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Abstract 

A novel self-organizing embryonic stem cell system reveals 

signaling logic underlying the patterning of human ectoderm 

in two- and three-dimensions. 

By 

George Leslie Britton  

During development, the ectoderm is patterned by a combination of BMP and 

WNT signaling. Research in model organisms has provided substantial insight into this 

process; however, there are currently no systems in which to study ectodermal patterning 

in humans as it transitions from a two-dimensional to a three-dimensional tissue. Further, 

the complexity of neural plate border specification has made it difficult to transition from 

discovering the genes involved to deeper mechanistic understanding. Here, we develop 

an in vitro model of human ectodermal patterning in both two- and three-dimensions, in 

which human embryonic stem cells self-organize to form robust and quantitatively 

reproducible patterns corresponding to the complete medial-lateral axis of the embryonic 

ectoderm. Importantly, this organized tissue undergoes morphogenesis to form a close 

neural tube with an overlaying surface ectoderm, similar to what is found in vivo. Using 

this platform, we show that the duration of endogenous WNT signaling is a crucial 

control parameter, and that cells sense relative levels of BMP and WNT signaling in 

making fate decisions. These insights allowed us to develop an improved protocol for 

placodal differentiation in standard culture. Thus, our platform is a powerful tool for 
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studying human ectoderm patterning and three-dimensional self-organization of neural 

structures that is otherwise impossible to study in utero. 
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Chapter 1 

 

Introduction  
 

 

When damaged by a traumatic injury or degenerated by disease, the human body 

possesses an incredible ability to coordinate a response to heal. However, not all tissues 

are equal in their potential to recellurize into functional tissues. For example, the liver has 

a tremendous ability to restore essential cell types, mass and adjust its size to that of the 

host while supporting body homeostasis following partial resection (Mao et al., 2014). 

On the other hand, the innate regenerative potential of the central nervous system is 

significantly restricted in the cell types and the speed in which they are produced 

following injury (Jessberger, 2016). Furthermore, while neural stem cell transplantation 

promises to regrow brain cells, no therapies have demonstrated a rational approach to 

reconstitute the underlying neural organization needed to restore function (Gage and 

Temple, 2013).  
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While this work does not attempt to resolve issues surrounding the clinical 

application of stem cells for the regeneration of the central nervous system, it does, 

however, aim to elucidate the self-organizing principles grounded in developmental 

biology and how they could be applied to grow complex and organized multicellular 

tissues. Decades of experimentation in animal models have identified ligands and 

inhibitors that affect downstream signaling processes necessary to instruct the appropriate 

fate within developing tissues, but it remains unclear how these known signaling factors 

ought to be geometrically configured in space and time to recapitulate native tissue 

architecture in vitro. Uncovering this knowledge could facilitate organized regeneration 

that is needed to restore function in damaged tissues. Currently, it is difficult to map 

spatiotemporal signaling events to patterning outcomes in vitro due to the disorganized 

nature of current cell culturing methods.  In an effort to bridge this gap, we employed 

human embryonic stem cells to micropatterned surfaces to reconstruct early 

embryological events in the formation of the nascent nervous system. The advantage of 

this platform, unlike embryos in utero that are difficult to access, allows strict control of 

the signaling environment and unparalleled observation of dynamic cellular events in 

real-time. Using this platform, we have uncovered the dynamic spatial and temporal 

activity of essential signaling pathways that guide cell fate position in developing 

ectodermal tissue, uncoupled signaling pathway cross-talk and dissected the neural crest 

gene regulatory network. Finally, despite the focus on recapitulating ectoderm gene 

expression organization, this work serves as a technical framework on the signaling 

parameters to consider for generating a patterned tissue of interest, from pluripotent stem 

cells. 
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Below, we present an introduction to early mammalian neural development with a 

focus on covering the signaling events involved in the emergence of the neural plate, 

neural crest, placode and epidermal lineages from a common epithelial tissue known as 

the ectoderm. We then discuss the lessons of in vivo studies for the directed 

differentiation of human embryonic stem cells towards each fate of the ectoderm in vitro, 

highlight the limitations of the currently available two- and three-dimensional models and 

end on how micropatterns allow us to overcome many of these issues. 

1.1 Neurulation: lessons from the embryo 
	
 A multicellular embryo has its start as a single cell, otherwise known as a zygote. 

In dramatic fashion, the singular cell, that contains all the necessary genetic information, 

undergoes a vast order of highly synchronized events characterized first by several 

rounds of cell division followed by progressive rounds of cellular differentiation that 

form the blastocyst (Arnold and Robertson, 2009). At this stage, the embryo has self-

organized into an outer trophoectoderm layer, the primitive endoderm, and the epiblast, a 

source of human embryonic stem cells, which gives rise to all cell types of the developing 

organism. At this time, 7 days post fertilization, the developing embryo is functionalized 

for implantation to the uterine wall via attachment of the trophoectoderm, which then 

allows gastrulation of the epiblast to occur (Arnold and Robertson, 2009).  

Gastrulation is a spatially and temporally ordered process that constitutes the first 

differentiation event of the epiblast and is marked by the formation of the primitive streak 

in the posterior half of the embryo (Arnold and Robertson, 2009; Ma et al., 2019). In 

mammals, the event is initiated by BMP ligands secreted from the juxtaposed 

trophoectoderm that subsequently instruct a cascade of TGFβ and WNT signaling. The 
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combination in the signaling strength of each pathway in space and time eventually gives 

rise to three germ layers with mesoderm and endoderm progenitors formed within the 

primitive streak, while ectoderm progenitors are limited to the anterior half of the 

developing embryo (Arnold and Robertson, 2009; Chhabra et al., 2019; Heemskerk et al., 

2019). It is at this time, the formation of the nascent ectoderm, that our story of 

neurulation begins. 

1.1.1 Overview: neural morphogenesis  

Across all vertebrate models, the neural system represents the first primitive tissue 

structure to form in a process called neurulation. There are two known modes in which 

neurulation can occur, and the distinction between the two are characterized by the 

difference in macroscopic tissue rearrangements. In mammals, primary neurulation 

orchestrates cells in the anterior half of the embryo to form a hollow neural tube from a 

sheet of epithelial ectoderm that later contribute to the formation of the brain and a 

portion of the spinal cord (Darnell and Gilbert, 2017). The alternate mode, secondary 

neurulation, also forms a hollow neural tube, but occurs in the posterior spinal cord, and 

is accomplished as a result in the cavitation of a thick cord of neural progenitors 

deposited during embryonic body elongation (Darnell and Gilbert, 2017). The focus of 

the work below represents cellular and molecular events involved in primary neurulation, 

and therefore the process will be plainly referred to as neurulation. 

In humans, the beginning of neurulation is marked by a spatially organized 

ectodermal epithelium composed of progenitors of the neural plate, neural crest, placodes 

and epidermis along the medial-lateral axis of the developing embryo. Prior to large-scale 
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tissue rearrangements, cells in the neural plate elongate to form a pseudostratified 

columnar epithelium while the surrounding future epidermal cells acquire a flat 

morphology (Darnell and Gilbert, 2017). At the intersection of the two territories, the 

tissue thickens to form a neural hinge at each end of the neural plate. Soon after, each 

hinge migrates dorsally, which results in the bending of the neural plate along its midline. 

Finally, the two neural hinges fuse to form a hollow neural tube with a dorsally separated 

epithelium composed of placode and epidermal lineages.  

The importance of coordinating the complex biomechanical processes of 

neurulation is highlighted by a number of neurodevelopmental disorders that arise from 

improper establishment of molecular patterns in the ectoderm by upstream signaling 

events. This includes spina bifida, a defect in the closure of the dorsal neural tube, which 

has shown to arise due to improper regulation of GRHL and PAX3 transcription factors, 

in addition to other factors, by the canonical WNT/β-catenin signaling family (Sanchez-

Ferras et al., 2012; Zhao et al., 2014). Additionally, loss-of-function studies of the zinc-

finger protein ZIC2, linked to aberrant Nodal signaling, in mice results in the failure of 

the neural plate to bend properly (Nagai et al., 2000; Ybot-Gonzalez et al., 2007). Each of 

the examples illustrates the need to examine the link between organized signaling 

pathway activity and the information they provide to position cell fates in the developing 

ectoderm. In the section below, we introduce our current understanding of the signaling 

events and their relationship to the acquired fates during ectoderm patterning. 

1.1.2 Signaling in ectoderm patterning 



	 15	

Studies from model organisms have identified key morphogens and 

corresponding inhibitors that coordinate the formation and subsequent patterning of 

ectodermal fates. In several models, the emergence of the neural domain in the medial 

ectoderm results from the suppression of BMP, WNT and Nodal signaling by secreted 

inhibitors that include noggin, chordin, cerberus, follistatin, Lefty and DKK1 (del Barco 

Barrantes et al., 2003; Fainsod et al., 1997; Li et al., 2013; Sasai et al., 1995; Smith and 

Harland, 1992; Wilson et al., 1997). In contrast, BMP signaling is required at the time of 

gastrulation to initiate the formation of the non-neural ectoderm, a lineage of progenitors 

that give rise to placode and epidermal fates, and is marked by the lateral expression of 

AP2α (TFAP2A), GATA3 and E-cadherin (ECAD) (Brugmann and Moody, 2005; Choi 

and Gumbiner, 1989; Li et al., 2013; Malaguti et al., 2013; Pieper et al., 2012; Schlosser, 

2006). The location of the source for these signaling factors is crucial in the guidance of 

establishing a spatially ordered ectoderm. For example, a double knockout of cerberus 

and lefty in mouse embryos relieved the inhibition of Nodal signaling in the anterior half 

of an embryo during gastrulation, which resulted in the loss of the neural plate and the 

formation of two primitive streaks (Perea-Gomez et al., 2002). In the case of WNT, 

knockout of its inhibitor DKK1 in the anterior visceral endoderm permitted the formation 

of the neural plate, but resulted in the expansion of posterior neural fates at the cost of 

forebrain structures (Lewis et al., 2008). Furthermore, tissue grafts from a region that 

would otherwise form neural fates to a territory under the influence of BMP signaling are 

redirected to acquire a surface ectoderm phenotype.  

Once the neural and non-neural domains are established in the embryonic 

ectoderm, the border region is further refined to distinct progenitor domains by 



	 16	

spatiotemporally organized inductive signals. Maintenance of BMP activity in the non-

neural ectoderm of mouse embryos is required to initiate expression of cytokeratin 8 (K8; 

KRT8) and 18 (K18; KRT18) positive epidermal precursors (Li et al., 2013). FGF 

agonists, together with an attenuation of BMP and WNT signaling, initiate placodal 

emergence from the non-neural ectoderm by expression of SIX1 and EYA1/2 (Ahrens 

and Schlosser, 2005; Bhat et al., 2013; Kwon et al., 2010; Litsiou et al., 2005). Similarly, 

neural crest differentiation requires FGF signaling together with an intermediate BMP 

signaling level (Geary and LaBonne, 2018; Piacentino and Bronner, 2018; Stuhlmiller 

and García-Castro, 2012; Villanueva et al., 2002; Yardley and García-Castro, 2012). 

Unlike placodes, the specification of neural crest (marked by PAX3/7 and SOX9/10) at 

the neural plate border is dependent on a source of secreted WNT ligands from the 

paraxial mesoderm or the ectoderm itself (García-Castro et al., 2002; Litsiou et al., 2005; 

Sato et al., 2005; Simões-Costa and Bronner, 2015).  

1.1.2.1 Instructing fate position 

How cell fates are spatially coordinated and their relative spatial proportions 

maintained in developing embryos of various sizes has intrigued scientists for centuries. 

Alan Turing, the famed code-breaker and father of computer science, was the first to 

introduce a conceptual framework that addressed this issue. In his published work, The 

Chemical Basis of Morphogenesis, Turing described how a pair of interacting chemicals 

in space, driven by diffusion, could facilitate instability of an almost uniform initial state 

that would evolve into a non-homogeneous unique steady state, or patterns, depending on 

the reaction and diffusion parameters. Importantly, for these patterns to appear in an 

activator-inhibitor system, work by Meinhardt noted the diffusion of the chemical 
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inhibitor must travel more rapidly than its activating chemical counterpart, which would 

allow the inhibitor to overcome the activator’s positive feedback over a sufficient 

distance (Gierer and Meinhardt, 1972).  

Turing coined the term “morphogen” to describe the system of diffusible 

chemicals capable of generating cellular patterns from an initial uniform field of cells. 

While his work has recently been rediscovered to explain digit patterning, hair follicle 

spacing and palatal ridge formation, it had serious naysayers at the time of its 

introduction. Specifically, Turing’s detractors noted that there wasn’t molecular evidence 

to support the relevant model interactions in the developing embryo. Second, it was 

believed the mathematical framework was too rigid and sensitive to initial conditions to 

reliably model embryonic pattern formation.  

In a series of theoretical work that followed, Wolpert introduced a more intuitive 

concept that recycled the term morphogen to explain how cells interpret their position, or 

fate, as a result of the local concentration of a chemical inducer. His idea was popularized 

as the French flag model to represent the effect of a morphogen gradient on cell fate 

outcomes. In this scenario, cells positioned close to the morphogen source experience a 

high concentration of an inducer that informs the cell to adopt a particular fate (blue in 

the case of the french flag). Cells positioned progressively further from the morphogen 

source experience monotonically lower concentrations that instruct separate fate 

outcomes (Jaeger and Martinez-Arias, 2009). Cells adopt the white fate of the French flag 

when exposed to a medium local concentration or a red fate when morphogen levels are 

below threshold detection.  
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As a result of its simplicity, the French flag model has been adopted to explain 

pattern formation in many developing tissues, including the ectoderm. Early evidence in 

Xenopus and zebrafish embryos indicate the presence of a BMP activity gradient in the 

ectoderm that is linked to fate outcomes (Barth et al., 1999; Marchant et al., 1998). For 

example, spatial modification of the BMP activity gradient during gastrulation resulted in 

a shift in the position of neural, neural crest and placode cell fates of intact ectoderm 

tissue. Similarly, dissociated animal cap cells from Xenopus exposed to low exogenous 

BMP concentrations facilitated adoption of neural fates and high BMP doses generated 

epidermal lineages (Wilson et al., 1997). However, all ectodermal fates were represented 

when cells were exposed to intermediate levels of BMP, which is likely the result of 

heterogeneity in the competence of cells responding to the exogenous signal and cells 

secreting secondary factors that influence fate induction in neighboring. Furthermore, the 

reliance on overexpression vectors of BMP inhibitors and receptors complicates the 

interpretation of how cells transmit exogenous information to the nucleus in the in vivo 

setting.  

1.1.2.2. Alternative explanations  

 The drawback to Wolpert’s theory is the fact it relies on a static environment to 

ensure the formation of a gradient along an axis. However, embryonic development is an 

incredibly dynamic event. Cells proliferate at different rates, change their morphology 

and migrate between varying signaling fields throughout gastrulation and neurulation. To 

accommodate these facts, cells have been shown to exhibit a dynamic response profile at 

the level of the transduction pathway (Heemskerk et al., 2019; Massey et al., 2019). As a 
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result of the innate dynamic behavior, it has been difficult to map morphogen levels to 

fate outcomes developing embryos.  

 In the case of the ectoderm, cell fate patterning could arise from the necessity of 

combinatorial signaling, which could be facilitated by secretion of a secondary ligand 

regulated by an upstream signaling event. In this light, the presence of multiple ligands, 

and not a single one, could be responsible for coordinating the position and array of fate 

outcomes.  

1.1.3. Human ectoderm development remains an unknown 

Xenopus, zebrafish, chicken and mouse embryonic models have demonstrated to 

be excellent research tools to identify key signaling molecules, their respective 

transduction pathways and deciphering genetic interaction that guide developmental 

programs. Evolutionary pressures have conserved many functional cellular components 

involved in cell-cell communication across metazoans. However, key differences do arise 

when compared to human embryonic development. For example, noggin, an inhibitor of 

the BMP signaling pathway in all known model organisms, has shown to be a feedback 

inhibitor to the ligand itself in humans, which could affects how the pathway is spatially 

regulated (Etoc et al., 2016). Additionally, the developmental timing, sequence and 

spatial expression profile of key fate markers in human neurogenesis is distinct from their 

mammalian counterparts, which could affect cellular competence in response to an 

exogenous morphogen (Betters et al., 2010; Metzger et al., 2018; Zhang et al., 2010). 

Furthermore, geometric differences in the embryo and relative orientation of signaling 

centers are also strikingly different across animal models (Arnold and Robertson, 2009; 
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Monsoro-Burq et al., 2005; Xiang et al., 2020). For example, the mouse embryo forms a 

cup with BMP secretion sequestered to the proximal end, while BMP is secreted 

uniformly to the edge of the disc-shaped human embryo (Xiang et al., 2020).  Together, it 

remains a mystery how signals in space and time must be employed to direct organized 

patterning of the ectoderm and subsequent neural folding in the human embryo.  

1.2 In vitro models of human embryonic development.  
The 14-day rule, a law in some countries and a guideline in others, describes the 

limit that prohibits the in vitro culture of human embryos beyond the 14th day following 

fertilization. In human embryos, it represents a time point just prior to the initiation of 

gastrulation. As a result, it remains impossible to study developmental processes beyond 

this time point in human embryos, which includes ectoderm patterning and the 

subsequent event of neurulation.  

The isolation and derivation of human embryonic stem cells (hESCs) from the 

inner cell mass of a blastocyst provided an exciting alternative to study human 

development in 1998. Considered pluripotent, hESCs are not only capable of self-

renewal, but retain the potential to give rise to all cells of an adult human. With this 

advancement came the potential to harness hESCs to recapitulate and study development 

programs specific to humans. Moreover, the necessity to culture hESCs in vitro has 

contributed to a better understanding of the signaling requirements in the embryo since 

the cellular environment is defined by the user that is otherwise difficult to overcome in 

utero. For example, studying the combinatorial, temporal and concentration dependent 

effects of signals are easily tuned by introducing the desired concentration of ligands and 

inhibitors to the media over defined periods of time. Additionally, it is possible to gain 
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insight to cellular behavior that is otherwise impossible to observe in utero. This is 

notably achieved by the introduction of genetically encoded reporters of fate and/or 

signaling, which is amenable to quantitative microscopic observation with superior 

temporal and spatial resolution. In the following section we introduce the signaling 

requirements to generate 2D and 3D cultures of ectodermal fates using human embryonic 

stem cells and note their limitations in derivation.  

1.2.1. Spatially unorganized models of ectodermal lineages 

1.2.1.1. 2D Models 

Many studies have leveraged the knowledge gained from studies of model 

organisms to develop directed differentiation protocols using hESCs. These protocols 

modulate the FGF, TGFβ, BMP and WNT signaling pathways, and aim to produce pure 

populations of desired cell fates within the ectoderm. As in vivo, inhibition of TGFβ 

superfamily signaling is essential for differentiation to neural fates (Chambers et al., 

2009; Elkabetz et al., 2008; Zhang et al., 2010), and appropriately timed introduction of 

BMP4 to the media can induce epidermal and placodal fates (Dincer et al., 2013; Ealy et 

al., 2016; Leung et al., 2013; Qu et al., 2016; Tchieu et al., 2017). Alternatively, WNT 

pathway activation or precise levels of BMP4 have been shown to yield neural crest 

progenitors(Gomez et al., 2019; Hackland et al., 2017; Leung et al., 2013; Tchieu et al., 

2017). In each case, the differentiation protocols yield unexpected outcomes with 

unintended cell types expressed in culture. For example, the use of dual-SMAD inhibition 

media needed to generate neural progenitors often gives rise to a variable number of 

neural crest cells (Chambers et al., 2009). Second, the use of exogenous BMP4, while 
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intended to generate placodes, also gives rise to neural crest (Tchieu et al., 2017). The 

ability to trace the error is difficult due to the inherent culture conditions of cell colonies 

randomly distributed within a 2D surface. In this context, colonies of various sizes 

respond differently to each induction protocol and over time fuse with their neighboring 

colony. Ultimately, the complexity of the culture setting obfuscates the ability to build 

relationships between signaling conditions and fate outcomes needed to engineer pure 

populations.  

Achieving pure populations of cells is likely essential in some applications; 

however, development involves the formation of self-organizing patterns of multiple cell 

types. Moreover, the patterning of human ectoderm differs notably from that of other 

mammals and model organisms. Studying human ectodermal patterning requires the 

development of in vitro models in which cells self-organize and spatiotemporal patterns 

emerge reproducibly in a fashion similar to that of the human embryo in vivo. Goals 

toward these ends will help facilitate our understanding of the signaling architecture 

necessary to generate user 

1.2.1.2. 3D Models 

Currently, a 3D model of the ectoderm development does not yet exist since 

previous efforts have primarily focused on generating pure populations in standard 

culture. However, there has been notable success in translating neural differentiation 

culture conditions to 3D models that represent distinct stages of neural development post 

neural tube fusion. When introduced to Matrigel or synthetic hydrogels under the 

influence of inhibition of the TGFβ superfamily, mouse embryonic stem cells self-
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organize into a radial arrangement with a central lumen and later acquire a neural fate 

(Meinhardt et al., 2014). Impressively, the application of retinoic acid facilitates self-

organized dorsal-ventral patterning of the neural cyst with discrete formation of the 

ventral floor plate, P3, pMN  and MSX1/2 domains (Meinhardt et al., 2014). While this 

model offers a wonderful approach to study dorsal-ventral patterning in 3D, the 

morphological sequence of lumen formation precedes neuronal differentiation. It remains 

unclear how premature tube formation could affect the differentiation potential of 

generating medial fates in the dorsal ventral axis or whether the model is limited to 

represent posterior neural tube structures. Furthermore, the forced aggregation of 

pluripotent cells precludes the study of neural plate folding events that may be specific to 

human development and disease. 

Cortical organoids derived from hESCs represent a late-stage of neural 

development that features the construction of cortical layers of the human brain. All 

organoid approaches require an initial aggregation phase where hESCs are grown as a 

cyst and then subsequently differentiated to a specific territory of interest within the 

brain. The accelerated popularity of the approach has been fueled by the advancement to 

molecularly characterize fate trajectories at an unprecedented cellular resolution in 

normal and disease patient samples(Gage and Temple, 2013; Lancaster et al., 2013) . The 

outcomes of such studies have begun to uncover a genetic basis of neural development 

disorders that is otherwise impossible to study in the human neocortex. Due to the 

variability in cell proliferation and number at the time of aggregation, cyst formation 

often develops into an array of shape and sizes. Furthermore, the lack of control in the 

signaling environment over long incubation periods generates organoid outcomes that are 
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widely variable in fate organization. The lack of reproducibility between organoids 

makes it difficult to study the organizing principles that give rise to the structure of 

healthy neural networks. 

1.2.2 Micropatterned surfaces facilitate ordered patterning in 2D 

Unlike their standard culture counterpart, BMP4 induced hESCs seeded to 

geometrically defined micropatterned surfaces generate reproducible radial patterns 

representative of gastrulation staged embryos with trophoectoderm at the edge, ectoderm 

in the center and mesoderm in between (Chhabra et al., 2019; Heemskerk et al., 2019; 

Warmflash et al., 2014). The preservation of the spatial order allows for quantitative 

investigation that can highlight new understanding of cell communication involved in 

gastrulation. For example, the model demonstrated BMP activity is spatially regulated by 

a combination of receptor sequestration to the basal ends of cells and the secretion of 

noggin, an inhibitor of BMP signaling (Etoc et al., 2016). Additionally, the micropattern 

system has recently uncovered the spatiotemporal movement of WNT and Nodal 

signaling in the human gastrulation model (Chhabra et al., 2019; Heemskerk et al., 2019). 

These findings highlight the dynamic nature of mesoderm induction as a cellular process 

that is capable of sensing combinatorial signaling as waves of WNT and Nodal travel 

from the edge of the micropattern inwards (Chhabra et al., 2019; Heemskerk et al., 2019). 

Moving forward, a clear understanding of how cells’ signaling activities are spatially and 

temporally organized could facilitate the construction of rationally designed tissues 

representative of later developmental stages.  
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1.3 Challenges and motivation  
	

hESCs have shown a remarkable ability to self-organize. Importantly, this ability 

can be harnessed by confining them to micropatterned surfaces, so that embryonic fate 

patterns reminiscent of gastrulating embryos are generated in vitro (Chhabra et al., 2019; 

Etoc et al., 2016; Heemskerk et al., 2019; Warmflash et al., 2014). However it is unclear 

how to translate our understanding of the gastrulation model to that of an ectoderm 

model, a period of development that occurs slightly later and requires the need to first 

direct pluripotent cells to the interior fate of the gastrulation model. Therefore, we needed 

to define the set of signals and their respective durations needed to commit cells to the 

ectoderm, yet not overcommit any one cell to a particular fate. Second, it is unknown 

what set of exogenous and endogenous signaling parameters would best recapitulate 

ectoderm organization. Additionally, it is unclear what physical parameters are necessary 

to best facilitate 3D organized ectoderm folding. Together, efforts towards these ends will 

clarify our understanding of the dynamic behavior of embryonic development and how to 

properly control signaling events to generate desirable fate outcomes.  

 In this work, we developed a micropaterned platform in which cells self-organize 

to all four maint fates within the ectoderm, and use this system to dissect the 

spatiotemporal signaling events that pattern this model of human ectoderm. We 

demonstrate that when hESCs are directed to adopt the ectodermal germ layer by 

inhibiting Nodal signaling, the subsequent application of BMP4 to micropatterned 

colonies is sufficient to trigger medial-lateral patterning of multiple cell fates. 

Furthermore, we identified the duration of endogenous WNT signaling as a crucial 

control parameter that modulates the fate composition of ectodermal patterns. We then 
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leverage this system to expand our understanding of how BMP and WNT signaling 

pattern the ectoderm. In particular, we show that cells are sensitive to the relative, rather 

than absolute, levels of BMP and WNT, and this system can be used to dissect 

interactions between signaling and transcription factor networks in neural crest 

differentiation.  

 

 

 

 

Chapter 2 

 

Two-dimensional recapitulation of human ectoderm 
organization 

 

 

Parts of this chapter was adapted from published work (Britton et al., 2019). 

We sought to create an in vitro model system in which to study the formation of 

patterned human ectodermal tissue. Similar to previous work that created gastrulation-

stage patterns in vitro (Chhabra et al., 2019; Heemskerk et al., 2019; Warmflash et al., 

2014), we reasoned that geometrically confined hESCs treated with appropriately timed 

exogenous stimuli would create self-organized patterns of fates within the ectodermal 

germ layer. In both model organisms and embryonic stem cells, Nodal inhibition has 
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been shown to be crucial for preventing mesoderm and endoderm differentiation, 

allowing cells to adopt ectodermal fates, whereas BMP signaling is responsible for 

generating the medial-lateral pattern within the ectoderm (Li et al., 2013; Liu et al., 2018; 

Smith et al., 2008). Thus, we followed a two-stage protocol where hESCs are initially 

induced by Nodal inhibition and subsequently stimulated by BMP4. Although we 

expected that performing this protocol in standard culture would generate ectodermal 

cells that are spatially disorganized, it would provide a starting point for micropatterning 

experiments that test whether geometric confinement leads to ordered emergence of the 

same set of fates. Previous work in mouse and human ESCs has shown that prolonged 

Nodal inhibition leads to commitment to the neural fate ((Li et al., 2015; Liu et al., 2018; 

Smith et al., 2008), so we specifically sought a temporal window in which cells are 

committed to the ectoderm but not exclusively to neural fates.  

2.1 Establish window of competence to pattern human ectoderm lineages  
	

Compared with pluripotent cells, ectodermal progenitors are characterized by 

lower levels of the pluripotency markers OCT4 (POU5F1) and NANOG, high levels of 

SOX2, and the absence of neural-specific genes such as PAX6 and NCAD (CDH2) 

(Chambers et al., 2009; Li et al., 2015; Liu et al., 2018; Wang et al., 2012). To determine 

when hESCs enter this state, we examined these markers as a function of the duration of 

Nodal inhibition, achieved by growing cells in N2B27 media supplemented with 10 µM 

of SB431542 (hereafter SB), a small molecule ALK4/5/7 (also known as ACVR1B, 

TGFBR1 and BMPR1B, respectively) receptor-kinase inhibitor (hereafter called 

ectodermal induction media). By day 2, OCT4 and NANOG were repressed, and SOX2 

expression levels were elevated compared with those in the pluripotent state (Fig. 1 C,D, 
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Fig. 2B). On day 3, we observed low and heterogeneous expression levels of PAX6 and 

NCAD (Fig. 1A, Fig. 2A). By day 4, both PAX6 and NCAD expression increased in 

intensity and were homogenously expressed by day 5 (Fig. 1A,B, Fig. 2A). Together, 

these data indicate that hESCs acquire a transient ectodermal progenitor state 

(SOX2+/NANOG-/PAX6-/NCAD-) by day 2 of Nodal inhibition, but quickly 

differentiate towards the neural lineage upon continued Nodal inhibition.  

We next assessed the differentiation potential of hESCs as they transition from 

ectodermal to neural progenitors by exchanging the ectodermal induction media for a 

neural (N2B27), pluripotency-maintaining (mTeSR), or non-neural differentiation 

(N2B27 + 50 ng/ml BMP4) media. Switching to a non-neural differentiation media on 

day 2 directed cells to non-neural ectoderm (AP2α+/PAX6-/SOX2-), whereas neutral 

media allowed most cells to adopt a neural fate (PAX6+/SOX2+/AP2α-) (Fig. 1E). 

Reverting to mTeSR on day 2 yielded a mixed population of fates consisting of neural, 

non-neural and pluripotent cells (Fig. 1E, Fig. 2C). In contrast, exchanging ectodermal 

for non-neural induction media on day 4 generated clear territories of neural 

(PAX6+/AP2α-) and non-neural (PAX6-/AP2α+) by day 8, whereas cells changed to 

neutral or mTeSR media generated an expression profile consistent with the acquisition 

of a neural progenitor fate (high PAX6, low AP2α) (Fig. 1F, Fig. 2D) (Chambers et al., 

2009). Collectively, these data demonstrate that hESCs remained competent to revert to 

pluripotency or differentiated towards non-neural fates after 2 days of ectodermal 

induction, and after 4 days all cells had committed to the ectodermal lineage and a 

fraction of cells had committed towards the neural fate.  
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2.2 Ectoderm induction precludes induction of mesoderm and 
extraembryonic fates. 
	

Pluripotent cells give rise to mesodermal and extraembryonic fates in response to 

BMP4 (Bernardo et al., 2011; Nemashkalo et al., 2017; Xu et al., 2002). We next tested 

whether cells lose competence to differentiate to these fates following 3 days of 

ectodermal induction. Pluripotent hESCs treated with BMP4 for 2 days upregulated the 

extraembryonic marker CDX2; however, its expression was absent if cells were first 

grown in ectodermal induction media for 3 days (Fig. 1G). Additionally, we noted that 

following 3 days of ectodermal induction, 2 days of BMP4 treatment failed to upregulate 

mesodermal fates, defined by brachyury (BRA; also known as TBXT) expression, when 

introduced with or without the Nodal inhibitor SB in N2B27. BRA+ cells were detected 

in the case when cells were treated with BMP4 in mTeSR media following 3 days of 

ectoderm induction (Fig. 1H). However, addition of SB to mTeSR blocked mesodermal 

differentiation (Fig. 1H). This indicated that during the first 3 days of ectodermal 

differentiation, cells lose the potential to differentiate toward extraembryonic fates, but 

maintain competence to differentiate to mesodermal fates. These findings are consistent 

with earlier reports that demonstrate BMP-induced mesodermal differentiation in 

pluripotent stem cells requires an exogenous source of TGFβ and/or FGF (Bernardo et 

al., 2011; Yu et al., 2011). 
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Figure 1: hESCs transition through an ectodermal progenitor state before 

commitment neural commitment. (A,C)	Representative	 images	of	cells	 fixed	on	 the	

indicated	 days	 during	 the	 course	 of	 Nodal	 inhibition	 and	 immunostained	 for	 the	

neural	 progenitor	 marker	 PAX6	 (A)	 or	 the	 pluripotent	 markers	 SOX2,	 OCT4	 and	

NANOG	 (C).	 (B,D)	Quantification	of	 the	 fold	 change	 in	 average	 intensities	 of	 PAX6	



	 31	

(B)	 or	 SOX2,	 OCT4	 and	 NANOG	 (D)	 normalized	 to	 DAPI	 for	 the	 indicated	 days	

relative	 to	 day	 0.	N=3	 experiments.	 (E,F)	 Representative	 images	 of	 cells	

immunofluorescently	 co-stained	 for	 AP2α/PAX6	 or	 SOX2/NANOG/OCT4	 at	 the	

conclusion	of	 a	 two-phase	 induction	protocol.	 Cells	were	 initially	 differentiated	 in	

Nodal	 inhibition	 media	 for	 either	 2	 (E)	 or	 4	 (F)	 days	 and	 then	 treated	 with	 the	

indicated	 culture	 conditions	 for	 the	 subsequent	 6	 (E)	 or	 4	 (F)	 days.	 Experiment	

replicated	 three	 times.	 (G)	 Representative	 images	 of	 cells	 immunofluorescently	

labeled	 for	CDX2.	All	 cells	were	 treated	with	BMP4	 for	 2	days	 following	 either	no	

prior	 treatment	 or	 3	days	 of	 Nodal	 inhibition.	 Experiment	 replicated	 three	 times.	

(H)	 Representative	 images	 of	 cells	 immunofluorescently	 labeled	 for	 BRA	 at	 the	

conclusion	 of	 the	 experiment.	 All	 cells	 were	 initially	 induced	 for	 3	days	 in	 Nodal	

inhibition	 media.	 Thereafter,	 the	 media	 was	 exchanged	 for	 treatment	 conditions	

indicated	in	the	banner	above	the	corresponding	images.	First	row	banners	indicate	

the	base	media	and	the	second	banner	row	indicates	the	signals	added	to	the	base	

media.	Experiment	replicated	three	 times.	TGFβi,	SB431542.	Data	are	mean±s.e.m.	

Scale	bars:	25	µm	(C);	50	µm	(A,E,F);	100	µm	(G,H).	
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Figure 2: Nodal inhibition suppresses NANOG and OCT4 and then instructs 

expression of NCAD and PAX6.	 (A-B)	 Representative	 images	 of	 cells	 in	 standard	

culture	 fxed	 on	 the	 indicated	 days	 during	 the	 course	 of	 Nodal	 inhibition	 and	

immunostained	 for	 the	 neural	 progenitor	 marker	 NCAD	 and	 PAX6	 (A)	 or	 SOX2,	

OCT4	 and	NANOG	 (B)	 at	 the	 conclusion	of	 the	 induction.	 Experiment	 replicated	3	

times.	 (C-D)	 Representative	 images	 of	 cells	 immunofourescently	 co-stained	 for	

AP2/PAX6	 or	 SOX2/NANOG/OCT4	 at	 the	 conclusion	 of	 a	 two-phase	 induction	
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protocol.	Cells	were	initially	diferentiated	in	phase	1	for	either	2	(C)	or	4	(D)	days	in	

Nodal	 inhibition	media	 and	 then	 treated	with	 the	 indicated	 culture	 conditions	 for	

the	 subsequent	 6	 (C)	 or	 4	 (D)	 days	 in	 phase	 2.	 Experiment	 replicated	 3	 times.	

Scalebar	in	A	and	B	=	25	µm;	in	C	and	D	=	50	µm.	

 

 

2.3 A two-step induction protocol generates patterns of human ectodermal 

fates in vitro. 

The previous experiments demonstrated that a properly timed two-step induction 

protocol with continuous Nodal inhibition could give rise to multiple ectodermal fates. 

We reasoned that carrying out this induction in geometrically confined colonies might 

lead to reproducible spatial patterning (Warmflash et al., 2014). We seeded hESCs on 

micropatterned surfaces and grew them for 72 hours in ectodermal induction media. 

Patterning was initiated with the addition of 50 ng/ml BMP4 in the presence of SB 

(10µM); cells were fixed following 72 hours of this treatment. At the conclusion of the 

induction period, stem cell colonies routinely formed multilayered structures with a dense 

ring of cells aggregating at a reproducible radius within the colony. We evaluated the 

expression of lineage-specific markers within these micropatterned colonies.  

Cells at the center of the micropatterned colonies differentiated to neural lineages 

(PAX6+/NCAD+/OTX2+/ECAD-/ISL1-/GAT3-/K8-) whereas those closer to the edge 

differentiated to non-neural ectoderm (PAX6-/NCAD-/ECAD+/ISL1+/GATA3+/ 

KRT8+) (Fig. 3A, Fig. 4A-D,F)(Leung et al., 2013; Ozair et al., 2013; Pieper et al., 2012; 

Schlosser, 2006; Tchieu et al., 2017). In addition, we observed heterogeneous expression 

of SOX1, a late human neural progenitor marker, in the center of the colony co-expressed 
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with NCAD and PAX6 (Fig. 4F)(Zhang et al., 2010). The neural crest markers SOX9 and 

PAX3 were expressed in a ringe of cells between the neural and non-neural domains 

(FIG)(Betters et al., 2010; Bhat et al., 2013; Monsoro-Burq et al., 2005; Pieper et al., 

2012; Plouhinec et al., 2017; Spokony et al., 2002). Next to these cells was a ring of cells 

positive for the placodal marker SIX1 (Fig. 3A, Fig. 4A,B)(Ahrens and Schlosser, 2005; 

Christophorou et al., 2009; Dincer et al., 2013; Plouhinec et al., 2017; Schlosser, 2006). 

These SIX1 placodal cells were a subset of the ECAD+/ISL1+/GATA3+/K8+ population, 

and the SIX1- cells in this population represent epidermal precursors (Fig. 4A-D)(Dincer 

et al., 2013; Page, 1989; Pieper et al., 2012; Tchieu et al., 2017).  

We next evaluated the necessity of Nodal inhibition in the first phase and BMP 

stimulation in the second to achieve ectoderm patterns. Removing SB from the first phase 

resulted in downregulation of NCAD and SOX1 in the colony center, contraction of the 

PAX6+ domain, the expansion of SOX9 expression to the colony edge, and the co-

expression of SOX9 in the remaining PAX6+ cells at the colony center (Fig. 3B, Fig. 

4G,H). Thus, inhibition of Nodal signaling during the first 3 days is required to instruct 

future neural fates in the center of the colony upon BMP4 treatment.  

Colonies that were grown for 6 days in ectoderm induction media without added 

BMP4 expressed PAX6 and NCAD throughout, whereas the surface ectoderm marker 

ISL1 was completely absent at the colony edge (Fig. 3C). We observed a small number 

of SOX9-expressing cells near the colony edge but without a clear pattern. Thus, 

exogenous BMP4 stimulation is required for surface ectoderm differentiation and self-

organized patterning.  
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Figure 3: A two-phase protocol generates self-organized patterns of ectodermal 

fates. (A-C)	Representative	images	of	colonies	stained	with	the	indicated	antibodies	

following	treatment	with	either	a	two-step	protocol	consisting	of	3	days	in	ectoderm	

induction	media	 and	3	days	 in	N2B27+BMP+SB	 (A),	 the	 same	protocol	 except	 the	

first	 3	days	were	 in	N2B27	 alone	 (B),	 or	 6	days	 of	 ectoderm	 induction	media	 (C).	
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The	 top	 row	 in	 (A)	 shows	 a	 schematic	 of	 the	 organization	of	 fates	 in	 the	 anterior	

ectoderm.	Each	experiment	was	replicated	at	least	three	times.	Scale	bars:	100	μm.	

 

Figure 4: Two-step ectoderm induction protocol instructs gene expression patterns 

associated with anterior fates.	 (A-E)	 Representative	 images	 of	 the	 colony	 edge	
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Figure S2: Two-step ectoderm induction protocol instructs gene expression patterns associated with anterior fates (related to Figure 2)
(A-E) Representative images of the colony edge following a two-step ectoderm induction protocol and co-stained for SIX1/K8 (A), SIX1/ISL1 (B), GATA3/ISL1 (C), 
ECAD/ISL1 (D) and SOX9/PAX3 (E). (F) Representative images of the colony center following a two-step ectoderm induction protocol and co-stained for PAX6, 
NCAD and SOX1. (G-H) Representative images of the colony center (G) and edge (H) with the indicated antibodies following 3 days of induction in N2B27 alone 
and 3 days in BMP+SB. Experiment replicated at least 3 times. Colony diameter = 700 µm. Scalebar = 100 µm.
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following	a	 two-step	ectoderm	 induction	protocol	 and	 co-stained	 for	 SIX1/K8	 (A),	

SIX1/ISL1	 (B),	 GATA3/ISL1	 (C),	 ECAD/ISL1	 (D)	 and	 SOX9/PAX3	 (E).	 (F)	

Representative	images	of	the	colony	center	following	a	two-step	ectoderm	induction	

protocol	and	co-stained	for	PAX6,	NCAD	and	SOX1.	(G-H)	Representative	images	of	

the	colony	center	(G)	and	edge	(H)	with	the	indicated	antibodies	following	3	days	of	

induction	 in	N2B27	alone	and	3	days	 in	BMP+SB.	Experiment	replicated	at	 least	3	

times.	Colony	diameter	=	700	µm.	Scalebar	=	100	µm.	

 

2.4 Endogenous WNT is necessary to instruct neural crest fates and its 

duration of signaling affects composition of ectodermal tissue.  

Although the protocol above yielded self-organized patterns consisting of four 

ectodermal lineages, the neural crest frequently formed in a broad domain without sharp 

boundaries, and there was limited placodal differentiation. WNT signaling is crucial for 

neural crest differentiation, and we hypothesized that WNT ligands are endogenously 

produced and secreted, and that modulating these signals could alter patterning outcomes 

(Kurek et al., 2015). We therefore introduced IWP2, a small molecule inhibitor of WNT 

ligand secretion, at varying times during the two-step induction protocol (Chen et al., 

2009). Introduction of IWP2 for all 6 days, or for the final 3 days, concurrently with 

BMP4 treatment, led to a dramatic increase in placodal SIX1+ cells and completely 

inhibited expression of the neural crest markers PAX3 and SOX9 (Fig. 5A, Fig. 6A,B). 

Delaying IWP2 treatment for 12 hours following BMP4 addition was sufficient to initiate 

neural marker expression within the neural domain and adjacent to the emergent placodal 

cells (Fig. 5A, Fig. 6A,C,D). Allowing longer durations of WNT signaling by delaying 

the introduction of IWP2 caused an expansion of the neural crest territory from the edge 

of the neural domain inwards (Fig. 5A). Longer periods of endogenous WNT signaling 
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also reduced the expression levels of the placodal marker SIX1 (Fig. 5A). Together, our 

results demonstrate that WNT ligands are endogenously secreted and operate to alter the 

compotiion of fates within ectodermal tissue. Continuous inhibition of WNT secretion 

results in colonies consisting of domains of neural, placodal and future epidermal 

lineages, and lacking neural crest. WNT signaling creates the domain of neural crest 

cells, and longer durations of signaling expand this domain at the expense of neural and 

placodal fates.  

The above experiments demonstrated that delaying IWP2 addition for 12 hours 

after simulation with BMP4 was sufficient to initiate neural crest differentiation. We 

reasoned that WNT signaling must be begin prior to this time point to drive this 

differentiation. To test this, we monitored WNT pathway dynamics using a cell line with 

GFP fused to β-catenin, the intracellular transducer of WNT signaling, at the endogenous 

locus (Massey et al., 2019). The onset of WNT signaling occurs within 10 hours of 

BMP4 treatment and its activity is strongly reduced by adding IWP2 simultaneously with 

BMP4 (Fig. 5A). WNT activity was strongest in the region of future neural rest and 

moved inwards towards the center of the colony over time, which is consistent with 

SOX9 positive cells found in the center following longer durations of WNT signaling 

(Fig. 5A). Thus, WNT signaling required for neural crest differentiation is activated 

shortly after BMP4 addition.  
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Figure	5:	Endogenous	WNT	ligands	drive	differentiation	to	neural	crest	at	the	

expense	of	 placodal	 fates.	(A) Representative images of colonies immunostained for 

PAX6, SOX9 or SIX1. Colonies were initially induced for 3 days in ectoderm induction 
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media and then subsequently differentiated for 3 days in N2B27 media containing BMP4 

and SB. The time between BMP4 and IWP2 addition is indicated in the induction 

schematic and linked in red with the banner above the corresponding image. Experiment 

replicated four times. (B) Quantification of the images in A represented as average 

nuclear intensities of the indicated markers normalized to DAPI as a function of radial 

position. N=3 colonies. (C) Representative images of cells in standard culture 

immunostained for SIX1. Cells were initially induced for 3 days in ectoderm induction 

media and then treated with either 5 or 50 ng/ml of BMP4 in media with (+) or without 

(−) IWP2 for the subsequent 3 days. (D) Fraction of cells expressing SIX1. N=3 

experiments; P=0.011 (two-sided t-test). Data are mean±s.e.m. (E) Kymograph of β-

catenin signaling activity over a 24-h period (on day 4) in micropatterned colonies 

initially treated in Nodal inhibition media for 3 days and then with the indicated signaling 

conditions. N=4 colonies and repeated twice. Colony diameter in A: 700 µm. Scale bars: 

100 µm. 
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Figure. 6: WNT inhibition before or at the time of BMP4 treatment inhibits neural 

crest emergence.	(A)	Representative	images	of	colonies	immunostained	for	PAX3	at	

the	 conclusion	 of	 the	 experiment.	 Colonies	 were	 initially	 induced	 for	 3	 days	 in	

ectoderm	induction	media	and	then	subsequently	diferentiated	for	3	days	in	N2B27	

media	 containing	 BMP4	 and	 SB.	 The	 time	 between	 BMP4	 and	 IWP2	 addition	 is	

indicated	 in	 the	 banner	 above	 the	 corresponding	 image.	 Experiment	 replicated	 4	

times.	 Colony	 diameter	 =	 700	 µm.	 (B)	 Representative	 images	 of	 colonies	

immunostained	for	PAX6,	 ISL1,	SOX9,	PAX3	or	SIX1	at	 the	conclusion	of	 induction.	

Colonies	were	initially	 induced	for	3	days	 in	ectoderm	induction	media	with	IWP2	

and	 then	subsequently	diferentiated	 for	3	days	 in	N2B27	media	 containing	BMP4,	

SB	 and	 IWP2.	 Experiment	 replicated	 4	 times.	 (C-D)	 Representative	 images	 of	 the	
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Figure S3: WNT inhibition before or at the time of BMP4 treatment inhibits neural crest emergence (related to figure 3)
(A) Representative images of colonies immunostained for PAX3 at the conclusion of the experiment. Colonies were initially induced for 3 days in ectoderm 
induction media and then subsequently differentiated for 3 days in N2B27 media containing BMP4 and SB. The time between BMP4 and IWP2 addition is indicat-
ed in the banner above the corresponding image. Experiment replicated 4 times. Colony diameter = 700 µm. (B) Representative images of colonies immunos-
tained for PAX6, ISL1, SOX9, PAX3 or SIX1 at the conclusion of induction. Colonies were initially induced for 3 days in ectoderm induction media with IWP2 and 
then subsequently differentiated for 3 days in N2B27 media containing BMP4, SB and IWP2. Experiment replicated 4 times. (C-D) Representative images of the 
colony edge co-stained for SIX1/SOX9 (C) and PAX6/SOX9 (D). Colonies were initially induced for 3 days in ectoderm induction media and then subsequently 
differentiated by IWP2 introduced 12 hours post BMP+SB treatment. Experiment replicated 4 times. Colony diameter = 700 µm. Scalebar = 100 µm.
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colony	 edge	 co-stained	 for	 SIX1/SOX9	 (C)	 and	 PAX6/SOX9	 (D).	 Colonies	 were	

initially	 induced	 for	 3	 days	 in	 ectoderm	 induction	 media	 and	 then	 subsequently	

diferentiated	 by	 IWP2	 introduced	 12	 hours	 post	 BMP+SB	 treatment.	 Experiment	

replicated	4	times.	Colony	diameter	=	700	µm.	Scalebar	=	100	µm	

 

2.5 WNT inhibition improves placode differentiation in standard culture 

Placodes are unique cells of the ectoderm that give rise to the sensory organs. 

Previous reports have suggested that the specification of the placodal fates by BMP4 is 

dose dependent with high levels (>10 ng/ml) inhibiting its expression and intermediate 

levels (~5 ng/ml) optimally inducing SIX1 (Leung et al., 2013; Tchieu et al., 2017). An 

alternative hypothesis is that higher levels of BMP4 induce greater WNT signaling, 

which divert potential placodal cells to neural crest. To distinguish between these 

hypotheses, hESCs were seeded in standard culture and initially induced for 3 days in 

ectoderm induction media. Thereafter, the cells were treated with 5 or 50 ng/ml of BMP4 

either with or without IWP2 for 3 days. We did not observe a significant difference in 

placodal expression as a consequence of BMP4 dosage; however, including WNT 

inhibition with either dose of BMP4 elicited a large increase in placodal expression (Fig. 

5C,D). Thus, preventing WNT secretion enables efficient placodal differentiation 

independently of the BMP4 dose.  

2.6 The position and width of ectodermal fates is controlled by exogenous 

BMP4 concentration.  

Next we sough to understand better the correspondence between the level of 

exogenous BMP4 and patterning outcomes. In all cases, we implemented a three-step 
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induction protocol with IWP2 added 1 day after BMP4 so that we achieved robust 

patterns of all four ectodermal fates at sufficient BMP4 doses. At high concentrations (50 

and 5 ng/ml), we observed the spatial organization of ectoderm progenitors described 

above (Fig. 7Ai,Aii). Unexpectedly, we observed expression of AP2α within the neural 

domain, whereas in vivo, its expression is limited to the future neural crest and surface 

ectoderm (Fig. 7Ai, Aii) (Betters et al., 2010; de Crozé et al., 2011; Kwon et al., 2010; 

Luo et al., 2002; Mitchell et al., 1991). With lower doses of BMP4, AP2α expression was 

restricted to the edge of the colony and was mutually exclusive with PAX6. The width of 

the AP2α-expressing territory depended on the BMP4 dose, with higher doses giving 

wider regions of expression (Fig. 7Aiii,Aiv). Consistent with this trend, lower doses of 

BMP4 led to an expansion of the PAX6+/NCAD+ neural domain at the expense of the 

ISL1+/ECAD+ surface ectoderm (Fig.7A-C, Fig. 8A). Additionally, coordinated with 

this expansion of the neural domain, we observed a shift of both neural crest and placodal 

progenitors towards the edge of the colony (Fig. 7A-C). Lowering BMP4 concentration 

to 0.2 ng/ml led to patterns consisting only of neural in the center and neural crest at the 

edge of the colony. The loss of placodal fates (ISL1+/SIX1+) was not due to WNT 

signaling rather than insufficient BMP4 signaling, because inhibition of WNT secretion 

throughout the induction protocol did not rescue the expression of SIX1 (Fig. 8B). 

Together, these data suggest there is a critical level of BMP4 that is necessary to initiate 

surface ectodermal differentiation, and that the width of the territory of the surface 

ectoderm differentiation at the edge of the colony increases with BMP4 concentration.  

To confirm that ectoderm fate patterns form in independent cell lines, we induced 

RUES2 and WTC-11 iPSCs using a three-step induction protocol with 2 ng/ml of BMP4. 
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In each cell line, fate organization was similar to ESI017 with neural fates positioned in 

the center of the colony, surface ectoderm fates at the edge and neural crest in between 

the neural and surface ectoderm domains (Fig. 8C,D).  
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Figure. 7: Cell fates are determined from the relative levels of BMP4 and 

WNT3a.	(A,C)	 Representative	 images	 of	 colonies	 with	 the	 indicated	 single	 (A)	 or	

multiplexed	 (C)	 immunolabels	 following	a	 three-step	ectoderm	 induction	protocol	
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and	 patterned	with	 (i)	 50	ng/ml	 BMP4,	 (ii)	 5	ng/ml	 BMP4,	 (iii)	 1	ng/ml	 BMP4	 or	

(iv)	0.20	ng/ml	BMP4	in	N2B27	media	with	SB.	Experiment	replicated	three	times.	

(B,D)	 Quantifications	 of	 images	 in	 A	 (B)	 and	 C	 (D)	 represented	 as	 the	 average	

nuclear	 intensities	 of	 the	 indicated	 markers	 normalized	 to	 DAPI	 as	 a	 function	 of	

radial	position.	N=3	colonies.	(E)	Representative	images	of	colonies	immunostained	

for	SOX9	or	SIX1.	Cells	were	initially	differentiated	in	ectoderm	induction	media	for	

3	days	 and	 subsequently	 induced	 in	 media	 containing	 IWP2	 with	 the	 indicated	

levels	of	BMP4	and	WNT3a	in	the	overhead	banner.	Experiment	replicated	twice.	(F)	

Quantification	 of	 images	 in	 E	 represent	 the	 intensities	 of	 the	 indicated	 markers	

normalized	to	DAPI	as	a	 function	of	distance	from	the	colony	center.	N=3	colonies.	

Colony	diameter:	700	µm.	Scale	bars:	100	µm.	
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Figure 8: Surface ectodermal fates require a minimum concentration of BMP4	 (A)	

Representative	 images	 of	 colonies	 immunostained	 for	 ISL1	 at	 the	 conclusion	 of	

induction.	Colonies	were	induced	with	a	three-step	ectoderm	induction	protocol	and	

patterned	with	the	indicated	concentration	of	BMP4.	Experiment	replicated	3	times.	

Colony	diameter	=	700	µm.	 (B)	Representative	 images	of	 colonies	 immunostained	

for	SIX1,	PAX3	or	SOX9	at	the	conclusion	of	the	experiment.	Colonies	were	induced	

for	 the	 frst	3	days	 in	ectoderm	 induction	media	with	 IWP2	and	 then	diferentiated	

for	 the	 subsequent	3	days	 in	N2B27	media	 containing	0.20	ng/ml	of	BMP4,	 IWP2	

and	 SB.	 Experiment	 replicated	 2	 times	 (C-D)	Representative	 images	 of	 RUES2	 (C)	

and	 WTC-11	 (iPSC)	 (D)	 stem	 cell	 colonies	 induced	 with	 a	 three-step	 ectoderm	

induction	protocol	using	2	ng/ml	of	BMP4	and	immunostained	for	PAX6,	SOX9	and	

ISL1.	Experiment	replicated	3	times.	Colony	diameter	=	700	µm.	Scalebar	=	100	µm.	
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Figure S4: Surface ectodermal fates require a minimum concentration of BMP4 (related to Figure 4)
(A) Representative images of colonies immunostained for ISL1 at the conclusion of induction. Colonies were induced with a three-step ectoderm induction 
protocol and patterned with the indicated concentration of BMP4. Experiment replicated 3 times. Colony diameter = 700 µm. (B) Representative images of 
colonies immunostained for SIX1, PAX3 or SOX9 at the conclusion of the experiment. Colonies were induced for the first 3 days in ectoderm induction media 
with IWP2 and then differentiated for the subsequent 3 days in N2B27 media containing 0.20 ng/ml of BMP4, IWP2 and SB. Experiment replicated 2 times (C-D) 
Representative images of RUES2 (C) and WTC-11 (iPSC) (D) stem cell colonies induced with a three-step ectoderm induction protocol using 2 ng/ml of BMP4 
and immunostained for PAX6, SOX9 and ISL1. Experiment replicated 3 times. Colony diameter = 700 µm. Scalebar = 100 µm.
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2.7 The relative levels of BMP and WNT instruct the decision between neural 

crest and placode. 

The results described above argue that cells integrate information from the BMP 

and WNT pathways to create patterns within the ectoderm. We hypothesized that at the 

edge of the colony, a region component to form neural crest and placode (Fig. 7Aiii,Aiv), 

the decision between these fates depends on the relative, rather than absolute levels of 

WNT and BMP signals. To test this, micropatterned hESC colonies were stimulated with 

different relative concentrations of exogenous BMP4 and WNT3a in the second phase of 

the induction protocol. To avoid endogenous WNT signaling complicating the 

interpretation of these experiments, IWP2 was used throughout the experiment for all 

treatments. We found that a dose of 1 ng/ml of BMP4 instructed the expression of 

placodal fates at the edge of the micropattern, whereas placodes were suppressed by 1 

ng/ml of BMP4 with 300 ng/ml of WNT3a, and instead cells in a broad ring adopted a 

SOX9+ neural crest fate (Fig. 7E). Raising the BMP4 concentration to 50 ng/ml while 

maintain 300 ng/ml of WNT3a rescued the expression of SIX1 at the edge of the 

micropattern and reduced that of SOX9 (Fig 7E). These data show that cell fate decisions 

within the ectoderm are determined by the relative concentrations of BMP and WNT 

ligands.  

2.8. Human ectoderm is spatiotemporally regulated.  

2.8.1. Dynamics of cell fate decisions in micropatterned ectoderm. 
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We next studied the spatiotemporal dynamics of key markers associated with fate 

acquisition during the course of ectodermal patterning. hESCs were seeded on a 

micropatterned surface, and differentiated using a three-step induction protocol with 1 

ng/ml of BMP4 added on day 3 and IWP2 added 1 day later. Cells were fixed on days 4, 

5 and 6 and the expression of fate markers evaluated. We found that the expression of 

SOX2, initially an ectoderm marker and later a neuroectoderm marker, was expressed 

throughout the colony on day 4; however on day 5 and 6, high SOX2 levels were 

progressively restricted to the center of the colony whereas the edges maintained a lower 

level of expression (Fig. 9A) (Li et al., 2015; Papanayotou et al., 2008; Plouhinec et al., 

2017; Zhang et al., 2010). NCAD and PAX6 formed a domain in the center of the colony 

with cells at the edge of this domain expressing the highest levels of these markers by day 

4. Expression of neural markers was maintained in this territory throughout the rest of the 

induction protocol (Fig. 9A). The non-neural marker AP2α was found in a ring at the 

colony border throughout the induction period, whereas ISL1, a marker of surface 

ectoderm, was detected later on day 5 and maintained on day 6 in the same region (Fig. 

9A,B). ECAD, a marker found in both pluripotent and surface ectodermal cells, was 

weakly expressed in the center of the colony whereas higher levels were observed at the 

colony edge on day 4. Thereafter, ECAD expression was lost in the center and 

maintained at the colony edge on days 5 and 6 (Fig. 9A). We observed a dynamic 

temporal pattern of GATA3 with its expression found at the colony border on days 4 and 

5, but its levels reduced by day 6, recapitulating the transient GATA3 expression 

observed during placodal development in model organisms (Fig. 9A)(Bhatt et al., 2013; 

Groves and LaBonne, 2014; Schlosser, 2006). Following GATA3 and AP2α expression, 
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cells at the colony edge were positive for the placodal marker SIX1 on day 5 of ectoderm 

patterning (Fig. 9A). The neural crest markers SOX9 and PAX3 were detected at low 

levels on day 4 and increased over time with the expression domain remaining tin the 

same radial position (Fig. 9A). Co-expression analysis on day 6 colonies showed overlap 

of ISL1, GATA3 and SIX1 at the colony edge indicating the formation of surface 

ectoderm, which is mutually exclusive to the neural domain marked by PAX6 (Fig. 9B, 

Fig. 10C,D). We found AP2α expression spanning both the surface ectoderm 

(GATA3/ISL1) and neural crest (SOX9). The AP2α+/SOX9+ cells were found at the 

edge of the PAX6-expressing neural domain (Fig. 9B,C,Fig. 10A,B,D). Thus most 

markers initially appear in their final domain of expression, and expression levels rise and 

cell fate boundaries are progressively sharpened in time.  
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Figure. 9: Spatiotemporal characterization of human ectoderm pattern 

emergence.	(A-C)	Representative	images	of	colonies	fixed	on	the	indicated	days	(A),	

or	 day	 6	 of	 induction	 (B,C),	 and	 immunostained	 with	 the	 indicated	 antibodies.	

Colonies	 were	 differentiated	 using	 a	 three-step	 ectoderm	 induction	 protocol	 and	

patterned	with	1	ng/ml	BMP4.	Experiment	 replicated	 twice.	Colony	diameter:	700	

µm.	Scale	bars:	100	µm.	
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Figure. 10: Separation of human surface and neural ectoderm following a three-step 

induction protocol using 1 ng/ml of BMP4.	 (A-D)	 Representative	 images	 of	 day	 6	

hESC	colonies	immunostained	for	the	indicated	labels.	Colonies	were	induced	with	a	

three-step	 ectoderm	 induction	 protocol	 using	 1	 ng/ml	 of	 BMP4.	 Experiment	

replicated	2	times.	Colony	diameter	=	700	µm.	Scalebar	=	100	µm.	
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Figure S5: Separation of human surface and neural ectoderm following a three-step induction protocol using 1 ng/ml of BMP4.
(A-D) Representative images of day 6 hESC colonies immunostained for the indicated labels. Colonies were induced with a three-step ectoderm induction 
protocol using 1 ng/ml of BMP4. Experiment replicated 2 times. Colony diameter = 700 µm. Scalebar = 100 µm.
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2.8.2. Exogenous BMP4 levels direct distinct spatiotemporal pSMAD1/5/8 

trajectories in the human ectoderm.  

We next sought to uncover the spatiotemporal signaling profile of the BMP 

pathway during ectoderm pattern emergence. In the gastrulation model, molecular 

labeling of phosphorylated SMAD1/5/8 (pSMAD1/5/8), a signal transducer of the BMP 

receptor ALK1/5 (Hoodless et al., 1996; Kawai et al., 2000; Nishimura et al., 1998), 

demonstrated a dynamic response at the colony level when induced by homogenously 

sourced BMP4 (Chhabra et al., 2019; Etoc et al., 2016; Heemskerk et al., 2019; 

Warmflash et al., 2014). Initially, cells at the edge responded the highest with cells in the 

center demonstrating a heterogeneous response profile (Warmflash et al., 2014). 

Following 24 hours of stimulation, activity was limited to the colony edge, which is 

necessary to form clear fate boundaries between extraembryonic and ectoderm tissues 

(Chhabra et al., 2019; Heemskerk et al., 2019; Warmflash et al., 2014). However, it is 

unclear whether the self-organizing behavior of the BMP signaling pathway is consistent 

between different tissues represented in the developing embryo. To address this 

unknown, we fixed hESC colonies at 2, 4, 8, 16, 24 and 48 hours following a single dose 

of BMP4 (50 ng/ml). Ectoderm micropatterned colonies behaved similarly to their 

gastrulation counterpart over the first 24 hours, with pSMAD1/5/8 activity gradually 

limited to the colony edge over this time period (Fig. 11A). Surprisingly, over the 

subsequent 24 hours, pSMAD1/5/8 activity was found almost throughout the colony with 

the exception of a ring of negative expressing cells off the colony edge (Fig 11A,B). 

Next, we fixed colonies at the same time intervals, but induced ectoderm colonies with a 

lower BMP4 (1 ng/ml) dose that had previously instructed the formation of placodal fates 
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at the colony edge. Again, pSMAD1/5/8 activity was primarily limited to the colony edge 

over the course of 24 hours post BMP4 treatment (Fig 11A). However, at 48 hours post 

BMP4 treatment, the single ring of pSMAD1/5/8 activity moved inwards such that no 

activity remained at the colony edge (Fig 11A,C). While high and low BMP4 treatments 

generated pronounced spatial differences in pSMAD1/5/8 signaling activity, they were 

consistent in their coordination of ectoderm fate outcomes. In both treatment groups, 

SOX9+ neural crest cells formed within the inner pSMAD1/5/8 domain (Fig 11B,C), 

while the placodes are found in the pSMAD1/5/8- domain at the colony edge (1 ng/ml 

BMP4) and within the negative ring interior to the colony edge (50 ng/ml BMP4) (Fig. 

7A,9B,C). The lack of direct evidence for placodes residing in the negative pSMAD1/5/8 

territory is the result of unavailable complementary primary antibodies. However, 

previous labels have demonstrated SIX1+ placodes and SOX9+ neural crest are induced 

adjacent to one another (Fig. 9B,C). Together, this data demonstrates that the ectoderm 

model facilitates a distinct spatiotemporal BMP4 signaling response compared to its 

gastrulation counterpart. In future it will be interesting to investigate the underlying 

mechanics that govern the unique self-organized pSMAD1/5/8 activity response to 

various BMP4 doses.  
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Figure. 11: pSMAD1/5/8 spatiotemporal dynamics	 (A)	 Representative	 images	 of	

hESCs	 immunostained	 for	 the	 indicated	 labels	 at	 the	 indicated	 time	 points	 post	

BMP4	treatment.	Colonies	were	induced	with	a	single	dose	of	1	ng/ml	of	BMP4.	(B-

C)	Representative	 images	of	hESCs	 immunostained	with	 the	 indicated	 labels	at	48	

hours	 post	 B)	 50	 ng/ml	 BMP4,	 or	 C)	 1	 ng/ml	 BMP4	 treatment.	 Experiment	

replicated	2	times.	Colony	diameter	=	700	µm.	Scalebar	=	100	µm.	

 

2.8.3. Duration of BMP signaling affects ectoderm fate pattern outcome. 

Previous reports in the gastrulation model have demonstrated the duration of 

BMP signaling as an important parameter in fate allocation. We extended this analysis to 

the ectoderm model by introducing the BMP inhibitor LDN (Yu et al., 2008) at 2, 4, 8, 24 

and 36 hours post BMP4 treatment, and fix colonies at 72 hours post BMP4 (50 ng/ml) 

treatment. The placodal marker SIX1 fails to form when LDN is introduced at or before 4 

hours post BMP4 treatment. At the 8 hour time point, SIX1 forms a thin ring at the 
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colony edge, where its expression then moves interior following longer durations of BMP 

stimulation (Fig. 12A). The neural crest marker SOX9, unlike placodes, first forms at the 

colony edge at 4 hours post BMP4 stimulation, but as a heterogeneous ring (Fig 12A). At 

8 hours post BMP4, SOX9 forms a continuous band, and then moves inwards post 24 

hours BMP stimulation (Fig. 12A). AP2α expression forms a heterogeneous ring of 

expression at the colony edge at 2 hours post BMP stimulation (Fig. 12A). Thereafter, the 

band fills in at 4 hours post BMP stimulation and extends its expression inwards under 

longer durations of permitted BMP activity (Fig. 12A). Neural genes were not assessed in 

this assay since its expression is known to occur in the center of micropatterned 

ectoderm, and it is considered the default fate when BMP signaling is restricted. 

Together, this data highlights the necessity to control BMP signaling duration as 

parameter affecting fate allocation outcomes.  

 

Fig. 12: Timed inhibition of BMP signaling results in distinct ectoderm fate 
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outcome.	 (A)	 Representative	 images	 of	 colonies	 stained	with	 the	 indicated	 labels	

following	a	single	dose	of	BMP4	(50	ng/ml)	treatment,	and	treated	with	LDN	at	the	

indicated	 time	 points.	 Experiment	 replicated	 2	 times.	 Colony	 diameter	 =	 700	 µm.	

Scalebar	=	100	µm.	

 

2.9 Signaling history influences the interpretation of BMP4 by hESCs 
	

During the first 3 days of induction, a small molecule Nodal inhibitor was applied 

without stimulating other pathways; however, endogenous signals may be required 

during this time. We first assessed BMP signaling through pSMAD1/5/8 levels, a 

proximal read-out of BMP activity (Hoodless et al., 1996; Kawai et al., 2000; Nishimura 

et al., 1998). We observed a prepattern with active endogenous BMP signaling at the 

colony edge. This prepattern was specific to BMP signaling and it was abolished by 

treatment with the BMP inhibitor LDN (Fig. 13A) (Yu et al., 2008). To assess the 

functional significance of this prepattern, cells were induced for 3 days with SB+LDN 

and then treated with BMP4 for 3 days. Under these conditions, colonies created patterns 

consisting only of neural crest at the colony edge and neural in the center without 

expression of the non-neural markers ISL1, GATA3 and SIX1 (Fig. 13B,C). However, 

both neural and surface ectodermal fates were observed if colonies were pretreated in 

SB+LDN for only 1 or 2 days prior to BMP stimulation (Fig. 13B) with greater 

reductions in the width of the surface ectoderm domain the longer BMP signaling was 

inhibited. Thus, a prepattern of endogenous BMP signaling is required to preserve 

competence for surface ectodermal and placodal differentiation at the colony edge.  
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Fig. 13: Endogenous BMP signaling prior to BMP4 treatment is required for 

surface ectodermal differentiation. (A-C)	 Representative	 images	 of	 colonies	

immunostained	for	the	indicated	antibodies	on	day	3	following	induction	in	media	

containing	SB	only	or	in	combination	with	LDN	(A),	and	on	day	6	following	1,	2	or	3	

days	of	SB+LDN	treatment	 in	the	first	phase	of	 induction	prior	to	BMP4	treatment	

for	3	days.	Conditions	that	removed	dual	inhibition	before	day	3	had	media	replaced	

with	N2B27+SB	such	that	all	conditions	were	in	culture	for	the	same	duration	prior	

to	the	introduction	of	BMP4	(B).	Experiments	were	repeated	three	(A)	and	four	(B)	

times.	Colony	diameter:	800	µm	(A);	700	µm	(B).	Scale	bars:	100	µm.	

 

2.10. Combinatorial signaling logic guiding neural crest specification.  
	

Experimental evidence from model organisms suggest that the transcription 

factors SOX9, PAX3 and AP2α are required for the specification of neural crest (Betters 
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et al., 2010; Bhatt et al., 2013; Garnett et al., 2012; Leung et al., 2013; Monsoro-Burq et 

al., 2005; Sato et al., 2005; Simões-Costa and Bronner, 2015). The regulatory links 

between these genes and others have been assembled into gene regulatory networks, but 

it remains unclear how these networks combinatorially interpret signaling from the BMP 

and WNT pathways. We aimed to leverage our in vitro model to dissect the contributions 

form the BMP and WNT signaling pathways to the specification of neural crest fates. To 

accomplish this, cells were first induced with either SB alone or in combination with 

LDN for 3 days and then BMP4 or WNT3a was added alone or in combination with an 

inhibitor to the second pathway (Fig. 14A,B). Colonies treated with WNT3a (300 ng/ml) 

following 3 days of Nodal inhibition showed overlapping expression of SOX9, PAX3 

and AP2α at the colony edge (Fig. 14Aii). However, inhibition of endogenous BMP (Fig. 

14A) prior to WNT stimulation led to the expression of PAX3 without AP2α or SOX9 at 

the colony edge (Fig. 14Ai,Bi). Conversely, inhibiting WNT at the time of BMP 

treatment resulted in the upregulation of AP2α but not PAX3 or SOX9 (Fig 14Aiii). 

Together, these data suggest that WNT signaling is necessary and sufficient for PAX3 

expression whereas BMP is neither, although it may enhance the WNT-induced 

expression. For AP2α, the opposite is true: BMP is necessary and sufficient whereas 

WNT is not. For SOX9, both signals are necessary.  

Lastly, we evaluated the temporal requirements for endogenous BMP signaling in 

generating neural crest at the colony borders in response to WNT stimulation (Fig. 

14Bii,Biii). Introduction of BMP inhibitor LDN concurrently for 24 hours post-WNT3a 

stimulation reduced the expression of AP2α while maintain that of PAX3 and SOX9 (Fig. 

14Bii,Biii). Interestingly, the strength of AP2α reduction was dependent on the duration 
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of BMP inhibition. These results suggest a previously unappreciated temporal 

requirement to specify neural crest fates: continuous endogenous BMP signaling is 

necessary to maintain AP2α expression, however only a short duration in BMP signaling 

is required to initiate and maintain SOX9 once WNT is present. In the future, it will be 

interesting to determine whether the cells that are SOX9+PAX3+ AP2α- are viable for 

further differentiation.  

 

Fig. 14: Dissecting the logic connecting BMP and WNT signaling to the 

transcription factors AP2a, PAX3 and SOX9.	(A,B)	 Representative	 images	 of	

colonies	immunostained	for	AP2α,	PAX3	or	SOX9.	The	induction	schematic	indicates	

the	signaling	conditions	over	the	course	of	the	experiment.	In	A:	(i)	3	days	SB+LDN	

followed	by	3	days	WNT3a+SB+LDN;	(ii)	3	days	SB	followed	by	3	days	WNT3a+SB;	

(iii)	3	days	SB	followed	by	3	days	BMP4+SB+IWP2.	In	B:	(i)	3	days	SB+LDN	followed	

by	 3	days	WNT3a+SB;	 (ii)	 3	days	 SB	 followed	 by	 3	days	WNT3a+SB+LDN;	 (iii)	 3	

days	 SB	 followed	 by	 1	day	 WNT3a+SB	 then	 2	days	 WNT3a+LDN+SB.	 Each	

experiment	was	 replicated	 three	 times.	 Colony	 diameter:	 700	µm.	 Scale	 bars:	 100	

µm.	
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Chapter 3 

 

Three-dimensional recapitulation of human neural 
morphogenesis 

 

In the previous chapter we reconstructed the pattern organization of the human 

ectodermal germ layer, and uncovered signaling parameters crucial to guiding fate 

composition and position. In the work that follows, we sought to create a 3-dimensional 

in vitro model system to human neural morphogenesis. We reasoned that appropriately 

patterned 2-dimensional ectoderm tissue would self-organize in the z-direction following 

the addition of Geltrex matrix to the media. We then extended the study to evaluate the 

physical dimensions required to form a human neural tube with a continuous lumen. The 

work that follows is brief, but highlights advances in the generation of organized tissues 

and points to an exciting future to study principles of 3-dimensional neural self-

organization.   

3.1 Two-dimensional micropatterned ectodermal tissue self-organize in three-

dimensions.  

We sought to generate a 3-dimensional micropatternred culture system of the 

human ectoderm. With this aim, a 2-dimensional patterned ectoderm tissue should fold at 

the center of the neural plate and subsequently fuse at the dorsal end of the neural tissue. 
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This would result in a complex, but organized, tissue comprised A sheet of surface 

ectoderm covering a central neural epithelial tube. To test this, hESCs were seeded to 

micropatterned surfaces and differentiated using a three-step ectoderm induction protocol 

(50 ng/ml BMP4). However, on day 6, BMP4 and IWP2 were withdrawn while Geltrex 

matrix (4% final concentration by volume) was added to the media (Fig 15A). Tissues 

were then fixed on day 8 of the induction protocol. Molecular labels for the surface 

ectoderm, ECAD, and neural ectoderm, NCAD, highlight the morphogenetic result of 

added Geltrex. In the 3-dimensional ectoderm, neural tissue is characterized by the 

localization of NCAD to the apical and lateral edges of radially arranged neural 

progenitors. (Fig. 15A) This organization forms a lumen in the central neural domain 

with a sheet of ECAD expressing surface ectodermal cells covering the tissue on the 

dorsal side (Fig. 15A). The ability to execute this organization is dependent on colony 

dimensions. 3-dimension ectoderm was more likely to form a single neural lumen when 

differentiated on 500 µm diameter micropatterned surfaces (Fig. 15A). Increasing the 

micropattern surface diameter to 700 µm generated 3-dimesional colonies consisting of 

multiple neural lumens in the center (Fig. 15B), which is inconsistent with proper neural 

development. However, inductions conducted on micropattern surfaces consisting of a 

colony diameter of 250 µm generated tissues with only the surface ectoderm present (Fig. 

15C). These results indicate that 2-dimensional ectodermal tissue retain the ability to self-

organize in 3-dimensions without the need of exogenous ligands, and that their ability to 

properly organize in dependent on colony geometry.  
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Fig. 15: Self-organized 3-dimensional human ectoderm (A-C) Representative images 

of 2- and 3-dimensional ectoderm colonies with the indicated immunolabels. (A) Max 

stacked image and orthogonal view of a 2-dimensional ectoderm colony. 3-dimensional 

ectoderm represented as a cross sectional XY image and orthogonal XZ image. Tissue 

represents a 500µm diameter colony (B) Cross section of 3-dimension ectoderm cultured 

on 700 µm diameter micropattern. (C) Max projection of ectoderm grown in 3-

dimensions on 250 µm diameter micropattern. Experiment replicated three times. Scale 

bars: 100 µm. 
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3.2. Neural tube morphogenesis occurs independent of prior 2-dimensional 

ectoderm organization.  

Forces generated both within the neural and the epidermal territories are thought 

to drive neural morphogenesis in utero with an expanding epidermis leveraging pressure 

against the proliferating neural plate (Schoenwolf, 1991). To test whether this could be 

true in the case of our in vitro model of human neurulation, we induced ectoderm patterns 

without epidermal lineages at the colony edge with 1 ng/ml of BMP4. On day 6, Geltrex 

matrix (4% by volume) was added to the media while BMP4 and IWP2 were removed. 

On day 8, colonies were fixed and immunolabeled for the surface ectoderm marker 

ECAD, and the neural ectoderm marker NCAD. Surprisingly, neural tissue retained the 

ability to fold into a single lumen marked by NCAD expression at the basal apical ends of 

neural progenitors. However, the ECAD+ placodes that originally form at the colony 

edge by day 6 of BMP4 (1ng/ml) stimulation migrate to the dorsal position of the colony 

at the conclusion of neural folding (Fig. 16A). The lack of an epidermal domain at the 

lateral edge suggests that forces generated within the neural domain stretch the epidermal 

domain laterally. In the future it would be interesting to study whether counter forces are 

present within the epidermal territory and determine what role they may play in guiding 

neural morphogenesis. It is important to note that the lower BMP4 dose used in this 

experiment preserved the central neural domain on 250 µm diameter colonies (Fig. 16A), 

whereas the neural territory is absent when induced by higher BMP4 (Fig. 15C). In the 

future, it may be possible to induce all ectodermal fates with higher BMP4 doses on 250 

µm diameter micropatterns, but with a shorter duration of signaling to prevent inward 

expression of the surface ectoderm.  
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Fig. 16: 3-dimensional human ectoderm induced with 1 ng/ml BMP4 lack epidermal 

lineages. (A) Representative orthogonal image for the indicated labels of 3-dimensional 

micropatterned ectoderm. Colonies were induced with 1 ng/ml of BMP4 and Geltrex 

added on day 6. Experiment replicated twice. Colony diameter: 250 µm. Scale bar: 100 

µm  
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Chapter 4  

 

 Discussion and Future Directions	
 

Parts of this chapter was adapted from published work (Britton et al., 2019). 

In this body of work, we developed an in vitro platform in which hESCs create 

self-organized patterns of human neural, neural crest, placodal and epidermal progenitors 

on micropatterned surfaces with the same organization as found in vivo within the 

ectodermal germ layer along the medial-lateral axis. The ectodermal tissue then self-

organized in 3-dimensions when a supportive Geltrex matrix is added to the media. To 

accomplish this, cells were first specified to ectoderm through an initial phase of 

SMAD2/3 inhibition, followed by a second phase in which patterning was initiated with 

BMP4, and a third phase in which a WNT inhibitor was combined with BMP4 

stimulation to prevent widespread activation of WNT. We leveraged our in vitro system 

to dissect temporal aspects of signaling interactions that underlie patterning and to 

improve current directed differentiation protocols for placodal cells. We showed that 

increasing WNT signaling duration leads to the expansion of neural crest at the expense 

of placodal and neural fates, and that cells sense the relative amounts of WNT and BMP 

signaling in choosing between placodal and neural crest lineages. Furthermore, we 

demonstrated that human ectoderm coordinate a unique spatiotemporal BMP response 

profile. Finally, we used the in vitro system to dissect temporal relationships between 

WNT and BMP signaling and their link to governing the expression of neural crest, links 
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that have been difficult to untangle precisely in model system in vivo (Martik and 

Bronner, 2017).  

 Recent work has shown hESCs grown on micropatterned surfaces in neural 

differentiation media self-organize into neural lineages in the center and neural crest cells 

at the colony edge in response to exogenous WNT and endogenous BMP (Xue et al., 

2018). The authors suggested that mechanical effects at the colony edge activate 

endogenous BMP secretion in a YAP/TAZ dependent manner (Xue et al., 2018). 

However, other upstream signaling pathways, such as FGF-dependent STAT3 activity in 

neural crest of model organisms, have shown its capacity to affect the phosphorylated 

state of YAP/TAZ (Boopathy and Hong, 2019; Monsoro-Burq et al., 2003; Zhao et al., 

2008). However if the claim is true, our data suggests that there is a window of 

opportunity in which mechanical effects can maintain surface ectoderm competence via 

BMP secretion (Fig. 13A,B,C). A more rigorous study that controls for signaling pathway 

input combined with defining the source of mechanical forces along the medial-lateral 

axis of the ectoderm is needed in the future.   

 Although measurements of pSMAD1/5/8 have proven difficult in mammalian 

embryos, experiments in zebrafish and Xenopus have revealed a dorsal-ventral gradient, 

comparable to human medial-lateral, in signaling activity (Schohl and Fagotto, 2002; 

Tucker et al., 2008). In Xenopus, experiments with dissociated animal cap cells have 

suggested that the concentration of BMP4 can elicit multiple fates in a dose-dependent 

manner (Wilson et al., 1997). Although here we observe a similar pattern of 

pSMAD1/5/8 along the radius of the micropatterned colonies, our results do not support a 

model in which cell fates along the medial-lateral axis are patterned exclusively by the 
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BMP dose. Instead, a minimum BMP4 concentration and duration of activity is necessary 

to initiate surface ectodermal differentiation; however, the decision to form neural crest 

or placodes requires the integration of BMP and WNT signals. Additionally, the range of 

fates expressed in animal caps of Xenoupus embryos is likely the result of secondary 

signaling events initiated by upstream stimulation of the BMP pathway. Our data shows 

that endogenous WNT secretion increased the number of neural crest cells expressed 

within the ectoderm. It will be informative to understand the nature of the secondary 

signaling events that coordinate neural crest and placodal fate choices. Previous studies in 

chick indicate WNT6 ligands are secreted by the placodes, and is necessary to instruct 

neural crest formation in adjacent cells (García-Castro et al., 2002). However, it is 

unclear how placodal cells, a fate choice that requires suppression of WNT activity, could 

be the source of WNT and remain refractory to the ligand while cells further from the 

source are responsive. In the future it will be important to determine how WNT ligands 

are transported within the ectoderm, and understand what features of the dynamic 

response in the BMP and WNT pathway cells sense to coordinate fate outcomes. 

 It is instructive to compare our results with previous work on self-organize germ 

layer differentiation in micropatterns. In both cases, patterning is initiated by an applied 

BMP4 signal, which combines with endogenous WNT signals. The edge fates 

(extraembryonic for gastrulation micropatterns, surface ectoderm in this work) are 

upregulated by BMP signaling, whereas spatially intermediate fates (endoderm and 

mesoderm in the case of gastrulation, neural crest in this work), require the WNT signal. 

The fates at the center (ectoderm or neural) result from the inhibition of both signals. The 

essential difference in protocol is the gastrulation patterns are generated directly from 
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pluripotent hESCs whereas ectodermal patterns require a 3-day induction towards 

ectoderm before BMP4 application. The similarity in the signaling requirements but 

unique dynamic signaling responses in the BMP pathway between the two models 

suggests a possibility that a core regulatory network is responsible. This allows the same 

BMP-WNT signaling circuit to elicit different fates during the patterning of germ layers 

at gastrulation and the patterning of the ectoderm slightly later in development. A second 

difference, however, is the role of Nodal signaling. Although Nodal is essential for 

mesoderm and endoderm differentiation, it is inhibited through the ectoderm model. 

Given that cells are still capable of forming BRA-positive mesoderm after 3 days of 

ectodermal induction (Fig. 1H), it would be interesting to determine whether removing 

Nodal inhibition or exogenously adding Nodal ligands would convert some of the 

ectodermal cells to mesoderm fates found ventrally to the ectoderm in vivo, and whether 

cells could form patterns of ectoderm and mesoderm under these conditions.  

The WNT pathway has been shown to play an informative role in anterior-

posterior (AP) axis formation in the gastrulating embryo (Arnold and Robertson, 2009; 

Kiecker and Niehrs, 2001; Yamaguchi, 2001). High WNT signaling is essential for 

primitive streak formation on the posterior side of the embryo, whereas WNT is inhibited 

anteriorly by secreted inhibitors from the anterior visceral endoderm and later by head 

mesoderm (Albazerchi and Stern, 2007; Arnold and Robertson, 2009; Kiecker and 

Niehrs, 2001; Litsiou et al., 2005; Metzis et al., 2018; Yamaguchi, 2001). The dose and 

duration of WNT signaling has shown to form a continuum between the anterior and 

posterior positions of the elongating embryo with posterior fates requiring the highest and 

longest durations (Gouti et al., 2014; Knight et al., 2018). The shift in fate composition 
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that we observe when the duration of WNT signaling is modulated is consistent with this 

duration setting the position along the AP axis. When WNT signaling was inhibited 

throughout or at the time of BMP stimulation, the cell fate compositions resembled 

anterior ectoderm, and were composed of neural, placodal and future epidermal, but not 

neural crest, lineages. Permitting WNT activity post BMP treatment generated 

ectodermal patterns consistent with the mid and hindbrain, which is comprised by all four 

ectodermal lineages. However, in this case, it is likely that our micropatterns represent 

mid- and not hindbrain ectoderm since OTX2 is strongly expressed in the neural domain 

and is absent in the hindbrain of model organisms. In the future, it would be informative 

to determine the level and duration of WNT signaling needed to direct hindbrain 

ectoderm in the colony center without inducing spontaneous neural crest. This would 

likely require a careful balance in temporally managing BMP inhibition with early WNT 

stimulation and Nodal inhibition. This strategy would prevent early neural crest 

formation while preserving surface ectoderm competence upon the second phase of BMP 

stimulation.  

A large body of work has discovered numerous transcription factors that are 

involved in different stages of neural plate border development and neural crest 

differentiation. For example, knockdown experiments in model organisms have 

demonstrated a requirement for PAX3 and AP2α in the specification of neural crest fates 

as defined by SOX9/10 expression (Bae et al., 2014; Luo et al., 2003). It is believed that 

both the BMP and WNT signaling pathways are required for the maturation of neural 

crest, but it has been difficult to unravel how these pathways are embedded in the gene 

regulatory network that specifies the neural crest in vivo. We showed that the 
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micropatterned system is an attractive platform for dissecting these interactions due to the 

ease of manipulation and the removal of confounding factors resulting from effects on 

earlier developmental or on other tissues. Specifically, that BMP and WNT signaling are 

each necessary and sufficient for the expression of particular genes, whereas others 

require both pathways to generate mature neural crest. We also noted that as long as 

endogenous BMP signaling is allowed during the first phase of the protocol, WNT 

activation alone is sufficient to activate all these genes, so the requirement for BMP 

signaling in neural crest differentiation is only transient, whereas that for WNT is 

ongoing. In the future, it will be interesting to extend a similar approach to the study of 

the epithelial-mesenchymal transition (EMT) network in neural crest and systematically 

compare results with well-established animal models like the mouse embryo. The 

micropattern approach will allow us to directly observe combinatorial dynamic signaling 

events that trigger and spatiotemporally regulate EMT.  

Previous in vitro systems relied on studying the neural and surface ectoderm as 

separate entities on 2-dimensional surfaces, which limits our ability to study how these 

two essential tissues interact to coordinate complex morphogenetic behaviors. Our in 

vitro ectoderm system retains all the necessary cellular components, which provides an 

interesting opportunity to study the self-organizing properties involved in human neural 

morphogenesis in more detail. We demonstrated that a simple sheet of epithelial 

ectoderm contains the necessary information to properly fold along the midline of the 

neural plate and concludes with the surface ectoderm overlaying a central neural tube. 

How BMP and WNT signaling pathways are regulated in space and time, and what 

changes in cell behaviors they instruct to grow in 3-dimensions remains a mystery. The 
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combined use of genetically encoded signaling and myosin reporters will provide new 

insights to the complex behaviors that coordinate the folding events. Furthermore, this 

system has a unique opportunity to study human congenital disorders that manifest as 

neural tube defects. There are over 200 genetic mutant mouse models of neural tube 

defects (Nikolopoulou et al., 2017); however, the link between the mutation and the 

resulting defect remains unclear since the models rely on static images and don’t 

necessarily translate to human development. Our in vitro system could provide a unique 

opportunity to map genetic perturbations to discrete changes in cellular behavior that 

affect neural folding in human embryos.  

We have developed a novel system in which human embryonic stem cells 

generate the medial-lateral pattern within the ectoderm and subsequently self-organize in 

3-dimensions. The resulting tissue consisted of a central neural tube with an overlaying 

surface ectoderm. This system can be used to gain an understanding of human ectodermal 

development and to improve directed differentiation protocols. Finally, our study 

provides proof-of-principle for extending the micropatterning approach beyond germ 

layer specification to later developmental events. As long as cells can be directed to adopt 

a progenitor cell fate, providing a reproducible geometric and chemical environment 

leads to patterning, and the patterns can then be tuned to yield a particular outcome. A 

similar approach could be used to generate patterns corresponding to endoderm and 

mesoderm, or to particular organs of interest.  
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Chapter 5 

 

Materials and Methods 
 

5.1. Cell lines 
	

All experiments were performed using ESI017 hESCS Oobtained from ESI BIO, 

RRID:CVCL_B854, XX), RUES2 hESCs( a gift from Ali Brivanlou, Rockefeller 

University, NY, USA), or WTC-11 iPSCs (Paul Allen Institute, Cell Line ID: AICS-0058 

cl.67). For live imaging of WNT signaling dynamics, the ESI017 GFP:β- catenin cell line 

as described previously was used (Massey et al., 2019). 

5.2. Routine cell culture 
	

All cells were grown in the chemically defined medium mTeSR1 in tissue culture 

dishes and kept at 37°C, 5% CO2 as described previously (Nemashkalo et al., 2017). 

Cells were routinely passaged and checked for mycoplasma contamination. In all 

experiments, cell passage number did not extend beyond 55.  

5.3. Differentiation 
Standard culture 

ESI107 hESC cultures were washed twice with 1x PBS and disaggregated using 

accutase for 7 min at 37°C. Cells were subsequently harvested, centrifuged at 1000 rpm 

for 4 min and seeded on laminin- 521 coated Ibidi dishes at a density of 18,000 cells/cm2 

in the presence of mTeSR media and ROCK inhibitor (ROCKi) (10 µM). On the 

following day ROCKi was withdrawn from the media, and hESCs were allowed to 
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expand in culture for 2 days in mTeSR. All inductions were initiated on the third day in 

N2B27 medium, which we prepared by filtering a mixture of 250ml DMEM/250 ml 

Neurobasal media, 2.5 ml N2 supplement, 5 ml B27 supplment without vitamin A, 5 ml 

glutamax and 0.5 ml β-mercaptoethanol. N2B27 was supplemented with growth factors 

and small molecules as indicated. In all experiments, medium was replenished daily.  

On micropatterns 

For micropatterned cell culture experiments, micropatterned glass CYTOOchips 

or 96-well CYTOOplates were coated with 5µg/ml laminin-521 in 1x PBS with calcium 

and magnesium (PBS++) for 2.5 hours at 37°C. The laminin was then removed by first 

using serial dilutions without allowing the chip or well to dry (dilution 1:4 in PBS++, five 

times), and then using one complete wash with PBS++. The chip or plate was either used 

immediately or stored for up to 2 weeks at 4°C with PBS++ covering the micropatterned 

surfaces. 

Seeding of hESCs onto micropatterned surfaces was performed as follows. Stem 

cell cultures were washed twice with 1× PBS and disaggregated using accurate for 7 min 

at 37°C. Cells were subsequently harvested, centrifuged at 1000 rpm (300 g) for 4 min 

and re-suspended in mTeSR containing ROCKi. Cells were then seeded to laminin-

coated CYTOOchips (1×106 cells in 2 ml of media) or laminin-coated CYTOOplates 

(120,000 cell/well with 100 µl media/well), and then placed in the incubator for 45 min at 

37°C. Cells were then washed twice with 1× PBS to remove ROCKi and cells bound 

nonspecifically to uncoated regions of the well or chip. To promote better adhesion to the 

micropatterned surfaces, all ectoderm inductions were initiated in the presence of mTeSR 

supplemented with SB. On the following day, mTeSR was withdrawn as the base media 
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and replaced with N2B27 for the remainder of the experiment. Stem cell colonies were 

then further treated with reagents as described in the text. To generate 3-dimensional 

ectoderm colonies, Geltrex matrix (4% by volume) was added to the culture media 

following 2 days of BMP induction. All 3-dimensional ectoderm patterns were fixed 2 

days following the addition of the matrix. In all micropatterned experiments, the medium 

was replenished daily with the described signaling conditions and fixed at the indicated 

times within the text. 

5.4. Immunostaining 
	

Immunostaining followed standard protocols as described previously(Nemashkalo 

et al., 2017) Primary and secondary antibodies were diluted in the blocking solution as 

described by previously (Nemashkalo et al., 2017; Warmflash et al., 2014) Dilutions are 

listed in Table 1. 

Table 1. Table of primary antibodies 

Protein Species Dilution Vendor Catalog 

Number 

SOX9 Goat (1:100) R&D Systems AF3075 

BRACHYURY Goat (1:300) R&D Systems AF2085 

CDX2 Mouse (1:50) Biogenex MU392A 

NANOG Goat (1:100) BD Biosciences 560482 

PAX3 Mouse (1:30) Developmental 

Hybridoma 

Bank 

AB536426 
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TFAP2α Mouse (1:100) Developmental 

Hybridoma 

Bank 

AB2313948 

Phospho 

SMAD1/5/8 

Rabbit (1:200) Cell Signaling 

Technologies 

13820 

SOX2 Rabbit (1:200) Cell Signaling 

Technologies 

5024S 

SIX1 Rabbit (1:300) Cell Signaling 

Technologies 

12891 

GATA3 Rabbit (1:200) Thermo Fisher 

Scientific 

PA1-101 

E-Cadherin Rabbit (1:300) Cell Signaling 

Technologies 

3195S 

N-Cadherin Mouse (1:200) Sigma-Aldrich C2542 

ISL1 Mouse (1:75) Developmental 

Hybridoma 

Bank 

AB2314683 

OTX2 Rabbit (1:300) Abcam 21990 

Anti-K8 Mouse (1:50) Developmental 

Hybridoma 

Bank 

AB531826 

PAX6 Mouse (1:50) Developmental 

Hybridoma 

AB528427 
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Bank 

PAX6 Rabbit (1:300) Biolegend 901301 

 

5.5 Imaging 

Live cell imaging 

GFP:β-catenin hESCs were seeded in multiple wells of a 96-well CYTOOplate 

and induced towards the ectoderm as described above. Four colonies (700 µm) per 

condition were imaged with a 20×, NA 0.75 objective on a Olympus/Andor spinning disk 

confocal microscope. Five z-sections were acquired per position every 30 min from 24 h 

pre- to 48 h post-BMP4 treatment. To remain consistent with fixed cell experiments, the 

imaging was halted for a brief period (∼1 h) every 24 h to replenish the media. In all 

cases, cells were maintained at 37°C and 5% CO2 throughout the duration of imaging. 

Fixed cell imaging 

All immunostaining data were acquired by imaging multiple z-sections at 10× 

(NA 0.40), 20× (NA 0.75) and 30× (NA 1.05) from fixed cell colonies on CYTOOchips 

or CYTOOplates with an Olympus FV1200 laser scanning confocal microscope. 

5.6. Quantification and analyses 
	

All micropatterning experiments were performed at least twice with consistent 

results whereas experiments in standard culture were performed three times. The data and 

analyses in each micropattern induction figure belong to one experiment whereas placode 

and ectoderm induction data belong to all three experiments. Sample size was not pre-
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determined and no statistical tests were used to determine significance of results on 

micropatterned colonies. Where indicated, statistical significance was determined using 

the two-sided t-test, implemented using the MATLAB function ttest2. Circular colonies 

with a non-radially symmetric cell density pattern at the end of treatment were excluded 

from analyses. The number of colonies included in each analysis (N) is mentioned in the 

figure legends. For images taken at 10× magnification with multiple z-slices, background 

subtraction, maximum z-projection and alignment were performed as described 

previously (Warmflash et al., 2014). The average intensity of a marker was calculated for 

each cell as the average of the immunofluorescence intensity in that cell normalized to 

the intensity of DAPI staining in the same cell. In cases in which the cells were too dense 

to perform cell segmentation effectively, averages were calculated over nuclear pixels 

rather than cells. 

5.7. Software 
	

MATLAB scripts for analyzing experimental data can be obtained 

from https://github.com/warmflasha/CellTracker. 
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