results in decreased placental size, disorganized labyrinth, and a 

reduction in the SpT layer (Du et al 2003; Miettinen et al. 1994; Strunk et al. 2004). 

Depletion of Egf ligands yields a variety of phenotypes (Liu et al. 2019; Luetteke et al. 

1993). Taken together, these data suggest a complex regulation of Egfr signaling being 

coordinated by SynTI that is critical for proper development of the labyrinth. 

 

Numerous ligand-receptor interactions between Bmp8a and several receptors, including 

Acvr1, Bmpr1, and Bmpr2 were predicted in the labyrinth. The source of Bmp8a is LaTP 

and SynTII and the receptors are located on all labyrinth populations, including LaTP and 

SynTII (Figure 2.11E). Additional Bmp 60A subfamily members, Bmp6 and Bmp7, were 

highly secreted. Bmp7 is secreted by LaTP and Bmp6 by the endothelium (Figure 2.11E 

and F). In addition to BMP ligand and receptors, the pathway’s downstream effectors, the 

Smad TFs, also showed striking differential expression between the cell types of the 

labyrinth. Smad2/4/7 were relatively uniformly expressed in trophoblasts, while 

Smad1/3/5/6 displayed varied levels of expression across trophoblast populations (Figure 

2.11G and Figure 2.13D). Previous work has shown that while Bmp8a is largely 

redundant with Bmp8b, loss of Smad1 and combined knockout of Bmp5/7 exhibit severe 

placental defects (Zhao et al. 1996; Tremblay et al. 2001; Solloway et al. 1999). Cell type 

specific perturbation of elements of the Bmp pathway has not been performed; however, 
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ligand-receptor modeling with CellPhoneDB combined with snRNA-seq expression data 

provides insight into how the pathway likely functions in vivo. 

 

Modeling transcription factor regulon activity identifies new candidate regulators 

of SynTII 

Transcription factors (TFs) are the most direct regulators of cell fate and can be used to 

reprogram cells to new cell fates (Kubaczka et al. 2015). Our snRNA-seq data contained 

many well-studied TFs, but expression alone is not necessarily a good indicator of 

function. TFs typically act cooperatively with other TFs and numerous factors influence 

their activity. Therefore, we sought to identify active TFs based on both expression of the 

TF and its downstream targets within the same cells. To do so, we used the SCENIC 

package (Aibar et al. 2017) which uses a database of TFs and their annotated motifs to 

identify enrichment of a TF motif within or near the promoter regions of co-expressed 

genes within each cell to define “regulon activity”. As such SCENIC infers activity of a 

transcriptional network rather than considering expression of the TF alone.  

 

Application of SCENIC to the trophoblast dataset recovered 200 transcription factor 

regulons with activity in at least one cluster. To ensure that the regulon activity data 

maintained the variation of the transcript expression data, we projected the nuclei in 

UMAP space using regulon activity transcript expression as the underlying variable. The 

resulting plot was color coded based on a cluster identity as defined by Seurat analysis 

of transcript expression (Figure 2.14A). There was overall strong agreement in the two 

approaches to separate nuclei by cell type both in UMAP space and hierarchical 



 48 

clustering of Pearson correlations between populations (Figure 2.3A vs. Figure 2.14A, 

Figure 2.15A). These data show that TF regulon activity provides an alternative means to 

identify the different cell types of the placenta.  

 

The identified regulons with differential activity across the populations included both 

known and unknown TF regulators of placental development. Known factors include 

Gcm1 in SynTII specification, Grhl2 in S-TGC, and Ets2 in JZ development (Figure 2.14B) 

(Anson-Cartwright et al 2000; Walentin et al. 2015; Yamamoto et al. 1998). Examples of 

the many unknowns include Tbx15 in LaTP, Gata1 in SynTII, Pax2 in SynTI, and Meis1 

in S-TGC. The power of the regulon approach is further supported by comparing the 

distribution of TF expression alone versus that of their regulon (Figure 2.14C). While 

expression of Gcm1 and Pax8 correlated the distribution of their regulon activity, Ets2 

and Esrrg did not. Ets2 was broadly expressed, yet its regulon activity was highly enriched 

among differentiating S-TGCs and GCs. Esrrg, on the other hand, was lowly expressed 

throughout, yet showed strong regulon active among SpT cells. Esrrg is not well studied 

in the mouse placenta, but has known roles in steroid hormone production and 

metabolism in human trophoblast, functions also important in the mouse placenta 

(Poidatz et al. 2012; Luo et al. 2014).  

 

Given that most of the TFs underlying cluster specific regulons have not been studied in 

the placenta, we next researched the Mouse Genome Informatic database for any 

phenotypes associated with the knockout of TFs driving the uncovered regulons. Only 17 

of the 200 TFs had annotated placental phenotypes, while 124 are lethal during 



 49 

development (defined as until weaning) (Figure 2.14D). Many of these developmental 

lethal phenotypes likely are associated with placental defects given that 68% of 103 

intrauterine lethal and subviable mouse knockout lines also have placental defects 

(Perez-Garcia et al. 2018). Unfortunately, few of knockouts evaluated in the Perez-Garcia 

et al paper were for transcription factors, making comparisons to our regulon data 

impossible. However, we did see robust and cell type specific expression of several 

factors uncovered in their paper as having placental phenotypes, including Fryl in GCs, 

Atp11a in the SynTI lineage, and Adcy9 in SynTII (Figure 2.15B and C). Together, these 

analyses suggest likely important roles for the uncovered regulons in placental 

development. 

 

Next, we asked if we could uncover networks among the TFs themselves focusing on the 

SynTII lineage. In particular, the regulon data was evaluated for evidence of coexistence 

of paired regulon activity with associated high confidence annotations (defined by either 

direct annotation or inferred by orthology) of binding sites for one or both of the TFs in the 

other TF’s promoter region (Figure 2.14E). Gcm1, the master regulator of the SynTI 

lineage, and Zhfx3 have reciprocal high confidence motif in their promoter regions, 

suggestive of a positive feedback loop. Zfhx3 and Tcf7l2 also show mutual regulation of 

one another, and Tcf7l2 also has a high confidence binding site in the promoter of Gcm1. 

Thus, these 3 TFs establish what appears to be an autoregulatory loop. Zfhx3 (Atbf1) 

does not have known functions in the placenta. However, two independent genetic 

disruptions of Zfhx3 result in embryonic to pre-weaning lethality with surviving pups 

exhibiting severe growth defects (Sun et al. 2012; Parsons et al. 2015). While Tcf7l2 
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knockout mice do not have a placental phenotype, we identify high confidence motifs in 

the promoter regions of many genes important for SynTII differentiation and function 

including Lgr5, Vegfa, Slc43a2, and Gcm1 (Perez-Garcia et al. 2018; Kazanskaya et al. 

2008; Guetg et al. 2014). It is possible that redundancy with Tcf7l1 underlies the lack of 

Tcf7l2 knockout placental phenotype (Nguyen et al. 2009).  

 

Zfhx3 also appears to be in a positive regulatory loop with the two TFs Zmiz1 and Mxi1. 

Zmiz1 and Mxi1 in turn both have high confidence binding sites in the promoter of Gata1. 

While Gata1 has not been studied in the context of the mouse placenta, transcript 

expression, regulon activity, and high confidence motifs suggest it regulates multiple 

genes with important functions in SynTII including Vegfa, Slc40a1 (ferroportin), and the 

basal epithelial transcription factor Trp63. Immunofluorescence showed the colocalization 

of GATA1 with IGFR1, thereby confirming its expression in SynTII (Figure 2.14F). In 

particular, strong GATA1 protein expression was visible in the SynTII nuclei abutting the 

basal membrane (Figure 2.14F and Figure 2.15D – white arrowheads), but not in SynTI 

nuclei closest to maternal blood spaces (Figure 2.14F – yellow arrowhead). Strong 

GATA1 staining was also obvious in the nuclei of fetal erythrocytes with vascular lumen. 

Therefore, GATA1 appears to be expressed exclusively in SynTII population of 

trophoblasts and likely has important regulatory functions specific to SynTII.  

 

Discussion 

This study profiles the development of the mouse placenta by transcriptome capture of 

nuclei, rather than whole cells, resulting in a high-resolution map of labyrinth 
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differentiation and allowing for the first independent analyses of the two SynT populations. 

In contrast to previous studies where SynT comprise fewer than 10% of cells identified, 

almost 30% of trophoblast nuclei captured in this study originate from SynT cells. Profiling 

four developmental stages from E9.5 to E14.5 allowed for the capture of stem/progenitor 

and terminally differentiated populations including previously unknown intermediate 

states and new putative regulators of cell identity. Modeling receptor-ligand interactions 

predicted how SynTII and endothelial cells coordinate spatial proximity and development 

through growth factor secretion. In addition, network inference predicted gene regulatory 

networks defined by TFs and feedback loops among the TFs, including novel candidate 

regulators of placental development. All together, these data represent a high-resolution 

map of placental labyrinth development providing insights into the cell autonomous and 

non-autonomous molecular events underlying the formation and function of this 

remarkable organ.  

 

Understanding the development of any tissue begins with the progenitor populations. 

Previous work uncovered a population of EPCAM and MET expressing progenitors that 

give rise to the three trophoblast populations of the labyrinth (SynTI, SynTII, and S-TGC) 

(Ueno et al. 2013). Clustering analysis of the snRNA-seq data separated these cells into 

two closely related clusters, LaTP and LaTP2. Both expressed Epcam, but only LaTP 

expressed Met. The relationship between these populations is unclear. Both LaTP 

populations had low RNA velocities and there was no coordinated directionality to indicate 

differentiation from one population to the other. However, the relative positions of the two 

populations in the developing labyrinth and the earlier presence of EPCAM/MET double 
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positive cells (i.e. at E8.5) suggest that LaTP2 arise from LaTP. Alternatively, the two 

populations may arise from progenitors that separate earlier in development resulting in 

distinct lineage biases. LaTP is more similar to SynTII, while LaTP2 is more similar to 

SynTI and S-TGC. Understanding the specification and heterogeneity of labyrinth 

progenitors will be an important undertaking given that early defects are likely to have 

large effects in proportion of terminally differentiated trophoblast resulting in embryonic 

defects and ultimately reduced viability.  

 

Tracking differentiation from the LaTP populations identified previously unknown 

precursor populations along differentiation to SynTI and S-TGC. Profiling differentiation 

to SynTII confirmed previous work demonstrating the role of Wnt signaling in specification 

and efficient differentiation of SynTII, both in vivo and in vitro (Zhu et al. 2017; Matsuura 

et al. 2011). However, such detailed information and derivation protocols did not exist for 

SynTI or S-TGC. SynTI precursor cells strongly upregulated Egf signaling members Tgfa 

and Eps8. Additionally, expression of Egf ligands by mature SynTI and Egfr by LaTP 2, 

SynTII, and S-TGC underscore the centrality of Egf signaling to labyrinth development 

and function. While Egfr loss or mutation in vivo causes labyrinth disorganization, the 

deciphering of mechanism has been confounded by defects in junctional zone cells and 

strain specific variation (Du et al. 2003; Strunk et al. 2004; Dackor et al. 2009, Lee et al. 

2009). In human trophoblast, EGF has been shown to stimulate differentiation to SynT in 

vitro and decreased EGFR phosphorylation is associated with intrauterine growth 

restriction (Morrish et al. 1987; Fondacci et al. 1994). Given the redundancy of Egf 

ligands, a careful temporal and cell type specific dissection of the loss of Egfr will be 



 53 

necessary to separate the multiple functions of Egf signaling in placental development 

and health.  

 

Pseudotemporal ordering along the S-TGC trajectory implicated Lif-Stat3 signaling 

evidenced by increasing expression of Lifr and supported by high activity of the predicted 

Stat3 regulon by SCENIC. Loss of Lifr results in disorganization of the labyrinth and 

dramatically enlarged non-functional maternal blood sinuses lined by multinuclear 

aggregates, and not S-TGC (Ware et al. 1995). While Lif-Stat3 is also active in the 

junctional zone, this striking labyrinth phenotype is likely explained by a necessity for Lif 

signaling in the differentiation, patterning, and/or function of S-TGC. Deciphering how Lifr 

is necessary for S-TGC and the regulation of maternal blood spaces will require genetic 

manipulation specific to S-TGC. This will be important to understand establishment and 

maintenance of functional maternal blood spaces which are at the core of common 

placental diseases like preeclampsia, fetal growth restriction, and diabetic complications 

(Ware et al. 1995; Roberts et al. 2012).  

 

This study represents the first independent transcript profiling of each SynT layer in vivo. 

This was achieved by the isolation of nuclei prior to transcriptome capture. These data 

demonstrate the utility of snRNA-seq in profiling syncytial placental cells without 

damaging and lengthy enzymatic digestion or single cell dissociation. Mouse is the most 

common model for human placentation, even though the species differ in organ 

morphology, especially with respect to the gas exchange interface. Human placentas 

have villi that float in a pool of maternal blood. The villi are covered by a single syncytial 
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layer and have no clear S-TGC equivalent. Comparing the transcript profiles of the 

interface populations in mouse and human will help to understand how the functions of 

SynTI, SynTII, and S-TGC are distributed across the fewer trophoblast populations of the 

human placenta. Such information is also likely to provide important insight into how the 

different structures arose during evolution and which human developmental processes 

can be effectively modeled in mouse. 

 

In our study of the mouse labyrinth, specific marker genes identified in each layer provide 

insight into the functions of SynTI versus SynTII. Gene Ontology analysis of SynTI 

indicates enrichment for membrane associated proteins, including numerous 

transporters, receptors, and GTPase signaling factors. Many of these proteins, like 

STRA6, are localized to the apical surface where they transduce signals and uptake 

nutrients from maternal blood. However, SynTII also expressed many classes of solute 

transporters and signaling receptors, reflecting the export of molecules to the fetal 

endothelium. SynT layer specific expression indicates which transporters are likely 

involved in uptake from maternal blood (SynTI enriched), export to fetal blood (SynTII 

enriched), or both (SynTI and SynTII enriched). Transcript data represent the first step in 

understanding the chain of nutrient transport and inform the critical cell type for targeted 

therapies for nutrient deficiencies.  

 

Surprisingly, SynTII display unique enrichment for adhesion and junctional proteins, likely 

necessary to support frequent gap junctions on the border with SynTI and robust 

attachment to the basal lamina, respectively. Notably, several laminin, integrin, and 
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collagen subunits are highly expressed. Electron microscopy has demonstrated only one 

basal lamina exists, which is between SynTII and fetal endothelial cells (Coan et al. 2005). 

Endothelial cells express a complementary set of extracellular matrix protein subunits 

(Col4a1, Col5a2, Col18a1), suggesting deposition of this membrane is a coordinated 

process between these two cell types. Coordinated development between SynTII and the 

endothelium is also found in a positive feedback loop of necessary growth factors (Wnt 

and Vegf). These data support an additional role for SynTII as a vascular support cell and 

likely cell type of origin for many placental vascular abnormalities. 

 

Recent work identified that a surprising proportion of developmental lethal mouse mutants 

had unidentified placental phenotypes (Perez-Garcia et al. 2018). At least 200 TF defined 

regulatory networks are active in trophoblast during development. Over 62% of these TFs 

exhibit developmental lethal phenotypes upon homozygous loss of function but only 8.5% 

have published placental phenotypes (according to MGI). Candidate regulators were 

identified in all cell types, including Zfp110 in LaTP, Pax2 in SynTI, Gata1 in SynTII, Meis1 

in S-TGC, and Etv6 in GCs. For some TFs with strong phenotypes in other organ systems, 

a methodical analysis of placental morphology may not have been performed or 

published. For example, Zfhx3 is predicted to form an autoregulatory loop with Gcm1 and 

regulate several genes important to SynTII function. While loss of Zfhx3 results in 

developmental lethality and severe growth defects, its role in placental development has 

not been examined (Sun et al. 2012; Parsons et al. 2015). Several TFs may have not 

been identified due to overlapping or compensatory roles with other proteins. One such 

example is Tcf7l1 and Tcf7l2. While highly active in the SynTII, Tcf7l2 exhibits no 
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placental abnormalities upon knockout. Tcf7l1, which is also highly active in LaTP, has 

demonstrated redundancy with Tcf7l2 in the skin and it is likely each factor compensates 

for loss of the other (Nguyen et al. 2009). As the knockout of both factors is lethal prior to 

the genesis of the labyrinth, conditional deletion in only extraembryonic tissues would be 

required to investigate their function in the placenta. While conditional or temporal control 

over deletion may be necessary for other factors inducing early lethality (Klf5) or 

confounding defects in other organ systems (Gata1), genetic deletions for almost all 

identified TFs exist and represent a large resource for immediate study of their effects in 

placental development.  

 

In summary, this study represents a compendium of mouse placental labyrinth 

development from E9.5 through E14.5. These data provide a lens through which to better 

understand congenital defects, environmental and nutrient deficiencies, and species-

specific differences in development and function.  



 57 

Figures 

 
 
Figure 2.1 - Nuclear isolation and snRNA-seq of mouse placental cells (E9.5-
E14.5). 
(A) Schematic showing the main regions of the placenta – Labyrinth, Junctional Zone, 
Parietal TGC, and Decidua. Removal of the decidual stroma and the allantois is marked 
by scissors and cut lines. Sections of placentas at E9.5-14.5 stained with DAPI to label 
nuclei and reveal tissue architecture. The dotted line is drawn at the interface between 
the junctional zone (left of the line) and the maternal decidual stroma (right) to 
demonstrate the growth occurring during this time span. (B) Schematic outlining nuclei 
isolation from tissue, purification using FACS, transcriptome capture, and downstream 
analysis. (C) Number of nuclei collected at each gestational age and in total. (D) 
Visualization of the 27,326 nuclei included in the analysis plotted in two dimensions by 
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transcriptome similarity using uniform manifold approximation and projection (UMAP). 
Each dot represents one nucleus colored according to assignment by clustering analysis 
(see Methods). Dotted lines encircle clusters with common properties. (E) Expression of 
Xist in each sample. Female placenta samples express Xist in all nuclei. Male placental 
samples express Xist only in maternally derived nuclei. The main cell type groupings from 
D are outlined here also. 
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Figure 2.2 - snRNA-seq (E9.5-E14.5) dataset metrics and annotations. 
(A) UMAP projection of all nuclei color coded by timepoint from which they were 
collected. (B) The number of transcripts identified per nucleus (left) and the number of 
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unique genes identified (right) per cell projected in UMAP space. (C) Violin plots 
showing the number of unique genes (left), number of transcripts (middle), and the 
percent of reads mapping to mitochondrial genes (right) for each cluster identified in 
Figure 2.1D. (D) Dot plot showing the average expression per cluster and percent of 
nuclei in each cluster expressing select marker genes. Genes are listed on the x-axis 
and clusters on the y-axis. (E) Immunofluorescence staining of PDPN and PECAM1 at 
E10.5 showing PDPD+ cells mesenchymal cells and contacts with fetal PECAM+ 
endothelial cells (Scale Bar – 20um; FV – Fetal Vessel). 
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Figure 2.3 - Sub-clustering of the trophoblast nuclei identifies the cell types of the 
labyrinth and junctional zone. 
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(A) UMAP showing the 16,836 nuclei included in the trophoblast subset, clustered and 
plotted according to transcriptome similarity. Clusters were annotated according to 
canonical marker genes and named below. Inset shows the number of nuclei collected at 
each gestational age. (B) Dot plot showing average expression and percent of nuclei in 
each cluster expressing canonical and novel marker genes identified for each cluster. 
Genes listed on the x-axis and clusters on the y-axis. (C-E) Nuclei along the differentiation 
from LaTP to SynTII, SynTI, and S-TGC were ordered by pseudotime using Slingshot. 
The nuclei included along each pseudotime axis shown at top. The expression of select 
genes (y-axis) representing each differentiation are shown in each heatmap. Each column 
represents a nucleus organized in pseudotime proceeding from left to right along the x-
axis. (F) Expression of genes unique to several trophoblast populations projected in 
UMAP space (top) and localization of corresponding protein in E12.5 mouse placenta 
sections by immunofluorescence staining (Middle – 20x, Scale Bar = 200uM; Bottom – 
high magnification inset area shown by white dashed line). Separation of labyrinth (La) 
and junctional zone (JZ) shown by the orange dashed line. 
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Figure 2.4 - Trophoblast subset metrics and LaTP subcluster localization. 
(A) Violin plots showing the number of unique genes (left), number of transcripts 
(middle), and the percent of reads mapping to mitochondrial genes (right) for each 
cluster identified in the trophoblast dataset in Figure 2.2A. (B) Scatter plot of expression 
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of Egfr and Met in LaTP and LaTP2 clusters showing Egfr expression to be highly 
enriched in LaTP2. (C) Expression of Epcam RNA projected in trophoblast nuclei. LaTP 
and LaTP 2 clusters are outlined by the dotted line. (D) Immunofluorescence staining of 
EPCAM and EGFR (top two rows) or EPCAM and MET (bottom two row). White dashed 
lines outline EPCAM expression as a marker of canonical LaTPs. MET expression 
colocalizes with EPCAM and represent the LaTP cluster. EGFR and EPCAM domains 
are largely non-overlapping, with EGFR expressing cells representing the distinct 
LaTP2 cluster. EGFR is also expressed in mature SynTII. (E) Immunofluorescence 
staining of EPCAM and EGFR or EPCAM and MET at E8.5. Arrows denote the allantois 
(Al) and the chorion (Ch). The white box denotes the inset at right. 
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Figure 2.5 - Localization of JZ clusters. 
(A) Nuclei along the differentiation from JZP1 to GCs were ordered by pseudotime using 
Slingshot. The nuclei included along each pseudotime axis shown at left. The expression 
of select genes (y-axis) representing differentiation are shown in heatmap (right). Each 
column represents a nucleus organized in pseudotime proceeding from left to right along 
the x-axis. (B) Immunofluorescence staining of sections from E12.5 placentas for Ncam1 
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(Purple) and Slco2a1 (Yellow). Dashed lines separate boundaries between placental 
regions (Labyrinth, JZ – Junctional Zone, and Decidua). (C) Immunofluorescence staining 
of sections from E12.5 placentas for Pcdh12 (Green) and Ncam1 (D) DAPI staining in 
E12.5 placental sections. Dashed box outlines the magnified region shown at left. 
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Figure 2.6 - Junctional Zone Markers 
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(A) Table of Prolactin gene expression in either Spongiotrophoblast or Glycogen Cells 
from Simmons et al. 2008 and their expression in the snRNA-seq data. (B) Violin plots 
showing the expression of the prolactin genes in (A). (C) Violin plots showing the 
expression of additional canonical markers Pcdh12, Tpbpa, Ascl2, Gjb2, and Igf2r.  
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Figure 2.7 - Developmental time course and trajectory inference reveal details of 
lineage dynamics and commitment in trophoblast. 
(A) UMAP projection of all nuclei captured at each gestational age. (B) Quantification of 
the proportion of each cluster captured at each developmental time point. (C) RNA 
velocity vectors of the trophoblast nuclei at each time point. Arrows show the estimated 
magnitude and direction of each nucleus in pseudotime. (D) The magnitude of velocity 
vectors shown in D summarized as violin plots, with nuclei split by cluster identity and 
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developmental time point. (E) Violin plots showing the log2 fold change of differentially 
expressed genes between nuclei from S-TGC at E9.5 vs. each other timepoint. (F) 
Immunofluorescence staining of LEPR (top) and PODXL (bottom) in the placental 
labyrinth at each developmental timepoint at 63x. Insets, magnification of area 
surrounding a S-TGC indicated by dotted line, DAPI stain removed to highlight protein 
expression. 
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Figure 2.8 - Time resolved differences in S-TGC 
(A) Expression of Mki67 projected in UMAP space at each time point (left). The dotted 
line outlines the progenitor populations LaTP, LaTP2, SynTI Precursor, SynTII 
Precursor, and JZP 1/2. Quantification, shown as a dot blot representing percent cells 
expressing (increasing with dot size) and average expression (increasing with red color) 
of Mki67 in each cell population combined across all timepoints (right). (A) Scatter plot 
of differential expression (log2 fold change) in S-TGC nuclei comparing expression at 
E9.5 on the x-axis with E10.5 (left), E12.5 (middle), and E14.5 (right). Each dot 
represents a gene and significantly differentially expressed genes are colored blue (adj. 
P-value <0.05, 100 permutations). The top 10 differentially expressed genes by log2FC 
in either direction are labeled. (B) Gene Ontology (Biological Process) of genes 
upregulated at E14.5 vs E9.5 (left) and genes upregulated at E9.5 vs E14.5 (right) (adj. 
P-value < 0.05, logFC > 0.5). GeneRatio is the of the number of genes in the given 
ontology divided by the number of genes found in any ontology. (D-F) Expression of 
Ctsq (D), Lepr (E), Podxl (F) across trophoblast cells represented on UMAP plot at each 
developmental time point. The S-TGC population is circled by a solid line. (G) The 
number of differentially expressed genes (y-axis) between each timepoint for each 
cluster (with greater than 50 nuclei captured at each timepoint). 
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Figure 2.9 - Defining distinct roles of the trophoblast subtypes at the gas 
exchange interface. 
(A) Schematic showing the relative location of the cell types at the gas and nutrient 
exchange interface of the labyrinth – S-TGC, SynTI, SynTII, (sometimes referred to as 
Trophoblast layer I, II, and III, respectively) and the fetal endothelium (top). 
Immunofluorescence staining resolving expression in each pair of neighboring cell types 
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– Endothelial/SynTII, SynTII/SynTI, and SynTI/S-TGC in E12.5 mouse placenta sections. 
(B) Heatmap of all differentially expressed genes by log fold change in SynTI, SynTII, and 
S-TGC clusters. (C-E) Network diagrams showing the top 5 Gene Ontology (Biological 
Process) enriched in marker genes (adj. P-value < 0.05, logFC > 0.5) in each cluster. 
Gene ontology categories are nodes and associated marker genes are annotated. 
Adjusted P-values for enrichment are listed in the table insets. 
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Figure 2.10 - Division of cellular function and nutrient transport in the labyrinth. 
(A) Gene Ontology (Biological Process) of differentially expressed genes SynTII (top), 
SynTI (middle), S-TGC (bottom). Significantly differentially expressed genes are defined 
by adj. P-value < 0.05 and logFC > 0.5. GeneRatio is the of the number of genes found 
the given ontology divided by the number of genes found in any ontology category. (B) 
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Heatmap of scaled expression all solute transporters showing differential expression 
(adj. P-value < 0.05) in SynTI, SynTII, S-TGC compared to all other trophoblast clusters. 
Genes are organized and annotated by class of transporter. (C) Heatmap of scaled 
expression of select genes involved in vitamin and cholesterol transport. 
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Figure 2.11 - Predicting Cell Signaling within the placental labyrinth. 
(A) Heatmap showing all Wnt signaling interactions (top) and Vegf signaling (bottom) 
between the endothelium and labyrinth trophoblast populations. Left: schematics 
summarizing signaling interactions. (B) Immunofluorescence staining for VEGFA and 
IGF1R demonstrating colocalization in SynTII in E12.5 mouse placenta sections (63x). 
Fetal Vessels are outlined in yellow dashed line. (C) Heatmap showing all Egfr signaling 
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interactions between labyrinth populations. Schematic showing secretion of Egf ligands 
Hbegf, Tgfa, and Nrg1 from SynTI to Egfr expressed on SynTII, LaTP, and S-TGC. (D) 
Immunofluorescence staining for HBEGF and EGFR demonstrating colocalization of the 
ligand and receptor SynTII, but only HBEGF expression in SynTI (E12.5 mouse placenta 
sections - 63x) (E) Heatmap showing signaling interactions of Bmp8a (top) and Bmp7 
(bottom), secreted by the LaTP and SynTII or LaTP only, respectively. (F) Heatmap 
showing predicted signaling interactions between Bmp6 secreted by the endothelium to 
receptors on LaTP, SynTI, SynTII and S-TGC. (G) Transcript expression for the Smad 
TFs which are differentially regulated (Smad1/3/5/6). 
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Figure 2.12 - Complete CellPhoneDB results 
(A) Heatmap of 139 ligand-receptor interactions predicted by CellPhoneDB (p-value < 
0.05 permutation test). The rows are Ligand-receptor pairs and columns are cell-cell 
pairings. Strength of interaction is shown by coloration. All interactions not reaching 
significance have a strength of zero (blue). 
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Figure 2.13 - Representative images supporting Figure 2.11. 
(A-C) Immunofluorescence staining of sections from E12.5 placentas of (A) IGF1R 
(Purple) and VEGFA (Green); (B) STRA6 (Yellow) and HBEGF (Red); HBEGF (Red) 
and EGFR (Green) . The white dashed line in (A) and (B) outline the magnified areas 
shown in Fig 2.5B and Figure 2.11D, respectively. Fetal vessels are outlined by the 
yellow dashed lines. (D) Violin plots summarizing expression of Smad2/4/7/9 in each 
trophoblast cluster. 
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Figure 2.14 - Modeling transcription factor regulon activity identifies new 
candidate regulators of SynTII. 
(A) UMAP projection derived from regulon activity predicted by SCENIC. The clusters 
are colored according to Seurat clustering of transcript data. The cluster identities of 
each of the five arms of the UMAP are annotated. (B) Heatmap of the scaled regulon 
activity for select regulons expressed in each trophoblast population. The number of 
genes predicted to be regulated by each transcription factor is included in parenthesis. 
(C) Comparison of transcript expression of the TF (left) and the regulon activity for that 
TF (right) at the single cell resolution projected in UMAP space for Gcm1, Pax8, Ets2, 
and Esrrg. The number of genes predicted to be regulated by each transcription factor 
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is denoted in parentheses. (D) Quantification of the number active regulons with a lethal 
phenotype in mouse according to the Jackson Laboratory MGI (Embryonic/Prenatal - 
78, Perinatal/Neonatal - 24, Postnatal - 11, Pre-weaning - 9, lethality at weaning - 2, no 
developmental lethality - 76) and the number with known placental phenotypes in vivo 
(n=17). (E) Heatmap showing expression of a network of regulons enriched for 
expression in SynTII (left). Gene regulatory network of high confidence predicted 
interactions from GRNboost2 (right). Unidirectional regulation denoted by blue arrows 
and bidirectional regulation by yellow. Predicted targets of Gata1 and Tcf7l2 expressed 
in SynTII and important in SynTII differentiation or function are annotated. (F) 
Immunofluorescence staining for GATA1 and IGF1R showing GATA1 expressing nuclei 
in IGF1R SynTII cells (E12.5 mouse placenta sections - 63x). GATA1+ SynTII nuclei – 
white arrowheads, GATA1- putative SynTI nucleus – yellow arrowhead. 
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Figure 2.15 - Expression of Genes and TFs with placental phenotypes. 
(A) Heatmaps showing the Pearson correlation values between cluster averages of 
transcript expression (left) and SCENIC regulon activity (right). Clusters are ordered by 
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hierarchical clustering with complete linkage. (B) Dot plot showing the average 
expression and percent of the nuclei in each cluster of all subviable genes with 
placental phenotypes from Perez-Garcia, V. et al. 2018 in the trophoblast clusters from 
Figure 2.2. (C) Dot plot showing the average expression and percent of the nuclei in 
each cluster of all subviable genes with placental phenotypes from Perez-Garcia, V. et 
al. 2018 in the conglomerate dataset clusters from Figure 2.1. (D) Additional 
immunofluorescence staining of GATA1 and Igfr1 at E12.5.  
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Methods 

Animal Husbandry: All mice were maintained according to the UCSF guidelines and the 

Laboratory Animal Resource Center standards. All experiments were reviewed and 

approved by the UCSF Institutional Animal Care and Use Committee. To generate all 

placentas C57Bl/6J males between 3-6 months of age were bred to C57Bl/6J females 

between 6-12 weeks of age (Jackson Laboratory, Bar Harbor, ME). Developmental 

staging was assessed by days post coitum (dpc) and confirmed by embryo morphology.  

 

Placental Dissection: Each placenta sample was dissected in 1x PBS at 4°C. The yolk 

sac and allantois were removed from the basal chorionic plate using forceps. The 

outermost layers of the decidua were also removed, taking care to not disrupt the cells of 

the labyrinth or junctional zone of the fetal placenta. Sample passing these criteria were 

used in nuclei isolation below 

 

Nuclei Isolation: Whole dissected placental samples were placed in a 40mm plastic dish 

with 1mL of Nuclei EZ lysis buffer (Sigma-Aldrich, St.Louis, MO - NUC-101) and reduced 

to small pieces of tissues (<1mm) using a razor blade. The solution containing the tissue 

was then transferred to a dounce homogenizer and 1mL of Nuclei EZ lysis buffer added. 

The nuclei were lysed into solution by 10 strokes of the loose pestle (A) and 10 strokes 

of the tight pestle (B). Using a wide bore pipette the solution was transferred to a 15mL 

falcon tube, 2mL of Nuclei EZ lysis buffer added, and incubated on wet ice for 5 minutes 

with gentle mixing with a pipette. The solution was then passed through a 35uM filter and 

centrifuged at 500g for 5 minutes at 4°C. The resulting supernatant was removed, the 
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pellet gently resuspended in 1.5mL of Nuclei EZ lysis buffer and incubated on ice for 5 

minutes, then centrifuged at 500g for 5 minutes at 4°C. The supernatant was removed 

and 1mL of Nuclei Wash and Resuspension Buffer (1x PBS, 1.0% BSA, 0.2 U/μl RNase 

Inhibitor) added without mixing or resuspension and incubated on ice for 5 minutes. After 

the incubation an additional 1mL of Nuclei Wash and Resuspension Buffer was added 

and the pellet gently resuspended. The solution was then centrifuged at 500g for 5 

minutes at 4°C (in a swinging bucket rotor to prevent nuclei adhering to the sides of the 

tube), the supernatant discarded, and the nuclei resuspended in 1mL of Nuclei Wash and 

Resuspension Buffer. This final nuclei solution was passed through a 35uM filter and 

nuclei visually inspected on a hemocytometer to assess, morphology, damage, and 

aggregation. Finally, 1uL of DAPI stock solution (10ug/mL) was added to the nuclei 

solution in preparation for FACS. 

 

FAC-sorting of Nuclei into 10x Genomic Reagents for transcriptome Capture: All 

cell sorting was performed on a FACS Aria II (BD Biosciences, San Jose, CA) using a 

70uM nozzle. Nuclei sorting was performed according to steps outlined here - 

https://www.protocols.io/view/frankenstein-protocol-for-nuclei-isolation-from-f-

3fkgjkw/abstract 

Nuclei were sorted in the Nuclei Wash and Resuspension Buffer (described above) plus 

DAPI. 17,500 nuclei yielding a strong DAPI signal and DNA content profile were sorted 

into one well of a 96-well plate containing 10x Genomics V3 GEM mastermix without RT 

Enzyme C (20.0 uL RT Reagent Mix, 3.1 uL Template Switch Oligo, 2.0 uL Reducing 

Agent B, 27.1 uL nuclease free H2O). The volume of 17,500 sorted nuclei was previously 
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established to be 19.5uL. Immediately post sorting 8.3 uL of RT Enzyme C (10x 

Genomics, Pleasanton, CA) was added to the sample, and transcriptome collection on 

the 10x Chromium V3 platform performed 

 

Single Cell RNA Sequencing and Analysis: To capture the transcriptome of individual 

nuclei we used the Chromium Single Cell 3' Reagent V3 Kit from 10X Genomics. For all 

samples 17,500 nuclei were loaded into one well of a Chip B kit for GEM generation. 

Library preparation including, reverse transcription, barcoding, cDNA amplification, and 

purification was performed according to Chromium 10x V3 protocols. Each sample was 

sequenced on a NovaSeq 6000 S4 to a depth of approximately 20,000-30,000 reads per 

nucleus. The gene expression matrices for each dataset was generated using the 

CellRanger software (v3.0.2 - 10x Genomics). A custom premRNA GTF was generated 

to create an intron-exon reference according to 10x Genomics recommendations and all 

reads aligned to mm10 using STAR. (https://support.10xgenomics.com/single-cell-gene-

expression/software/pipelines/latest/advanced/references). The counts matrix was 

thresholded and analyzed in the package Seurat (v3.1.3). Nuclei with fewer than 500 or 

greater than 4000 unique genes, as well as all nuclei with greater than 0.25 percent 

mitochondrial counts, were excluded from all subsequent analyses. For each sample, 

counts were scaled and normalized using ScaleData and NormalizeData, respectively, 

with default settings and FindVariableFeatures used to identify the 2000 most variable 

genes as input for all future analyses. PCA was performed using RunPCA and significant 

PCs assessed using ElbowPlot and DimHeatmap. For individual analysis of each sample 

the number of PCs and the resolution parameter of FindClusters can be found in 
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Supplementary Table 1. Dimensionality reduction and visualization using UMAP was 

performed by RunUMAP. Differentially expressed genes were identified using 

FindAllMarkers. Integration of each timepoint into one dataset was performed using 

FindIntegrationAnchors and IntegrateData, both using 20 dimensions (after filtering each 

dataset for number of genes, mitochondrial counts, and normalizing as described above). 

Data scaling, PCA, selection of PCs, clustering and visualization proceeded as described 

above using 20 PCs and a resolution of 0.6. Each cluster was analyzed and clusters 

containing abnormal UMI and co-expression of multiple cell-type specific genes were 

determined to be enriched for doublets and removed from downstream analysis. The 

number of nuclei excluded represented an estimated doublet rate of ~3.9%. To generate 

the trophoblast only dataset, data from each timepoint was subset for only trophoblast 

clusters using the function SubsetData based upon annotations from marker genes 

identified by FindAllMarkers. Integration of the trophoblast only dataset was performed 

using the same integration methods above (using 20 dimensions for 

FindIntegrationAnchors and IntegrateData, and 20 PCs and a resolution of 0.6 for 

FindClusters and RunUMAP). Differentially expressed genes for each integrated dataset 

were identified using FindAllMarkers. 

 

Slingshot: We used the Slingshot package to order cells for each SynTI, SynTII, and S-

TGC lineage in pseudotime. Each lineage was subset and the 1000 most variable genes 

identified and used as input into the generalized linear model (GAM package). Expression 

is plotted for the top 200 most variable genes along each lineage and included in 

Supplementary data. 
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scVelo: RNA velocity analysis was applied to the entire conglomerate dataset using 

Velocyto to generate spliced and unspliced reads for all cells. This dataset was then 

subset for the trophoblast dataset introduced in Figure 2.3. The scVelo stochastic model 

was run with default settings and subset by each timepoint. The magnitudes were 

calculated from the UMAP cell embeddings. 

 

Differential Expression between timepoints: To account for the different number of 

nuclei recovered within a cluster at each timepoint, we downsampled to the least number 

of cells collected and performed differential expression using FindMarkers function and 

repeated this for 100 random permutations of nuclei. Only genes found to be significant 

(adj. P-value <0.05) in all 100 permutations were retained in the final list of differentially 

expressed genes. To retain the power in the larger clusters we did not downsample all 

clusters to the same size. Therefore, the number of differentially expressed genes 

between timepoints cannot be compared between clusters. 

 

Gene Ontology Analysis: Gene Onotology analysis was performed with clusterProfiler 

enrichGO function. The simplify function within this package was used to consolidate 

hierarchically related terms using a cutoff of 0.5. Terms were considered significantly 

enriched with an adjusted P-value of less than 0.05. 

 

CellPhoneDB: Cluster annotations and counts data were used as input for CellPhoneDB 

with default settings (minimum of 10% of nuclei in a cluster expressing a gene, a p-value 
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cutoff of 0.05, and 10 permutations). The databases of receptor-ligand interactions were 

generated for human proteins, not for mouse. As such, we performed this analysis using 

orthogonal genes between species (a total of 724 genes in the CellPhoneDB receptor-

ligand databases). However, this does not account for differences in receptor-ligand 

interactions that may be different between mouse and human. Raw data were analyzed 

and heatmaps generated in R using modified scripts from CellPhoneDB. For heatmaps, 

the mean values of each significant receptor-ligand pair are shown and we do not 

consider non-significant interactions, these have been given the mean value of zero. 

 

Immunofluorescence: Placentas for cryosectioning were fixed in 4% PFA at 4°C for 

8hrs, washed in 1x PBS, then submerged in 30% sucrose overnight at 4°C prior to 

embedding in OCT medium. Placentas were sectioned at 10uM for all conditions. In brief, 

slides were washed in 1x PBST (1x PBS, 0.05% Tween-20), blocked for 1hr (1x PBS 5% 

donkey serum + 0.3% TritonX), incubated in primary antibody diluted for 3 hours at room 

temperature (or overnight at 4°C), washed in 1x PBST, incubated in secondary antibody 

(Alexafluor 488, 594, and 680) for 1 hour at room temperature, incubated in DAPI for 

10min at room temp, washed in 1x PBST, and mounted and sealed for imaging. Any 

antigen retrieval was performed prior to the blocking step by heating the slides in a 1x 

citrate buffer with 0.05% Tween-20 at 95C for 30 minutes. All antibodies and the dilutions 

are listed in the key resources table. All immunofluorescence staining was performed in 

n=3 biological replicates (3 distinct placentas) and representative image is shown.  
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Abstract 

The human placenta contains two specialized regions: the villous chorion where gases 

and nutrients are exchanged between maternal and fetal blood, and the smooth chorion 

which surrounds more than 70% of the developing fetus but whose cellular composition 

and function is poorly understood. Here, we use single cell RNA sequencing to compare 

the cell types and molecular programs between these two regions in the second trimester 

human placenta. Each region consists of progenitor cytotrophoblasts (CTBs) and extra-

villous trophoblasts (EVTs) with similar gene expression programs. While CTBs in the 

villous chorion differentiate into syncytiotrophoblasts, they take an alternative trajectory 

in the smooth chorion producing a previously unknown CTB population which we term 
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smooth-chorion-specific CTBs (SC-CTBs). Marked by expression of region-specific 

cytokeratins, the SC-CTBs form a stratified epithelium above a basal layer of progenitor 

CTBs. They express epidermal and metabolic transcriptional programs consistent with a 

primary role in defense against physical stress and pathogens. Additionally, we show that 

SC-CTBs closely associate with EVTs and secrete factors that inhibit the migration of the 

EVTs. This restriction of EVT migration is in striking contrast to the villous region where 

EVTs migrate away from the chorion and invade deeply into the decidua. Together, these 

findings add an important new dimension to our understanding of CTB differentiation in 

these distinct regions of the human placenta. This knowledge has broad implications for 

studies of the development, functions, and diseases of the human placenta. 

 

This study was published on BioRxiv in 2022 (Marsh et al., 2022) and is under review at 

eLife. 

 

Impact Statement 

Single cell RNA-sequencing of distinct regions of the human placenta identifies a smooth 

chorion-specific cytotrophoblast population responsible for unique functions of the 

smooth chorion, including acting as a barrier and restricting invasion. 

 

Introduction  

The human placenta is the first organ to develop and forms the essential bridge between 

maternal and fetal tissues beginning at implantation (Knöfler et al., 2019; Turco and 

Moffett, 2019). The placenta must develop rapidly upon conception as it performs myriad 
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functions that remain rudimentary in the developing embryo/fetus such as nutrient and 

oxygen transport and protection from mechanical and pathogenic insults. The placenta 

also performs unique functions such as modulation of maternal tolerance and hormone 

production (Maltepe and Fisher, 2015; Knöfler et al., 2019; Turco and Moffett, 2019). 

Beginning at implantation, placental development proceeds asymmetrically to produce 

two distinct regions. At the human implantation site, the embryonic pole, trophectoderm 

and associated mesoderm cells give rise to the villous chorion including the placental villi 

and basal plate, which are essential for the exchange of gases and nutrients. The 

chorionic villi that arise from the opposite side, the abembyronic pole, undergo a cycle of 

generation and degeneration eventually forming the smooth chorion, which fuses with the 

amnion and constitutes the fetal membranes. (Hamilton and Boyd, 1960; Boyd and 

Hamilton, 1967; Benirshcke et al., 2006). Compared to the villous chorion, little effort has 

been made to analyze types and functions of the CTBs that comprise the smooth chorion 

(Benirshcke et al., 2006, Garrido-Gomez et al., 2017).  

 

The anatomical processes associated with the formation of the fetal membranes have 

been well described (Benirschke et al., 2006; Hamilton and Boyd, 1960; Boyd and 

Hamilton, 1967). The first month of placental development proceeds in a uniform fashion, 

with the expansion and establishment of villi surrounding the entire developing embryo. 

These villi have the same complement of trophoblasts as more mature villi including 

diploid cytotrophoblast (CTB) and multinucleate syncytiotrophoblast (STB) [Knöfler et al., 

2019]. The villi surrounding the embryo expand, branch, and are colonized by the fetal 

vasculature until 6-7 weeks of gestation, when degeneration begins in the future smooth 
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chorion. In this region, villi continue to recede towards the basal plate. By the time the 

process is complete in the second trimester, villi are restricted to the discoid placenta that 

gives rise to the CTBs that invade the decidua (Hamilton and Boyd, 1960; Knöfler et al., 

2019). As the developing fetus expands into the uterine cavity, the fetal membranes 

become juxtaposed to the decidual wall away from the discoid placenta, eventually fusing 

with these maternal cells at approximately 18 weeks of gestation. (Boyd and Hamilton, 

1967).  

 

The fetal membranes have a complex cellular makeup, which includes amniocytes, 

mesenchymal stromal cells, immune cells, and CTBs (Benirschke et al., 2006). The CTBs 

of the smooth chorion persist until term as an epithelial like structure. Non-functional 

“ghost villi” can occasionally be found in the smooth chorion, but lack STBs and fetal 

vasculature, and thus cannot function in a manner comparable to the chorionic villi 

(Benirschke et al., 2006). Furthermore, in contrast to the villous chorion where CTBs 

invade and remodel the maternal arteries, the CTBs of the smooth chorion do not invade 

the adjacent decidua and the maternal blood vessels it contains (Genbacev et al., 2015). 

Thus, the function of these CTBs remains unclear.  

 

Several pieces of evidence suggest that the smooth chorion is not simply a vestigial 

structure. First, an intact CTB layer, which contains proliferating cells persists through the 

final 20 weeks of gestation (Yeh et al., 1989; Benirschke et al., 2006, 1979; Garrido-

Gomez et al., 2017). Second, the histological heterogeneity among smooth chorion CTBs 

suggests functional distinctions. Yeh et al. (1989) characterize two distinct populations of 
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vacuolated and eosinophilic CTBs. Vacuolated CTBs were positive for placental lactogen 

and placental alkaline phosphatase, while the eosinophilic subpopulations was not. Both 

populations were rich in keratin and neither had the known characteristics of villous CTBs. 

Bou-Resli et al. (1981) also note high levels of variation among CTBs in the smooth 

chorion and the existence of a vacuolated population. A more molecular characterization 

was carried out by Garrido-Gomez et al. (2017), which demonstrated heterogeneity of 

ITGA4 and HLA-G expression, markers previously associated with stemness and 

invasion, respectively (Genbacev et al., 2016, McMaster et al., 1995). This study also 

uncovered an expansion of the smooth chorion in cases of severe pre-eclampsia, along 

with a disease-specific gene expression pattern. In sum, these results suggest the smooth 

chorion CTBs are a heterogeneous and dynamic collection of cells with important 

functions in development and disease.  

 

Single cell RNA-sequencing (scRNA-seq) has emerged as the standard for transcriptional 

characterization of complex organs. This methodology was previously applied to the 

placenta, but with a focus on the maternal-fetal interface, specifically the chorionic villi 

and basal plate (Liu et al., 2018; Suryawanshi et al. 2018; Vento-Tormo et al., 2018). 

Recently, scRNA-seq was used to profile the fetal membranes at term. However, in this 

study CTBs were not identified in the smooth chorion, possibly due to apoptosis and/or 

changes in the membrane at term (Pique-Regi et al., 2019; Yuan et al., 2006; Yuan et al., 

2008; Yuan et al., 2009). To fill this information gap, we applied scRNA-seq to matching 

samples of cells isolated from the villous and smooth chorion regions of human samples 

from late in the second trimester. We used scRNA-seq to compare the composition and 
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developmental trajectories of CTBs in the villous and smooth chorion. The data were 

validated and extended with functional studies. These results identified a novel smooth 

chorion-specific CTB population important for establishment of a protective barrier and 

the suppression of trophoblast invasion. In addition, these data represent a resource of 

CTB types, proportions, and gene expression at mid-gestation against which age related 

and pathogenic alterations can be measured.  

 

Results 

The transcriptional landscape of the villous and smooth chorion at mid-gestation. 

To understand the cellular composition of the smooth chorion, we isolated and profiled 

cells from both the villous (VC) and the smooth chorion (SC) regions of four second 

trimester human placentas spanning gestational weeks 18 to 24 (GW18-24) using single 

cell RNA-sequencing (Figure 3.1a). We chose to analyze second trimester samples 

because the maturation of the smooth chorion is complete but the inflammation and 

apoptosis associated with membrane rupture and parturition is absent (Benirshcke et al., 

2006; Yuan et al., 2006; Yuan et al., 2008; Yuan et al., 2009; Figure 3.1a). For the purpose 

of establishing internal and patient controls purposes we isolated SC and VC cells from 

each human placental sample. CTBs were enriched over stromal and immune cells by 

using our previously published method (Garrido-Gomez et al. 2017). The transcriptomes 

of the resulting cells were captured using the 10x Genomics scRNA-seq platform. 

 

Each of the eight datasets (GW17.6, 18.2, 23.0, 24.0; VC and SC) were captured 

independently, then integrated computationally (Figure 3.1b; Stuart et al., 2019). We 



 113 

classified the cells of the integrated dataset into broad cell type clusters according to 

functional identities and annotated each by expression of canonical markers. CTBs were 

annotated as KRT7+, HLA-G-; extravillous trophoblasts (EVTs) as KRT7+, HLA-G+; 

immune cells as CD45+, VIM-; stromal cells as VIM+, CD45-; and the uterine epithelium 

by expression of EPCAM+, MUC1+ and MUC16+ (Figure 3.1c; Lee et al., 2016; McMaster 

et al., 1995; Vento-Tormo et al., 2018). Cells expressing exclusive markers of disparate 

cell types (co-expression of KRT7, HLA-G, HLA-A, VIM, ACTA2) were labelled as 

doublets and excluded from further analysis. The complete dataset used for further 

analysis contained 50,496 cells that passed quality control (between 500 and 6500 unique 

genes, fewer than 15% mitochondrial reads, doublets removed) [Figure 3.2a; McGinnis 

et al., 2019]. Cells originating from each placental region (VC - 25,367 and SC – 25,129) 

and each placental sample (7,181-17,705 cells per sample) were well represented (Figure 

3.1b; Figure 3.2b and c). The number of cells in each broad cell type cluster demonstrated 

enrichment for CTB, which represent more than 60% of the cells in the integrated dataset 

(Figure 3.2d).  

 

While the enrichment protocol was designed to enrich for CTBs cells, several immune 

and stromal subtypes were recovered, providing insight into the composition of these cells 

from each region. The immune and stromal cells were subset and re-clustered, allowing 

the annotation of subtypes within each group (Figure 3.3a and b; Figure 3.4a and b). The 

majority, if not all, immune cells were of maternal origin (Figure 3.3c). Almost two-fold 

more immune cells were recovered from the VC than the SC, although it cannot be ruled 

out that this change in proportion is not an artifact of dissection or enrichment protocol 
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(Figure 3.3d). Comparing the immune cell types identified in each region revealed a 

higher proportion of macrophages in the VC as compared to the SC, which contained a 

greater proportion of NK/T cells (Figure 3.3e). These differences may reflect the fact that 

SC samples contain a higher proportion of decidua and its resident immune cells than 

their VC counterparts. Additionally, this result may suggest differences in the maternal 

immune cells that interact with the two compartments.  

 

While few stromal cells were isolated in the preparations, sub-clustering still revealed a 

differential composition of fetal stromal cells between the VC and SC (Figure 3.4a and b). 

The majority of stromal cells recovered originated from the SC (2,941 compared to 942 

from VC). These cells included lymphatic endothelium (Pique-Regi et al., 2019) and two 

largely SC-specific mesenchymal cell populations of fetal origin, Mesenchyme 1 and 

Mesenchyme 3 (Figure 3.4c-e). These two clusters are marked by elevated expression 

of EGFL6, DLK1, and uniquely by expression of COL11A1, which is observed only in the 

SC (Figure 3.4 b and f). Interestingly, several canonical CTB support factors including 

HGF, WNT2, and RSPO3, were expressed in fetal stromal populations in both placental 

regions, suggesting shared requirements for WNT and MET signaling (Figure 3.4g). 

Taken together these data demonstrate the identification of broad classes of CTBs, 

immune, and support cells from both the VC and SC regions of the human placenta. 

 

Identification of a smooth chorion-specific cytotrophoblast population. 

CTBs are the fetal cells that perform the specialized functions of the VC, and are required 

for normal fetal growth and development (Maltepe and Fisher, 2015; Turco and Moffett, 
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2019; Knöfler et al., 2019). To better understand the composition of CTBs in the SC 

versus the VC, we sub-clustered this population (KRT7+, VIM-, CD45-, MUC1-). The CTB 

subset is comprised of 29,668 cells with similar representation and cell quality control 

metrics across all eight samples (Figure 3.6a, b, and c). This analysis identified 13 

clusters including several CTB, EVT, and STB subtypes (Figure 3.5a).  

 

Broad classes of trophoblast were annotated by established markers (STBs - CGA, 

CYP19A1, CSH1, CSH2; EVTs - HLA-G, DIO2; CTBs - PAGE4, PEG10, and no 

expression of EVT and STB markers) [Figure 3.5b and Figure 3.7a; McMaster et al., 1995; 

Lee et al. 2016, Suryawanshi et al. 2018, Liu et al. 2018]. Two cell clusters showed high 

expression of canonical phasic transcripts, including MKI67, with the S-phase cluster 

denoted by expression of PCNA and the G2/M-phase cluster by expression of TOP2A 

(Figure 3.7b; Tirosh et al. 2015). Both populations share gene expression with all clusters 

of CTBs, and therefore, were identified as actively cycling (Figure 3.7a). No STB or EVT 

markers were identified in the cycling clusters as was expected due to the requirement 

for cell cycle exit upon terminal differentiation to these lineages (Lu et al. 2017, Genbacev 

et al., 1997).  

 

CTBs separated into four clusters, CTB 1-4. CTB 1 cells highly expressed PAGE4, 

PEG10, and CDH1 (Figure 3.5b, Figure 3.7a, Figure 3.8a), which have been shown to be 

canonical markers of villous CTB (Lee et al. 2016, Suryawanshi et al. 2018). Overall, CTB 

2-4 were more transcriptionally similar to each other than to CTB 1, indicating a 

transcriptional program that was distinct from canonical villous CTBs (Figure 3.7a and c). 
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CTB 2-4 existed along a gradient of gene expression changes suggestive of various 

stages of a common differentiation pathway. However, each population expressed distinct 

transcripts corresponding to important proposed functions of the smooth chorion. CTB 2 

cells highly expressed CLU, CFD, and IFIT3, suggesting roles in responding to bacterial 

or viral infection through the innate arm of the immune system (Thurman and Hollers., 

2006; Liu et al., 2011). CTB 3 cells upregulated EGLN3 and SLC2A3, indicating a HIF-

mediated response to hypoxia and a switch toward glucose metabolism, likely as an 

adaptation to the decreased oxygen levels in the largely avascular smooth chorion region 

(del Peso et al. 2003, Maxwell et al., 1997). Finally, CTB 4 specifically expressed several 

cytokeratins — KRT6A, KRT17, and KRT14, found in many epithelial barrier tissues and 

important for maintenance of integrity in response to mechanical stressors (Karantza, 

2011; Figure 3.5b, Figure 3.7a). These results establish a previously underappreciated 

transcriptional diversity of CTB subpopulations. 

 

Quantification of cells showed a strong regional bias in the number and proportion 

contributing to each CTB cluster (Figure 3.5c and d). In the VC samples, 53.8% of CTBs 

clustered in CTB 1 compared to 11.1% in the SC (Supplementary Table 1). In contrast, 

the SC had a much larger proportion of the CTB 2-4 clusters. In this region, 71.3% of 

CTBs were nearly equally distributed among CTB 2 (25.6%), CTB 3 (24.9%), and CTB 4 

(20.8%). In the VC, only 24.1% of CTBs were found in the same clusters, with the majority 

in CTB 2 (16.1%). The contribution to cycling clusters was consistent across regions: 

22.1% and 17.5% of CTBs in the VC and SC, respectively. The relative proportions of 

CTB 1-4 in the VC and SC were consistent across individual samples indicating that this 
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difference was biological rather than driven by sample variability or an artifact of sample 

integration (Figure 3.6b-c).  

 

Next, we immunolocalized the protein products of genes that distinguished the 

subpopulations. At the mRNA level, PAGE4 expression was highest in CTB 1 and 

decreased across CTB 2-4 (Figure 3.5b and e). In the VC, the CTB monolayer between 

the fetal mesenchymal villous core and the overlying STB layer showed strong PAGE4 

immunoreactivity, which diminished upon differentiation to EVT (Figure 3.5f - left). PAGE4 

mRNA and protein expression matched that of known villous CTB marker CDH1 (Figure 

3.8a and b; Zhou et al., 1997). In the SC, the PAGE4 signal was strong in the epithelial 

layer directly adjacent to the fetal mesenchyme and then decreased in cells distant from 

the basal layer, again matching CDH1 (Figure 3.5f - right, Figure 3.8b - right). Both RNA 

expression and protein localization were consistent with CTB 1 cells existing on both 

sides of the placenta and occupying a similar niche.  

 

Staining for KRT6, a marker highly enriched in CTB 4 cells (Figure 3.5g) showed a 

strikingly different result. Cells occupying the upper layers of SC epithelium showed a 

strong KRT6 signal, a pattern opposite to CDH1 (Figure 3.5h and i - right). KRT6 was 

absent from either the floating or anchoring villi of the VC (Figure 3.5h and i - left). Rare 

decidual resident KRT6 positive CTBs were also identified in the VC region. (Figure 3.8c, 

Figure 3.20 - top). KRT6 isoforms, KRT6B and KRT6C, were not expressed, confirming 

KRT6A transcript and protein as highly specific markers of a CTB population found only 

in the smooth chorion (Figure 3.8d). These data describe a novel subpopulation of CTBs 
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unique to the SC, which going forward we term CTB 4 or SC-CTBs for smooth chorion-

specific CTBs. 

 

 

A common CTB progenitor gives rise to STBs in the VC and SC-CTBs in the SC. 

Next, we investigated the developmental origin of the SC-CTBs. We performed RNA 

velocity analysis to predict the relationships between cells based on the proportion of 

exonic and intronic reads. These predictions are shown as vectors representing both the 

magnitude (predicted rate) and the direction of differentiation (Bergen et al. 2020). We 

first asked whether RNA velocity could recapitulate the well-established differentiation 

trajectories of trophoblasts in the VC (Knöfler et al., 2019; Turco and Moffett, 2019; Vento-

Tormo et al. 2018). In accordance with previous results, RNA velocity projections 

identified CTB 1 as the root for three differentiation trajectories: self-renewal, 

differentiation to STBs, and differentiation to EVTs (Figure 3.9a). Cells at the boundary of 

the CTB 1 cluster showed differentiation vectors of high magnitude toward STB 

Precursors and upregulated canonical drivers of STB differentiation and fusion (ERVW-1 

and ERVFRD-1). These cells also expressed transcription factors (GCM1 and HOPX) 

and hormones (CSH1) necessary for STB function (Figure 3.10a; Baczyk et al., 2009; Mi 

et al., 2000; Blaise et al., 2003; Yabe et al., 2016).  

 

In the SC, CTB 1 cells once again were identified as the root for differentiation. However, 

CTB 1 cells showed strong directionality and magnitude toward CTB 2-4 (Figure 3.9b). 

All cells in CTB 1-4 clusters displayed uniform directionality indicating a robust 
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differentiation trajectory ending at CTB 4. High levels of transcriptional similarity between 

CTB 2-4 compared to CTB 1 suggested CTB 2 and 3 are intermediate states between 

CTB 1 and CTB 4 (Figure 3.7c). Mitotic KRT6+ cells were identified, suggesting that 

differentiation to SC-CTB does not require cell cycle exit (Figure 3.10b). In contrast to the 

VC, we observed no velocity vectors with directionality toward the STB lineage from the 

CTB clusters in the SC samples. Further, the smaller number of STB precursors (460 

cells) and STBs (14 cells) exhibited reduced expression of STB canonical markers such 

as ERVFRD-1 and GCM1, and notably, a near absence of ERVW-1 (Figure 3.10a). These 

cells may be associated with ghost villi (Benirschke et al., 2006). In sum, these data show 

differential developmental trajectories for the CTB 1 cells in the SC and VC, with the 

former largely giving rise to SC-CTBs and the latter to STBs.  

 

To identify the genes that were correlated with progression from CTB 1-4 in the SC, we 

used the velocity vector predictions to construct a pseudotemporal model of 

differentiation. All the cells in these clusters were plotted in one dimension from the least 

to the most differentiated according the pseudotime model (Figure 3.9c). Genes that were 

highly expressed at the start of the pseudotemporal differentiation included pan-

trophoblast factors such as EGFR, which was expressed throughout all four CTB 

populations in both the VC and SC. Progression along the pseudotime trajectory identified 

regulators of cell fate and function, including the transcription factor KLF4 and 

extracellular matrix (ECM) components COL5A1 and LAMA3 (Figure 3.9c-d); all 

demonstrated SC-specific expression. Elevated expression of ECM transcripts (COL4A2, 

FN1) and transcription factors responsive to cell contact and mechanical stress (HES1, 
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YAP1) were coordinately upregulated, potentially highlighting the effects of the 

extracellular environment on fate specification (Figure 3.10c). These data demonstrated 

that SC-CTBs originate from CTB 1 progenitors common to both the VC and SC. In the 

SC, instead of upregulating syncytialization factors such as GCM1 and ERVFRD-1, CTB 

1 progenitors upregulate transcription factors such as KLF4, YAP1, and HES1, which 

drive an epithelial cell fate in other contexts (Segre et al., 1999, Harvey et al., 2013; Rock 

et al., 2011).  

 

SC-CTBs express a distinct epidermal transcriptional program. 

Next, we sought a better understanding of the physiological functions of the SC 

trophoblast clusters. We performed gene ontology analysis as a summary of functional 

processes (Figure 3.11a, Figure 3.12; Yu et al., 2012). We focused on the progenitor CTB 

1 and terminally differentiated SC-CTBs as they showed enrichment for strikingly different 

functional categories. In CTB 1, we identified enrichment for WNT signaling, epithelial 

morphogenesis, and membrane transport, categories commonly associated with 

progenitors (Figure 3.11a, Figure 3.12). We validated the activity of WNT signaling and 

the location of these cells by immunolocalization of non-phosphorylated CTNNB1 (intact 

form of the protein). b-Catenin was localized to the most basal epithelial layer nearest to 

the stroma in both the VC and SC regions (Figure 3.11b), matching expression of the 

CTB 1 marker CDH1 (Figure 3.13a). WNT signaling has an important role in the 

maintenance of villous CTBs in vivo and in the derivation and culture of self-renewing 

human trophoblast stem cells (Knöfler et al., 2019; Haider et al., 2018; Okae et al., 2018). 

We investigated proliferation of CTNNB1 expressing cells in both regions using KI67 as 
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a mitotic marker. This revealed a similar percentage of KI67+ CTB 1 cells, suggesting 

similar proliferative capacity across regions (Figure 3.11b and c). We next analyzed 

regional differences within CTB 1. Gene ontology identified an enrichment for oxidative 

phosphorylation and epithelial signaling cues in VC CTB 1 cells (Figure 3.13b). This is in 

direct contrast to SC CTB 1 cells that displayed elevated levels of hypoxia response 

genes (Figure 3.13b-c). KLF4 was identified in the RNA velocity analysis as gaining 

expression from CTB1-4, but also showed greater expression in CTB1 in the SC 

compared to the VC (Figure 3.9d). In accordance with the mRNA expression data, KLF4 

protein often co-localized to CTB1 in the SC, but was only observed in rare cells in the 

VC (Figure 3.11d). These data further support a similar location and function for CTB 1 in 

the SC and VC, with transcriptional and metabolic differences that presage distinct 

developmental trajectories.  

 

 CTB 4 ontological analysis strongly supported important roles for these cells in the 

formation of a protective barrier. The greatest enrichment was for cell junction and cell 

substrate adhesion genes that included numerous integrin and laminin subunits as well 

as junctional proteins PATJ, DSP, and JUP. An enrichment for both skin and epidermal 

development correlated with upregulation of the ECM and junctional transcripts. These 

categories included many cytokeratins (KRT6A, 7, 8, 14, 17, 18, and 19) and transcription 

factors (KLF4, YAP1) required for epidermal identity and maintenance (Segre et al., 1999; 

Schlegelmilch et al., 2011). The organization of the SC is reminiscent of stratified 

epidermal cells of the skin, with progenitors adherent to the basal lamina and more 

differentiated cells progeny forming the upper layers. In many tissues, the specific 
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domains of cytokeratin expression correspond to stratified cell layers with different 

functions. We asked if this was also the case in the SC epithelium. Cytokeratins 7, 8, and 

18 were expressed in all trophoblast regardless of region (Figure 3.14a), but cytokeratin 

6A, 14, and 17 displayed smooth chorion-specific expression that increased with 

differentiation towards CTB 4 (Figure 3.14b). Immunofluorescence localization confirmed 

expression of KRT14 as specific to the CTBs in the SC and inclusive of all KRT6 

expressing cells (Figure 3.11e). These data support a model of accumulated cytokeratin 

expression that begins with CTB 1 (KRT7, KRT8, KRT18), increases in CTB 2-3 (KRT14, 

KRT17), and culminates in CTB 4 (KRT6A). Together these data are consistent with a 

central role for the CTBs of the SC in establishing a protective epithelial barrier for the 

rapidly growing fetus.  

 

Beyond forming a physical barrier, important placental functions include protection from 

bacterial and viral infections. We identified an enrichment for genes involved in antiviral 

response in SC-CTBs, and in SC cells more broadly. For example, IFITM3, a restriction 

factor preventing entry of viruses into cells, is highly expressed in CTBs from the SC 

compared to the VC (Figure 3.15; Bailey et al., 2014; Spence et al., 2019). IFITM proteins 

have also been reported to inhibit syncytialization (Buchrieser et al. 2019), suggesting 

IFITM3 may also function to block differentiation of CTBs into STBs in the SC. Taken 

together, these data establish SC-CTBs as the building blocks and critical regulators of 

the SC barrier, responsible for both protection against physical forces and pathogen 

infection. 
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EVTs of the VC and SC regions are behaviorally distinct but transcriptionally 

similar. 

EVTs are the invasive trophoblasts of the placenta (Knöfler et al., 2019; Turco and Moffett, 

2019; Red-Horse et al., 2004). While the EVTs of the VC migrate away from the villi, 

invade the decidua, and replace the endothelial lining of the uterine arteries, the EVTs of 

the SC adhere to the decidua and do not home to the maternal vasculature (Genbacev 

et al., 2015). To understand the basis for these differences, we compared EVT 

subpopulations isolated from the VC and SC. Expression of the canonical marker of EVTs, 

HLA-G, was similarly abundant among the cells isolated from both placental regions 

(Figure 3.16a and b). A greater number (VC - 6572; SC - 5021) and larger proportion (VC 

– 46.83%; SC – 32.12%) of CTBs from the VC expressed HLA-G as compared to the 

analogous population from the SC (Figure 3.16c). Consistent with the transcript 

expression data, immunolocalization of HLA-G showed strong staining of cells in both the 

VC and SC. However, VC derived HLA-G positive cells were found deep in the maternal 

decidua. In contrast, HLA-G positive cells in the SC remained in the epithelial layer (Figure 

3.16b).  

 

EVTs were further divided into clusters 1-4. No clusters were specific to the VC or SC, 

except for the small number of putative EVT Precursors (VC – 99 cells; SC – 8 cells) 

[Figure 3.16d, Figure 3.9a]. Previous work has classified EVTs on the villous side of the 

placenta as columnar, interstitial, or endovascular based on behavior and location in the 

decidua (Tilburgs et al., 2015; Knöfler et al., 2019). The columnar subpopulation is 

believed to represent newly differentiated EVTs, which lie at the base of the columns that 
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connect the anchoring villi to the uterine wall. Interstitial EVTs migrate through the decidua 

homing to maternal arteries, which they invade. Within the arterial wall, this subpopulation 

further differentiates to endovascular EVTs and replaces the maternal arterial 

endothelium (Harris et al. 2009, Red-Horse et al. 2004). We expected to capture both 

columnar and interstitial EVT populations, but few endovascular EVTs as the cellular 

preparations were largely devoid of arteries. We investigated the four clusters of EVT 

identified in our analysis in the context of the VC and the SC. Both placental regions 

contained cells from all clusters, although distinct regional biases were evident 

(Supplementary Table 1). The SC region contained almost twice as many EVT 1 cells as 

the VC (VC – 684; SC – 1256), whereas the VC contained almost twice as many EVT 2-

4 as the SC (VC – 5789; SC – 3757). We next asked which of the EVT clusters 

corresponded to known EVT classifications, indicating maturation state or invasive 

capacity. Gene ontology analysis showed an enrichment for placental development and 

antigen presentation categories in EVT 1 (Figure 3.17a). Representative marker genes 

for these categories in EVT 1 included several lineage-specific transcription factors 

including GCM1, PPARG, and CEBPB (Figure 3.17b; Knöfler et al., 2019, Ferreira et al., 

2016). In contrast, EVT 2-4 showed enrichment for extracellular structure and matrix 

organization, glycosylation, and peptidase activity. EVT clusters 3-4 specifically showed 

increased expression for transcripts of proteases such as HTRA1, MMP2, and MMP11 

(Figure 3.17c). Based on the GO and specific gene enrichments, EVT 1 appeared most 

similar to columnar EVTs, while EVT 2-4 were consistent with interstitial EVTs that gain 

invasive capacity. The relative enrichment for EVT 1 in the SC (VC – 10.57% of EVT; SC 

– 25.05% of EVT) suggested an expansion in columnar-like EVTs at the expense of 
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interstitial EVT. Conversely, the relative enrichment for EVT 2-4 in the VC region 

suggested an expansion of the invasive subpopulation (Figure 3.16d).  

 

As almost 75% of EVTs from the SC region were in EVT clusters 2-4, we next asked if 

there were differences in gene expression between interstitial EVTs isolated from each 

region. This analysis identified relatively few differentially expressed genes, with the vast 

majority identified having a log fold change less than 1 (Figure 3.18a). The small number 

of differentially expressed genes with a fold change greater than 1 was typically identified 

across multiple EVT clusters, suggesting an overriding transcriptional program that might 

supersede subcluster designations. To identify genes associated with this program, we 

combined all EVT subclusters into one cluster for analysis (Figure 3.16e). Differential 

expression analysis revealed the hormone CSH1 and several proteases including 

HTRA1, HTRA4, and PAPPA to be expressed at significantly higher levels in the more 

invasive VC EVTs. However, of the most differentially expressed transcripts only CSH1, 

ITM2C, and DNASE1L3 were exclusive to the VC (Figure 3.18b). Immunolocalization of 

CSH1 confirmed this result (Figure 3.16f). CSH1, also known as human prolactin, is a 

secreted hormone that signals through the receptor PRLR found on maternal cells. As 

such, the primary effect of CSH1 is likely non-cell autonomous, raising the possibility that 

the largest differences in EVTs between regions may not be in inherent invasive capacity, 

but rather their ability to communicate with the neighboring cells. 

 

We next asked whether the gene expression differences between the VC and SC were 

smaller for EVT clusters than for all other trophoblast clusters. Calculating the Spearman 
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Correlation coefficient across each cluster, EVT 3, EVT 4, and CTB 1 (which we have 

established as common to both regions) were most similar and the only clusters with a 

coefficient greater than 0.75 (Figure 3.18c). Since this analysis does not account for 

cluster heterogeneity or size, we quantified the number of differentially expressed genes 

between 100 randomly selected cells from each placental region within each cluster. 

Across 100 permutations, the number of differentially expressed genes between regions 

was the lowest for all four EVT clusters (Figure 3.16g). Together, these results showed 

that the EVTs of the VC and SC are surprisingly similar even though they have distinct 

behaviors in vivo, suggesting a cell non-autonomous, rather than cell autonomous, 

regulation of invasion. 

 

CTBs of the SC inhibit EVT invasion. 

Given the transcriptional similarity between EVT clusters originating from the VC and SC, 

we wondered if a non-cell autonomous program could explain their distinct migratory 

properties. Immunofluorescence co-localization of CTB 1, SC-CTBs, and EVTs showed 

striking differences in the relative positioning of the EVTs and CTBs in the two placental 

regions (Figure 3.19a and b). On the VC side, which lacks SC-CTBs cells, HLA-G+ EVTs 

were distant from the np-CTNNB1+ CTB 1 cell population as expected (Genbacev et al., 

2015). By the second trimester they had migrated away from the cell column of the 

anchoring villi into the uterine stroma (Figure 3.19a). In contrast, HLA-G+ EVTs in the SC 

were adjacent to and in physical contact with KRT6+ SC-CTBs (Figure 3.19b). The 

interactions between SC-CTBs and EVTs were numerous and widespread throughout the 

SC epithelium. Contacts between CTB 1 and EVTs in the SC were not observed and the 
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VC contain only rare and irregular KRT6+ cells (Figure 3.20). This close association 

suggested possible paracrine signaling events between SC-CTBs and EVTs, which might 

impact each cell type. 

 

To test this theory, we attempted to recapitulate the differential invasive properties of VC 

and SC EVTs in a transwell migration assay. Briefly, these cells were enriched using the 

same protocol as described for the scRNA-seq experiments. The cells were plated on 

Matrigel coated transwell filters and cultured for 39 hours. Trophoblast projections that 

reached the underside of the filter, a proxy for invasion, were visualized by 

immunostaining with a pan-cytokeratin antibody. (Figure 3.19c, Figure 3.21). Consistent 

with the differences observed in vivo, there was greater invasion of VC as compared to 

SC trophoblast (Figure 3.19c). Next, we asked whether EVTs from the SC region secreted 

soluble factors that inhibited invasion. The invasion assays were repeated with VC cells 

cultured with conditioned medium from SC cells and vice versa. While VC conditioned 

medium had no impact on either VC or SC cells, SC conditioned medium significantly 

reduced migration of VC cells (Figure 3.19d). Neither conditioned medium impacted the 

density of VC or SC cells (Figure 3.22). Therefore, a secreted factor from SC cells 

inhibited the migration of VC EVTs. Given that SC-CTBs were unique to the SC side, it is 

highly likely that they produced secreted factors that inhibit the invasion of EVTs to which 

they are juxtaposed. 
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Discussion 

This study profiled the developing 2nd trimester placenta, providing a high-resolution 

molecular description of the trophoblast in the smooth chorion and placing them in context 

of the trophoblast from the VC of the same placenta. In doing so, we addressed long 

standing observations concerning apparent similarities and differences between VC and 

SC trophoblast, deconstruct the trophoblast populations in the SC, and ascribe functions 

to the cells of this understudied region. Our study characterized a novel trophoblast 

population distinct from both extant CTB in the VC and from EVT found in either placental 

region. These trophoblasts reside only in stratified epithelium of the smooth chorion, 

express a specific cytokeratin (KRT6), and comprise at least 25% of all trophoblast in the 

region. Lineage reconstruction by RNA velocity suggested the progenitors for these 

smooth chorion-specific CTBs are a resident proliferative progenitor trophoblast with a 

transcriptional profile that matches villous CTB. We identified several potential regulators 

of the transition from a common villous CTB-like cell to SC-CTB, including epidermal 

transcription factors such as KLF4 and YAP1. These molecules along with region-specific 

signaling events drive an epidermal transcriptional program creating the building blocks 

for a barrier against both physical and pathogen stressors. Finally, we identified CTB-EVT 

interactions occurring only in the smooth chorion and provide evidence that paracrine 

signaling between these populations restricts trophoblast invasion.  

 

Since the smooth chorion is created by a degenerative process, consensus has been that 

these cells are remnants of this process, making the smooth chorion a vestigial structure 

(Benirschke et al., 2006). However, several previous observations suggested this might 
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be an oversimplification. First, these cells were noted to be proliferative, suggesting either 

cellular expansion or turnover (Benirschke et al., 2006). We confirmed the presence of 

proliferative trophoblasts in the smooth chorion. Each cycling CTB cluster expressed 

markers of CTB 1-4 in both regions (Figure 3.7a) and both CTB 1 (Figure 3.11b-c) and 

SC-CTBs (Figure 3.10b) also expressed KI67 protein. Proliferation of both the progenitor 

and differentiated cells suggested a need for expansion coordinated with the growth of 

the developing fetus. Second, the importance of the smooth chorion was suggested by 

the noted heterogeneity of the trophoblasts within this region (Yeh et al., 1989; Bou-Resli 

et al., 1981; Garrido-Gomez et al., 2017; Benirschke et al., 2006). In agreement, our 

scRNA-seq results showed the smooth chorion to be a complex tissue with several 

trophoblast types. We identified, by differential transcription and function, at least two 

distinct CTB cell types, columnar and interstitial EVT, and a small number of STB 

Precursors. As discussed, all CTB and EVT populations either matched those found in 

the VC or had new region-specific functions. The only evidence of degeneration was the 

STB Precursor population within the smooth chorion, which lacked expression of both 

ERVW-1 and ERVFRD-1, the fusogens necessary to form STB (Mi et al., 2000; Blaise et 

al., 2003; Liu et al., 2018). In sum, these studies suggested that the SC is a complex and 

functional tissue, not simply the remnant of villous degeneration.  

 

We focused on CTB 4, a novel population found exclusively in the SC, in the context of 

the unique functions of this placental region. CTB 4 were enriched for epidermal, skin 

development, and antiviral gene categories suggesting concerted roles in the creation of 

a barrier against external forces and pathogens. Previous studies have noted that CTBs 
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residing in the SC have high levels of keratin expression and are associated with 

extensive ECM deposits rich in laminin, collagen, and fibronectin (Yeh et al., 1989; Bou-

Resli et al., 1981; Benirschke et al., 2006). Among all smooth chorion CTB populations, 

but most notably in CTB 4, we identified the upregulation of ECM components, including 

LAMA3, COL5A1 and FN1. Expression of ECM molecules in the SC is essential to protect 

against premature rupture of the fetal membranes, but its deposition has previously been 

ascribed to stromal cells in the chorion (Parry and Strauss, 1998). This result also 

suggested that these trophoblasts create a specific ECM environment distinct from other 

placental regions. This altered composition likely has wide-ranging effects on trophoblast 

fate, gene expression, and behavior. It will be interesting to explore the impact of 

advancing gestational age on the SC epithelium, especially with respect to the ECM. 

Presumably, cellular and structural changes precede the normal process of membrane 

rupture prior to delivery at term. Whether premature rupture of the membranes 

phenocopies these events or is a unique process is an important open question.  

 

Pathogen defense is another important function of the placenta. Infections of the chorion 

and amnion (chorioamnionitis) often result in adverse outcomes for mother and fetus, 

primarily preterm birth (Romero et al., 2014). We identified specific expression of the 

antiviral gene IFITM3 in CTB 4. IFITM3 expression is particularly interesting due to the 

recent finding that it blocks STB fusion mediated by the endogenous retroviral elements, 

ERVW-1 and ERVFRD-1. Therefore, IFITM3 expression in SC-CTBs may have a dual 

role – restricting viral entry into the cell and blocking the formation of STBs in the SC. Its 
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expression also provides a mechanism by which the lack of STBs in the smooth chorion 

is maintained after degradation of the villi is complete. 

 

A distinct feature of the CTBs of the SC was remodeling of the cytokeratin network 

coordinated with differentiation from CTB 1 to SC-CTBs. The progressive expression of 

KRT14, KRT17, and KRT6A is reminiscent of the cytokeratin code found in the epithelial 

cell layers of many tissues (Karantza et al., 2011). KRT14 is recognized as a marker of 

all stratified epithelium including subsets of basal progenitor and stem cells in several 

tissues, usually alongside KRT5 (Moll et al., 1982; Nelson et al., 1983; Rock et al., 2009). 

While we did not identify expression of KRT5 in any trophoblast, the KRT14 expressing 

proliferative cells of the SC fit the profile of stratified epithelia in other locations. The roles 

of KRT17 and KRT6 are less clear. Most knowledge about the function of these molecules 

comes from the epidermis in the context of injury and disease. KRT6 and KRT17 are 

upregulated rapidly upon epidermal injury and are expressed through the repair phase, 

each contributing specific functions. (Takahashi et al., 1998; McGowan and Coulombe, 

1998). KRT17 promotes proliferation and increases in cell size through Akt/mTOR and 

STAT3, respectively (Kim et al., 2006; Yang et al., 2018). KRT6 is a negative regulator of 

cell migration through the inhibition of Src kinase and associations with myosinIIA (Wong 

and Coulombe, 2003; Rotty and Coulombe, 2012; Wang et al., 2018). Finally, this 

molecule promotes expression of Desmoplakin and the maintenance of desmosomes, 

the latter, a long-established feature of SC trophoblasts (Bou-Resli et al., 1981; Bartels 

and Wang, 1983; Benirschke et al., 2006). Taken together, these observations are 

consistent with data on SC-CTBs. We found no evidence of their invasion, but did identify 
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frequent interactions with the ECM, CTBs, and EVTs. The coordinated expression of 

these cytokeratins and the transcriptional profile writ large, suggested the SC has the 

properties of a highly specialized epidermis with a robust proliferative capacity and strong 

cohesive properties, but lacking migratory or invasive behavior. 

 

As previous work has demonstrated or assumed, the majority of trophoblast identified are 

represented in both the VC and SC (Benirschke et al., 2006; Garrido-Gomez et al., 2017; 

Pique-Regi et al., 2019). We identified two cell types with striking transcriptional similarity 

between regions, CTB 1 and EVT. CTB 1 cells in the VC matched canonical villous CTB 

in transcriptional profile, behavior, and niche. Surprisingly, we identified a similar 

population in the SC. They are localized to an epithelial sheet juxtaposed to the fetal 

mesenchyme, separated by a thin basal lamina. These cells are supported by similar 

signaling pathways in both regions, including HGF and WNT (Figure 3.4g; Dokras et al., 

2001; Okae et al., 2018; Zhou et al., 2002). The similarities in location and growth factor 

requirements demonstrate that a niche similar to the villous trophoblast membrane, exists 

in the SC. Additionally, we identified CTB 1 as the progenitor population for SC-CTB, and 

possibly for EVT in the SC. Thus, CTB 1 in both regions function as multipotent 

progenitors. Despite the many similarities, the developmental trajectories emerging from 

CTB 1 differ in a region-specific manner. At present, it is unclear whether CTB 1 cells in 

both regions originally have the same potential or if fate restriction occurs as the fetal 

membranes form. Future experiments will need to functionally address whether CTB 1 

from the VC can be coerced to generate SC-CTBs and if CTB 1 from the SC can efficiently 

generate STBs and invasive EVTs. Multipotent trophoblasts have been generated from 
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first trimester smooth chorion cells, however, these cells have a distinct transcriptional 

profile from the second trimester cells we characterized (Genbacev et al., 2016). 

 

Similarities between the EVT of each region, as defined by contact with the decidua, has 

been documented in observational, molecular, and most recently, transcriptomic studies 

(Benirschke et al., 2006, Pique-Regi et al., 2019). Our data confirmed a strong correlation 

between gene expression for all EVT populations, regardless of regional identity. Based 

on previously established EVT subtypes, we identified a reduction in the proportion of 

interstitial EVTs and a concomitant increase in columnar-like EVTs of the SC. However, 

we did not find evidence of specific EVT subpopulations or intrinsic gene expression 

programs that would explain the differences in the depth of invasion of EVT in each 

placental region. However, we did uncover CTB-EVT interactions specific to the SC 

epithelium. Rather than physically separating as they do in the VC, CTBs and EVTs co-

occupy the stratified epithelium of the SC, providing a contained environment for 

paracrine signaling, cell contact mediated signaling, and cell-ECM interactions that may 

impact trophoblast invasion. In this study we verified that soluble signaling factors from 

SC cells restrict the invasion of their counterparts from the VC. We can speculate on 

potential candidates that may function across multiple biological systems to restrict 

invasion. CTB 4 cells express high levels of TIMP1, TIMP3, and SERPINE1 (PAI-1), 

which inhibit the function and/or activation of MMPs necessary for trophoblast invasion 

(Fisher et al., 1989; Zhu et al., 2012). Addition of recombinant TIMPs or a function 

blocking antibody against plasminogen (whose processing is inhibited by SERPINE1) 

reduced trophoblast invasion in vitro (Lala and Graham, 1990). While these molecules 
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are expressed by decidual cells, we identified their expression within the SC epithelium 

directly adjacent to EVTs. Another candidate regulator of invasion expressed by CTB 4 

is TNFα. Treatment of trophoblasts with TNFα increases EVT apoptosis, decreases 

protease expression, increases SERPINE1 expression, and decreases invasion in vitro 

(Otun et al., 2011; Xu et al., 2011). These data suggest that SC-CTBs secrete multiple 

molecules that could decrease the survival and invasion of EVTs in the SC. In this study 

we explored the role of secreted factors, but SC-CTBs may also influence EVTs through 

cell contact mediated signaling and the deposition of an ECM distinct from the basal plate. 

Future experiments will be necessary to explore the contributions of these distinct 

signaling pathways and matrices.  

 

In summary, this study provides a high-resolution molecular accounting of the 

trophoblast that occupy smooth chorion. By comparison with trophoblasts isolated from 

the VC of the same placentas, we identified key similarities and differences to better 

understand the molecular determinants of trophoblast function and behavior in the SC. 

We characterized a novel CTB population, marked by KRT6A expression, that is central 

to three key functions of the SC: formation of an epidermal-like barrier, blockage of 

aberrant STB differentiation, and restriction of EVT invasion. These data provide a 

better understanding of molecular and cellular pathways that control human placental 

development and against which disease related changes can be identified and 

therapeutic targets discovered. 
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Figures 

 
 
Figure 3.1 - The transcriptional landscape of the villous and smooth chorion at 
mid-gestation. 
(a) Left - Schematic of the placenta at mid-gestation, highlighting the regions sampled, 
together with the methods used for cell isolation and characterization. Right – schematic 
of the cell types and their organization in each region. (b) UMAP projections of 
integrated samples, shown by region of origin (Left – VC, Right – SC), and colored 
according to broad cell type clusters. (c) Heatmap of the transcript expression of select 
cell identity markers across broad cell type clusters and regions. Values are scaled 
expression across the clusters of each region independently. 
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Figure 3.2 - Metrics of the integrated dataset. 
(a) Violin plots of the number of unique genes (Left), number of UMI (Middle), and the 
percent of mitochondrial reads (Right) per cell for each broad cell type cluster. (b) The 
total number of cells (Left) and the percent of the total library (Right) in each broad cell 
type cluster from each placental sample are shown. (c) UMAP projections of the 
integrated dataset shown by each placental sample. Colors correspond to each broad 
cell type cluster in the legend at the right. The number of cells analyzed from each 
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placental sample is listed beneath. (d) The number of cells in each broad cell type 
cluster from each placental region (VC – black; SC – blue). 

 
Figure 3.3 - Metrics and markers of the immune cell subset. 
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(a) UMAP projection of all subclustered immune cells (n=14,805). Colors correspond to 
the clusters in the legend at the right. (b) Heatmap of selected marker genes of each 
immune cell cluster. Expression was displayed as the scaled mean expression in the 
cluster. (c) Violin plot of XIST expression in each immune cell cluster. (d) UMAP 
projection of immune cells shown by region of origin. (e) Stacked bar chart of the 
number of cells (left) or proportion of cells (right) in each cluster by region of origin. 
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Figure 3.4 - Metrics and markers of the stromal cell subset. 
(a) UMAP projection of subclustered stromal cells (n=3,883). Colors correspond to the 
clusters in the legend at the right. (b) Heatmap of selected marker genes for each 
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stromal cell cluster. Expression was displayed as the scaled mean expression in the 
cluster. (c) UMAP projection of stromal cells shown by region of origin. (d) Stacked bar 
chart of the number of cells (left) or percent of cells (right) in each cluster by region of 
origin. (e) Violin plot of XIST expression in each stromal cell cluster. (f) Violin plot of 
COL11A1 expression in each cluster shown by each region, showing expression in only 
SC cells (g) Violin plots of HGF, WNT2, and RSPO3 expression in each cluster and 
shown by each region, showing expression in both VC and SC cells. 
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Figure 3.5 - Identification of a smooth chorion-specific cytotrophoblast. 
(a) UMAP projection of subclustered trophoblasts (n=29,668). Colors correspond to the 
clusters at the right. (b) Dot plot showing average expression and percent of cells in 
each cluster as identified by the marker genes listed on the x-axis. The clusters are 
listed on the y-axis. (c) UMAP projection of subclustered trophoblasts from the VC (Left) 
or the SC (Right). Clusters and colors are the same as in panel a. (d) Quantification of 
the number of cells in each trophoblast cluster from each region. Cells from the VC are 
shown in black. Cells from the SC are shown in blue. (e) Violin plot of PAGE4 transcript 
expression across all trophoblast clusters. (f) Immunofluorescence co-localization of 
PAGE4 with pan-cytokeratin (marker of all trophoblast) in the VC (Left) or SC (Right). 
(g) Violin plot of KRT6A transcript expression across all trophoblast clusters. (h) 
Immunofluorescence co-localization of KRT6 with pan-cytokeratin (marker of all 
trophoblast) in the VC (Left) or SC (Right). (i) Immunofluorescence co-localization of 
CDH1 and KRT6 in the VC (Left) or SC (Middle). High magnification inset is denoted by 
the white box (Right). For all images nuclei were visualized by DAPI stain; Scale bar = 
100µm. Abbreviations: AV = Anchoring Villi; FV = Floating Villi; SC = Smooth Chorion 
epithelium; Amn. = Amnion; Dec. = Decidua. 
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Figure 3.6 - Metrics of the trophoblast subset. 
(a) Violin plots of the number of unique genes (left), number of UMI (middle), and the 
percent of mitochondrial reads (right) per cell for each trophoblast cluster. (b) UMAP 
projections of the trophoblast dataset shown by each placental sample. Colors 
correspond to each trophoblast cluster shown in the legend at the right. The number of 
cells analyzed from each placental sample is listed beneath. (c) The number of cells 
(left) and the percentage (right) in each trophoblast cluster from each placental sample. 
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Figure 3.7 - Metrics of the trophoblast subset. 
(a) Heatmap of the expression of the top 20 marker genes for each trophoblast 
population. (b) Expression of phasic transcripts MKI67 (top), PCNA (middle), and 
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TOP2A (bottom) were projected in UMAP space. (c) Heatmap of the Spearman 
Correlation coefficients between each trophoblast population. 
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Figure 3.8 - KRT6 expression in the VC region. 
(a) Violin plot of CDH1 transcript expression across all trophoblast clusters. (b) 
Immunofluorescence co-localization of CDH1 and PAGE4 in the VC (Left) and SC 
(Right). (c) Immunofluorescence co-localization of Pan-CK (marker of all trophoblast) 
and KRT6 in the VC. Arrowheads denote KRT6+ cells. (d) Violin plots of expression of 
each KRT6 isoform, showing expression of only KRT6A in trophoblasts. For all images 
nuclei were visualized by DAPI stain; Scale bar = 100µm. Abbreviations: AV = 
Anchoring Villi; Amn. = Amnion; SC = Smooth Chorion epithelium; Dec. = Decidua; FV 
= Floating Villi. 
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Figure 3.9 - A common CTB progenitor gives rise to STBs in the VC and SC-CTBs 
in the SC. 
RNA velocity vector projections overlaid on to UMAP projections for trophoblast cells 
isolated from the (a) VC and (b) SC. Arrows denote direction and magnitude is 
represented by line thickness. (c) Pseudotime reconstruction of SC derived CTB 1-4 
clusters from the scVelo dynamical model of latent time. Each column represents one 
cell. Cells at the left are clustered in CTB 1 and progress through CTB 2, 3, and 4 along 
the x-axis. Select genes that were the major drivers of the pseudotime alignment are 
shown on the y-axis. Expression ranged from dark blue (lowest) to yellow (highest). (d) 
Violin plots of select factors from (c) demonstrated shared or region-specific expression 
for genes associated with the CTB 4 differentiation trajectory. 
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Figure 3.10 - SC trophoblast display reduced expression of STB and increased 
expression of epithelial TFs. 
(a) Violin plots of expression of markers of STB differentiation in each trophoblast 
cluster shown by region, demonstrating reduced expression all markers in STB 
Precursor and STB clusters. (c) Violin plots of expression of YAP1 and HES1, 
demonstrating increasing expression in CTB1-4 and greater expression in the SC 
compared to the VC. 
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Figure 3.11 - SC-CTBs express a distinct epidermal transcriptional program. 
(a) Heatmap of gene ontology analysis adjusted p-values. Dark red corresponds to the 
lowest p-values and white represents p-values greater than 0.0005. Ontology categories 
are organized by hierarchical clustering along the y-axis. Marker genes for each cluster 
were used as inputs for the analysis. A subset of genes in selected categories are listed 
at the right. Categories and genes enriched in CTB 1 or CTB 4 are in black or blue, 
respectively. (b) Representative immunofluorescence co-localization of non-
phosphorylated CTNNB1 and KI67 in the VC (Left) and SC (Right). (c) Quantification of 
the percent of np-CTNNB1 cells with KI67 expression in each region in three placental 
samples. Each dot represents the percentage in one field of view (at least 7 per region 
per sample) as an estimate of mitotic cells per population. Percentages for the VC 
region are shown in black and the SC region in blue. (d) Immunofluorescence co-
localization of CDH1 and KLF4 protein in the VC (Left) or SC (Right). Arrowheads 
denote CDH1+/KLF4+ cells. (e) Immunofluorescence co-localization of KRT14 and 
KRT6 protein in the VC (Left) or SC (Right). The outline of the Anchoring Villi (AV) is 
denoted by the white dashed line. For all images nuclei were visualized by DAPI stain; 
Scale bar = 100µm. Abbreviations: AV = Anchoring Villi; FV = Floating Villi; SC = 
Smooth Chorion epithelium; Amn. = Amnion; Dec. = Decidua; GV = Ghost Villi. 
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Figure 3.12 - Complete CTB Gene Ontology Analysis. 
The unabridged Gene Ontology results from each CTB cluster, displayed as adjusted p-
values. Dark red corresponds to the lowest p-values and white represents p-values 
greater than 0.0005. Ontology categories are organized by hierarchical clustering along 
the y-axis. Marker genes for each cluster were used as inputs for the analysis. 
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Figure 3.13 - Similarities and differences between CTB 1 in VC and SC. 
(a) Immunofluorescence co-localization of CDH1 and non-phosphorylated CTNNB1 in 
the VC (left) and SC (right), showing identical domains of expression in both regions. 
For all images nuclei were visualized by DAPI stain; Scale bar = 100µm. Abbreviations: 
FV = Floating Villi; MB = Maternal Blood space; SC = Smooth Chorion epithelium; Dec. 
= Decidua. (b) Gene ontology analysis for CTB 1 genes common to VC and SC, genes 
enriched in VC, and genes enriched in SC. (c) Violin plots of genes within the gene 
ontology categories indicated in (b) for common categories (top), VC enriched 
categories (middle), and SC enriched categories (bottom).  
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Figure 3.14 - Cytokeratin expression in VC and SC trophoblast. 
(a) Violin plots of cytokeratins expressed in trophoblast in both VC and SC regions by 
cluster and region of origin. (b) Violin plots of cytokeratins expressed in SC trophoblast 
by cluster and region of origin. 
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Figure 3.15 - IFITM3 expression in CTB populations. 
Violin plot of IFITM3 expression in trophoblast clusters by region, showing increased 
expression in SC compared to VC. 
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Figure 3.16 - EVTs of the VC and SC regions are behaviorally distinct but 
transcriptionally similar. 
(a) Expression of HLA-G transcript per cell projected in UMAP space for the VC (Left) 
and SC (Right). Expression ranged from low in light gray to high in dark red. (b) 
Immunofluorescence localization of HLA-G in the VC (Left) and SC (Right). The 
Anchoring Villi (AV) are outlined in white (Left). The boundaries of the smooth chorion 
epithelium are denoted by the white lines (Right) (c) Quantification of the number of 
HLA-G expressing EVT (Left) and the percent of total trophoblast that express HLA-G 
(Right) for each placental region. (d) UMAP projection of all trophoblast cells including 
the EVT clusters (Left). The percent of EVT cells in each cluster from each region 
(Right). (e) Volcano plot of the differentially expressed genes between regions for all 
EVTs. All genes with a log fold change greater than an absolute value of 0.25 and a p-
value of less than 0.05 were plotted. Those with greater expression in VC EVT are 
shown in black. Those with greater expression in SC EVT are shown in blue. (f) 
Immunofluorescence localization of CSH1 in the VC Top) and SC (Bottom). Arrowheads 
denote CSH1 expressing cells (g) Violin plots of the number of differentially expressed 
genes between 100 cells from each placental region within each cluster (100 
permutations). Clusters with less than 100 cells per region were omitted due to the 
small sample size. For all images nuclei were visualized by DAPI stain; Scale bar = 
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100µm. Abbreviations: AV = Anchoring Villi; FV = Floating Villi; SC = Smooth Chorion 
epithelium; Amn. = Amnion; Dec. = Decidua; STB = Syncytiotrophoblast; CC = Cell 
Column. 
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Figure 3.17 - Functional annotation of EVT clusters. 
(a) Gene Ontology results from each EVT cluster displayed as adjusted p-values. Dark 
red corresponds to the lowest p-values and white represents p-values greater than 
0.0005. Ontology categories are organized by hierarchical clustering along the y-axis. 
Marker genes for each cluster were used as inputs for the analysis. (b) Selected genes 
in the ‘placenta development’ gene ontology category (top). Violin plots of expression 
for selected genes in each EVT cluster by region. (c) Selected genes in the 
‘Extracellular Structure Organization’ gene ontology category (top). Violin plots of 
expression for selected genes in each EVT cluster by region. 
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Figure 3.18 - Differential expression between EVT from VC and SC. 
(a) Volcano plots showing the differentially expressed genes the VC or SC for each EVT 
cluster. Only significantly differentially expressed genes are plotted (p-value <0.05). 
Genes with higher expression in VC compared to SC are shown in black. Genes with 
higher expression in SC compared to VC are shown in blue. Selected differentially 
expressed genes are labelled. (b) Violin plots of VC-specific genes in EVTs. (c) 
Spearman correlation coefficients between VC and SC for each cluster ranked from 
greatest to least similarity across regions. STB and EVT Precursor populations are 
excluded due to the low number of cells recovered in the SC. 
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Figure 3.19 - CTBs of the SC inhibit EVT invasion. 
(a) Immunofluorescence co-localization of np-CTNNB1 and HLA-G in the VC. (b) 
Immunofluorescence co-localization of KRT6 and HLA-G in the SC. Arrowheads denote 
CTB and EVT interactions. (c) Schematic of the transwell invasion assay (top). Cells 
from either placental region were plated in the upper chamber of the transwell. After 39 
hours of culture, the transwell membrane was fixed and stained with a Pan-cytokeratin 
antibody. The projections through the membrane are denoted by black arrowheads and 
quantified below. Results from the VC derived cells are shown in black, and the results 
from the SC derived cells are shown in blue. (d) Results from three biological replicates 
from each placental region cultured with conditioned medium from either VC or SC 
cells. The gestational ages of the plated cells is shown adjacent to the y-axis. The 
gestational ages of the cells from which conditioned medium was collected are noted in 
the legends at the right. The results for cells cultured with VC cell conditioned medium 
are denoted by black dots, and the results for those cultured in SC cell conditioned 
medium are denoted by open squares. P-values were determined by t-test and are 
listed above each comparison. For all images nuclei were visualized by DAPI staining ; 
Scale bar = 100µm. Abbreviations: AV = Anchoring Villi; FV = Floating Villi; SC = 
Smooth Chorion epithelium; Dec. = Decidua. 
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Figure 3.20 - CTB-EVT interactions in the VC or SC region. 
Colocalization of KRT6 (SC-CTB marker) and HLA-G (EVT marker) showing rare 
KRT6+ cells in the VC (top). These cells are few and do not interact with EVT in the 
same manner as was observed in the SC. Co-localization of non-phosphorylated 
CTNNB1 (CTB 1 marker) and HLA-G (EVT marker) in the SC (Bottom). Limited 
interactions between these populations was observed. The basal lamina separating the 
fetal stroma from the SC epithelium is marked by the white dashed line. For all images 
nuclei were visualized by DAPI stain; Scale bar = 100µm. Abbreviations: AV = 
Anchoring Villi; FV = Floating Villi; SC = Smooth Chorion epithelium; Dec. = Decidua. 
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Figure 3.21 - Representative images of the transwell invasion assay. 
Representative images of trophoblast projections through the transwell filter are seen as 
white dots. For quantification, the number of projections (white bright dots) were 
counted. For each sample, the median DAPI area was quantified across the transwell 
membrane, and then the projections multiplied by a factor to normalize for cell density. 
Scale bar = 100µm. 
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Figure 3.22 - Cell density is not correlated with culture in conditioned media. 
The DAPI+ area in each field of view was quantified and plotted as a measure of cell 
density. Each dot represents the percent area of the field of view which stained with DAPI. 
Measurements from each experiment are shown and the gestational ages of the cultured 
cells is on the y-axis at the left. Measurements of cells treated with control media (Serum 
Free Media) are shown in red, VC cell conditioned media are shown in black, and SC cell 
conditioned media are shown in open squares. 
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Methods 

Tissue Collection: The University of California, San Francisco (UCSF) Institutional 

Review Board approved this study. All donors gave informed consent.  

 

Cellular Isolation of VC trophoblast: Trophoblast were isolated from both floating and 

anchoring villi dissected from 2nd trimester human placentas. Trophoblast were isolated 

according to previously published protocols (Fisher et al., 1989; Kliman and Feinberg, 

1990). 

 

Cellular Isolation of SC trophoblast: Trophoblast were isolated according to previously 

published protocols (Garrido-Gomez et al., 2017). 

 

Single Cell RNA-Sequencing and Analysis: To capture the transcriptome of individual 

cells we used the Chromium Single Cell 3' Reagent V3 Kit from 10X Genomics. For all 

samples 17,500 cells were loaded into one well of a Chip B kit for GEM generation. Library 

preparation including, reverse transcription, barcoding, cDNA amplification, and 

purification was performed according to Chromium 10x V3 protocols. Each sample was 

sequenced on a NovaSeq 6000 S4 to a depth of approximately 20,000-30,000 reads per 

cell. The gene expression matrices for each dataset was generated using the CellRanger 

software (v3.0.2 - 10x Genomics). All reads were aligned to GRCh38 using STAR. 

(https://support.10xgenomics.com/single-cell-gene-

expression/software/pipelines/latest/advanced/references). The counts matrix was 

thresholded and analyzed in the package Seurat (v3.1.3). Cells with fewer than 500 or 
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greater than 6000 unique genes, as well as all cells with greater than 15 percent 

mitochondrial counts, were excluded from all subsequent analyses. Doublet detection 

was performed for each sample using DoubletFinder and all doublets were excluded from 

analysis. For each sample, counts were scaled and normalized using ScaleData and 

NormalizeData, respectively, with default settings FindVariableFeatures used to identify 

the 2000 most variable genes as input for all future analyses. PCA was performed using 

RunPCA and significant PCs assessed using ElbowPlot and DimHeatmap. 

Dimensionality reduction and visualization using UMAP was performed by RunUMAP.  

 

Integration of each timepoint into one dataset was performed using 

FindIntegrationAnchors and IntegrateData, both using 20 dimensions (after filtering each 

dataset for number of genes, mitochondrial counts, and normalizing as described above). 

Data scaling, PCA, selection of PCs, clustering and visualization proceeded as described 

above using 30 PCs and a resolution of 0.6.  

 

To generate the trophoblast, stroma, and immune cell subsets, the respective clusters 

were subset from the integrated dataset using the function SubsetData based upon 

annotations from marker genes identified by FindAllMarkers. After subsetting, counts 

were scaled and normalized using ScaleData and NormalizeData, respectively, with 

default settings FindVariableFeatures used to identify the 2000 most variable genes. 

Differentially expressed genes for each integrated dataset were identified using 

FindAllMarkers. 
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scVelo: RNA velocity analysis was applied to the entire conglomerate dataset using 

Velocyto to generate spliced and unspliced reads for all cells. This dataset was then 

subset for the trophoblast dataset introduced in Figure 2.2. The scVelo dynamical model 

was run with default settings and subset by each timepoint.  

 

Differential expression between regions: The number of trophoblast cells in each 

cluster were downsampled to 100 cells from each region of origin and performed 

differential expression using FindMarkers function and repeated this for 100 

permutations. The number of genes found to be significantly differentially expressed (adj. 

P-value <0.05) from each permutation are plotted. Clusters having less that 100 cells from 

each region were excluded from this analysis. 

 

Gene Ontology Analysis: Gene Ontology analysis was performed with ClusterProfiler 

enrichGO function. The simplify function within this package was used to consolidate 

hierarchically related terms using a cutoff of 0.5. Terms were considered significantly 

enriched with an adjusted P-value of less than 0.05. 

 

Immunofluorescence Staining: Placental tissue for cryosectioning was fixed in 3% PFA 

at 4°C for 8hrs, washed in 1x PBS, then submerged in 30% sucrose overnight at 4°C prior 

to embedding in OCT medium. Placental tissue in OCT was sectioned at 5µm for all 

conditions. In brief, slides were washed in 1x PBST (1x PBS, 0.05% Tween-20), blocked 

for 1hr (1x PBS + 5% donkey or goat serum + 0.3% TritonX), incubated in primary 

antibody diluted for 3 hours at room temperature (or overnight at 4°C), washed in 1x 
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PBST, incubated in secondary antibody (Alexafluor 488 or 594) for 1 hour at room 

temperature, incubated in DAPI for 10min at room temp, washed in 1x PBST, and 

mounted and sealed for imaging. Any antigen retrieval was performed prior to the blocking 

step by heating the slides in a 1x citrate buffer with 0.05% Tween-20 at 95C for 30 

minutes. All antibodies and the dilutions are listed in the key resources table. All 

immunofluorescence staining was performed in n=3 biological replicates (3 distinct 

placentas) and representative image is shown.  

 

Transwell Invasion Assay: 24-well plate transwell inserts with an 8 µM polycarbonate 

membrane (Corning Costar 3422) were coated with 10µL of Matrigel (growth factor-

containing, Corning Corp, USA) diluted 1:1 in Serum Free Media (95% DME H-21 + 

Glutamine, 2% Nutridoma (mostly β-D xylopyranose), 1% Pen Strep, 1% Hepes, 0.1% 

Gentamycin). Cells from each region of the placenta were isolated as described above 

and then plated in the upper well of the transwell insert at a density of 250,000 cells in 

250µL of Serum Free Media, with 1mL of Serum Free Media (or conditioned media) in 

the well below the insert. The cells were then cultured for 39 hours. The cells in the 

transwell were then fixed in 3% PFA for 10min at 4C, permeabilized in ice cold methanol 

for 10min at 4C, then washed in 1x PBS, incubated in Pan-CK primary antibody for 3 

hours at 37C, washed in 1x PBS, incubated with secondary antibody (Alexafluor 594) and 

DAPI for 1 hour at 37C, washed in 1x PBS, then mounted and sealed for imaging. All 

experiments were performed in n=3 biological replicates (3 distinct placentas). For 

conditioned media experiments n=3 biological replicates were analyzed (cells and 

conditioned medium derived from 3 distinct placentas) . 
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Transwell Invasion Assay Quantification: Transwell membranes mounted on slides 

were imaged at 40x magnification and the number of Pan-CK positive projections through 

the membrane counted. Normalization for changes in cell density across fields of view 

and culture conditions was performed by quantifying the DAPI positive area of each image 

and the number of projections normalized to the median across comparisons. Between 

7-10 fields of view were quantified for each transwell membrane. P-values were 

determined by t-test. 

 

Culture of placental cells and generation of conditioned media: Each well of a 24-

well plate was coated with 20µL of Matrigel undiluted (growth factor-containing, Corning 

Corp, USA) prior to cell seeding. Cells from each region of the placenta were isolated as 

described above and then plated into wells of a 24-well plate at a density of 1x106 cells 

in 1mL of Serum Free Media (95% DME H-21 + Glutamine, 2% Nutridoma (mostly β-D 

xylopyranose), 1% Pen Strep, 1% Hepes, 0.1% Gentamycin). The cells were cultured for 

39 hours. After 39 hours in culture the media was removed and centrifuged at 2000g for 

10mins to remove cellular debris. The supernatant was then removed, snap frozen in 

LN2, and stored at -80C. This media was then thawed and used as conditioned media.  

 

Data Availability 

All sequencing data is available at the NCBI Gene Expression Omnibus GSE198373. 

Processed data are available as R objects at 

https://figshare.com/projects/Regionally_distinct_trophoblast_regulate_barrier_function_
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and_invasion_in_the_human_placenta/135191. Code to process all raw data and 

generate the datasets analyzed are available at https://github.com/marshbp/Regionally-

distinct-trophoblast-regulate-barrier-function-and-invasion-in-the-human-placenta. 
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Chapter 4: Conclusions and Future Directions 
 
The projects presented in this thesis provide novel insights into the cellular ontology, 

identity, behavior, and interactions of mouse and human trophoblasts. In Chapter 2, we 

established snRNA-seq technology in the mouse placenta to conduct a cellular and 

molecular census of trophoblasts in the developing placental labyrinth. We performed 

the first separate transcriptomic analyses of SynTI, SynTII, and S-TGC, which identified 

regulators of distinct differentiation trajectories for the common progenitor populations of 

each lineage. In Chapter 3, we applied scRNA-seq to the human placenta to understand 

differences in the cellular composition and transcriptional programs between the villous 

chorion and the smooth chorion. We characterized novel smooth chorion-specific CTBs 

(SC-CTBs) with an epidermal-like transcriptional program that likely protects the fetus 

from mechanical and pathogenic insults. Additionally, we showed that factors secreted 

by SC-CTBs restrict EVT invasion. These projects resolve the trophoblast of the 

developing mouse and human placenta at unprecedented resolution but, as is the case 

with all profiling studies, these explorations raise myriad questions and future research 

directions.  

 

What are the developmental origins of the LaTP and LaTP2 populations? 

LaTPs give rise to all trophoblasts of the labyrinth (Ueno et al., 2013, Chapter 2). LaTPs 

are derived from the extraembryonic ectoderm and arise after chorioallantoic fusion at 

E8.5 (Ueno et al., 2013; Maltepe and Fisher, 2015). However, how LaTP are specified 

from extraembryonic ectoderm is unknown. Additionally, how LaTP specification is 

coordinated with chorioallantoic fusion is an open question. Since the LaTP are the 
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progenitors for the entirety of the gas exchange interface in the mouse placenta, 

understanding how these cells are specified and maintained is central to understanding 

proper placental (and subsequently fetal) development. Future single cell profiling 

experiments spanning E7.5-E9.5 will identify the cell states and molecular changes 

present during this dynamic process. Incorporation of recently developed CRISPR-

based lineage tracers will provide a definitive record of the lineage progression from 

extraembryonic ectoderm to each terminally differentiated labyrinth population (Chan et 

al., 2019). Our data demonstrates transcriptional and spatial distinctions between 

labyrinth progenitor populations, LaTP and LaTP2. They separate by E9.5, but their 

temporal emergence and the relationship between them, remains unclear. Our work 

suggests a bias in developmental potency; LaTP are more closely related to SynTII and 

LaTP2 are more closely related to SynTI and S-TGC. These findings are supported by 

genetic data. The earliest progenitors are Gcm1+ and Gcm1 is required for SynTII, but 

deletion of Gcm1 does not eliminate SynTI and S-TGC (Simmons et al., 2008). These 

data suggest multiple progenitor populations exist by E8.5. Examination of existing 

Vcam1 and Itga4 null embryos, in which the allantois fails to fuse with the chorion, may 

help to identify if fusion is necessary for LaTP specification (Gurtner et al., 1995; Yang 

et al., 1995). Understanding when this heterogeneity arises and how it is established 

and maintained is necessary to understand the genesis of the labyrinth.  

 

How are cell fate and spatial organization coordinated in the labyrinth? 

Efficient gas and nutrient exchange between maternal and fetal blood requires rigid 

organization of multiple cell types, each of which arises from the same progenitor pool. 
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LaTP reside in clusters throughout developing labyrinth. Upon differentiation they 

organize into the stereotypical trilaminar gas exchange interface. We identified specific 

signaling pathways associated with differentiation of each lineage, but if and how these 

signals are spatially directed and/or restricted to ensure cells differentiating along each 

lineage end up in the correct orientation is not known. Our data suggest that local 

signaling cues are an important driver of fate specification. In this model, location is 

determined by proximity to maternal blood or to fetal vasculature through morphogen 

gradients and cell sorting molecules. However, an alternative hypothesis, the 

specification of cell fate followed by migration, cannot be ruled out. In vitro derivation of 

SynTII yields migratory cells and our data demonstrate that S-TGC are enriched for 

genes that regulate this process (Zhu et al., 2017; Figure 2.9 and 2.10), suggesting an 

analogous function in vivo. Defining the interaction between cell fate and location is the 

forte of spatial transcriptomic technologies (Rao et al., 2021). However, single cell 

resolution remains a challenge for most image based transcriptional profiling 

methodologies, though techniques with up to 10µm resolution have been recently 

developed (Rodriques et al., 2019). The labyrinth presents an even greater challenge as 

the entire trilaminar interface is mere microns thin.  

 

What is the developmental potency of progenitor CTBs from the VC and SC? 

A surprising finding of this thesis was the presence of proliferative progenitor 

trophoblasts in the SC that are analogous to those of the VC (Figure 3.11 and 3.13). 

However, these progenitors give rise to different lineages depending on their location 

(Figure 3.9). Whether the progenitor trophoblasts in each region have the same 
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developmental potential is not clear. Culturing progenitor trophoblasts from the SC in 

STB differentiation conditions could help answer this question (Okae et al., 2018; 

Knöfler et al., 2019). The converse experiment, coaxing VC cells to become SC-CTB, 

will be much more challenging as it entails determining the culture conditions necessary 

for producing SC-CTB in vitro. Understanding the developmental potency and/or 

plasticity of these progenitors is important for answering questions concerning the 

timing and mechanisms of lineage restriction and also for understanding how disease 

states can influence cell fates.  

 

How do SC-CTBs regulate EVT invasion? 

Our data demonstrate that CTBs isolated from the SC secrete soluble factors that 

restrict the invasion of EVTs isolated from the VC (Figure 3.20d). From careful 

examination of SC-CTB enriched transcripts and the existing literature, we can 

hypothesize about the candidates that might mediate this phenomenon (e.g., TNFa, 

SERPINE1, TIMPs – see Chapter 3 discussion). Immediate next steps include testing 

the contribution of these molecules in gain of function (using agonists or recombinant 

proteins) or loss of function assays (using blocking antibodies or small molecule 

inhibitors). However, secreted factors are likely only one component of how SC-CTB 

modulate EVT behavior. Frequent SC-CTB and EVT cell-cell interactions occur in the 

SC (Figure 3.20b). Membrane bound factors that may regulate EVT behavior include 

ECM modulators, adhesion molecules, and signaling receptors. One intriguing 

candidate is EphrinB2, which directs VC-derived EVTs to decidual arteries (Red-Horse 

et al., 2005). However, in the SC, EphrinB2 is expressed by neighboring CTBs, 
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eliminating this distal migratory signal from the decidua. Identification of additional 

membrane-bound regulators could be achieved by subjecting SC-CTBs to protein 

profiling experiments (arrays or relative quantitation mass spectrometry), which has 

already been done for the analogous cells of the VC (Chen et al., 2021). Finally, 

overlaying spatial information with transcript expression will provide much needed 

insight into how both secreted and contact-mediated signals functions in the SC. Either 

genome wide or targeted spatial transcriptomic methods will help to correlate cell 

identity with invasive potential, understand how SC-CTB interactions with EVTs 

changes transcriptional programs, and the cellular composition of the niche surrounding 

either more or less invasive EVTs. 

 

What is the role of SC-CTBs in placental disease? 

The SC is likely to have central roles in both severe pre-eclampsia (sPE) and 

chorioamnionitis, which often result in either therapeutic induction of labor or preterm 

labor, respectively. Pre-eclampsia is a heterogenous condition typically presenting with 

the new and sudden onset of maternal hypertension. This syndrome is accepted as 

having a placental trophoblast component and a maternal vascular contribution 

(Redman and Sargent, et al., 2005). Garrido-Gomez et al., demonstrate increased 

thickening of the SC in sPE as compared to non-infected preterm labor cases that were 

matched for gestational age. They also identify disease dependent transcriptional 

changes such as the upregulation of CSH1, a key hormone differentially expressed 

between VC and SC EVT (Figure 3.16). Together, these data demonstrate expansion of 

the SC in response to sPE and suggest a potential compensatory adoption of VC-like 



 187 

characteristics. Decreased EVT invasion and failed remodeling of maternal decidual 

arteries is a common placental feature of severe pre-eclampsia (Redman and Sargent, 

et al., 2005). Investigating how invasion and arterial remodeling are regulated across 

placental regions may provide clues as to how these processes go awry in disease. 

Future scRNA-seq studies of sPE and non-infected preterm labor cases could identify 

disease-related alterations in cellular composition and transcriptional profiles. 

 

Chorioamnionitis, an infection of the chorion and amnion, is estimated to be present in 

one-quarter of preterm labor cases. In this condition, the SC epithelium is infiltrated by 

large numbers of immune cells that produce cytokines and proinflammatory molecules, 

which may trigger early parturition (Romero et al., 2015). The molecular effects on the 

SC epithelium are unknown. Understanding how this influx of immune cells and the 

signals they generate change the SC epithelial barrier has great translational potential. 

This information could be used to devise new preventive and treatment strategies aimed 

at strengthening barrier function.  

 

Future directions for placental biology 

The projects presented in this thesis are studies of cell identity and, in the case of SC-

CTBs, function in the placenta. Building on these data and recent technological 

advances, future work could include the manipulation and engineering of cell identity 

and behavior to explore basic placental biology during normal pregnancy and develop 

novel therapeutics for disease states that involve the placenta. The preponderance 

single cell transcriptional profiling has produced a dictionary of cell types and states, 
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complete with molecular definitions, ontological etymologies, and cell type synonyms 

and homonyms. These resources hold the promise of designing cells, systems, and 

tissues through the writing of cell fate and behavior and the printing of tissues and organ 

niches (Todhunter et al., 2016; Zheng et al., 2020). While this describes myriad future 

projects in the cell engineering and synthetic biology space, I will briefly touch on two 

direct applications here.  

 

Culture of placental cells of any species remains a challenge. In mouse, trophoblast 

stem cells can be maintained in a self-renewing state but differentiation is restricted to 

specific lineages (Tanaka et al., 1998; Zhu et al., 2017). Differentiation of cultured 

human trophoblasts has progressed slightly more rapidly as there are now multiple 

published protocols that are coming into wider usage (Okae et al., 2018). Also, several 

organoid models have been developed (Turco et al., 2018; Haider et al., 2018). There is 

ample space for translating expression-based studies into cell culture protocols for the 

derivation of either heterogenous populations or specific lineages. This will be 

particularly useful for differentiating STBs in vitro, as many protocols yield multinuclear 

hormone producing cells but lack the polarization, apical microvilli and other mature 

features of that characterize these highly specialized cells in vivo. The methods for 

culturing human trophoblasts could be applied to other species (Bourdon et al., 2021). 

Expansion beyond traditional model organisms will benefit evolutionary studies and 

enhance efforts toward artificial placentation, a topic of great interest for the agriculture 

industry.  
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Finally, placental studies often lack functional assessments due to the ethical and 

practical challenges of in vivo manipulation, tissue availability, and in vitro culture. 

Recent successes in direct (in situ) in vivo CRISPR screening through injection of 

lentiviral sgRNA into Cas9 expressing mice are likely applicable to tissues beyond the 

brain and liver (Knouse and Keys, 2021; Jin et al., 2020). While this approach is limited 

to the mouse and other animal models such as nonhuman primates, it could play a 

valuable role in validating the functions of candidate regulatory genes identified in 

expression profiling studies such as those described here. Although more challenging, 

forward screening for complex phenotypes such as syncytiotrophoblast cell fusion could 

be achieved using a combination of in situ sequencing to identify guide RNAs and 

imaging-based readouts of cell fate or fusion (Feldman et al., 2019). Another potential 

method for functional genotype-phenotype screening is through the reprogramming of 

human induced pluripotent stem cells to trophoblast stem cells, and subsequently, 

differentiated placental lineages (Liu et al., 2020). Using human fibroblasts or other 

adult cells as the starting material, reduces ethical concerns and provides an easier to 

implement platform that is amenable to genome engineering and high throughput 

screening.  
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