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Abstract 

Morphogens are long-range signals that induce concentration-dependent responses 

across developing tissues, directing the patterning and morphogenesis of embryos. 

Though multiple morphogens have been identified, characterized, and shown to be 

essential for development, it is often unclear how morphogens move through a complex 

and dynamic environment within the embryo to establish reliable concentration 

gradients. Further, little is known about how these gradients are interpreted by 

progenitor tissues, particularly in mammalian embryos where experimental access is 

challenging.  In this dissertation supervised by Sharad Ramanathan, I, together with 

Zhechun Zhang, show that formation of a robust BMP signaling gradient in the early 

mouse embryo is dependent upon the geometric compartmentalization of the embryo 

and the basolateral localization of BMP receptors, which restricts where BMP 

morphogens are sensed in vivo. With evidence from mathematical modeling, human 

embryonic stem cells in vitro, and mouse embryos in vivo, we demonstrate that this 

mechanism organizes morphogen signaling gradients in epithelial tissues that are 

buffered against fluctuations. I also describe preliminary work with Tianlei He 

developing methods to control the spatiotemporal and combinatorial presentation of 

morphogens to human organoids in vitro, via the precise, rapid deposition of hundreds 

of morphogen-soaked beads and organoids on a single chip. I conclude by discussing 

how this approach can be used to interrogate the nature of morphogen interpretation in 

human tissues at the quantitative scale necessary to understand its complexities. 
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Chapter 1. Introduction 

1.1. A historical perspective on development: the eye 

 Development is the process by which a single fertilized egg cell gives rise to an 

entire multicellular organism, in order that the organism may reproduce to create 

another fertilized egg cell. To describe this process as complex would be a vast 

understatement. Consider the development of a human being. From a single cell, 

trillions of cells are generated, each belonging to any of the hundreds of known cell 

types with unique molecular signatures. These trillions of cells geometrically arrange 

themselves and structurally connect to form specialized tissues and organs, each with 

critical functions to perform within the body. Each organ merits its own scientific field 

of study given their physiological complexity; entire research programs and medical 

careers are devoted to understanding the most minute details of their functions and 

vulnerabilities to disease. And this total assembly of cells, tissues, and organs must 

happen repeatedly, for every individual organism across families, generations, and 

species, with few enough errors that the number of surviving members does not 

dwindle out.  

Such is the apparent incomprehensibility of the problem that during the “Age of 

Enlightenment” in 17th and 18th century Western Europe, concurrent with advances in 

complex analysis and the invention of the condensing steam engine, the predominant 

theory of development was preformationism1: the adult body is so complex, the newly-

discovered spermatozoa, so simple, that there must be a miniature, preformed version 

of the organism within the sperm (Figure 1.1). The alternative theory, genesis of a 

living, breathing, thinking human being from a single undifferentiated unit, seemed 

comparatively absurd. 
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In the centuries since, our understanding of how embryonic development occurs 

has advanced exponentially, although we are far from anything resembling complete 

understanding. An informative, if ironic, example of this intellectual progress can be 

found in the study of early eye development. The eye is an organ that functions as an 

intricate optical measurement system; a state-of-the-art camera capable of adjusting its 

own aperture and focus, with a sensitivity range exceeding that of any film; the home of 

an uncountably large number of precise biochemical reactions to convert light waves 

into electrochemical signals that a brain can process. It is in this light that the eye has 

often served as the crown jewel of arguments made by advocates of intelligent design 

and creationism2. What but divine intervention could produce such an instrument? 

British evolutionary biologist Charles Darwin himself wrestled with the problem of 

explaining how the organ could form through ordinary biological processes. He 

admitted as such in his seminal On the Origin of Species: 

Figure 1.1: Sketch of a tiny human inside a sperm. Drawn by Dutch microscopist 
Nicolaas Hartsoeker in 16951. 
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To suppose that the eye, with all its inimitable contrivances for adjusting the 
focus to different distances, for admitting different amounts of light, and for the 
correction of spherical and chromatic aberration, could have been formed by 
natural selection, seems, I freely confess, absurd in the highest possible degree.3 
 

And yet, over the past century, studies of eye development have yielded some of 

our most fruitful insights into how tissues, organs, and bodies form. The first 

experiments demonstrating induction, the process by which one tissue can direct and 

change the embryonic fate of another, were performed by transplanting an optic cup 

into the epidermis of an amphibian embryo4–6. The result, as found independently by 

Hans Spemann and Hilde Mangold in 1901 and Warren Lewis in 1904, was the 

formation of an ectopic eye lens in the animal’s skin next to the transplanted optic cup. 

The lens could not have come from the optic cup itself; the optic cup had induced 

nearby skin progenitor cells to change their cellular fate altogether and become an eye 

lens instead. The historical impact of these experiments, to some extent, would later be 

supplanted by Spemann and Mangold’s Nobel Prize winning discovery of the 

“Spemann-Mangold organizer”: a group of cells in the dorsal lip of the amphibian 

embryo that, when transplanted to the ventral side of the embryo, induced the 

formation of a second embryonic axis complete with a nervous system and, of course, a 

pair of eyes7.  

The significance of this finding inspired a decades-long race to understand the 

mechanism of neural induction through a variety of embryological studies. I will 

highlight here a particular experiment8,9 performed by developmental biologist Pieter 

Nieukwoop in 1963. Tissue explants dissected from the ectoderm of early frog embryos 

and cultured in isolation would give rise to non-neural epidermis. But Nieukwoop 

found that by dissociating these explants into individual cells and then reaggregating 

them, something strange happened: the aggregated cells differentiated and self-
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organized into anterior neural tissues, including the anterior brain, olfactory placodes, 

and eyes (Figure 1.2). The presumptive epidermis of the amphibian embryo, the same 

tissue type into which Lewis, Spemann, and Mangold transplanted optic cups and 

induced lens differentiation, did not need an inducer for neural induction! All that was 

needed was to remove the influence of all other tissues, to separate the ectodermal 

explant from surrounding mesodermal and endodermal tissues and scramble the 

positional information initially present in the dissected tissue. As it turned out, the 

ectoderm within normal frog embryos was being induced to differentiate into non-

neural epidermis. And the foundational neural induction experiment, the transplant of 

an optic cup into the future epidermis, was actually a neutralization of this epidermal 

Figure 1.2: Nieukwoop’s ectodermal reaggregates. Figure reproduced from reference8. 
Graphical diagram of tissue structures Nieukwoop observed in a reaggregate of 
ectodermal cells dissected from the Rana pipiens embryo and cultured for 7 days.  
adh. gl., adhesive gland; atyp. epid., atypical epidermis; dienc., diencephalon; l., lens; olf. 
pl., olfactory placode; ret., retina; tap., tapetum; telenc., telencephalon; v., ventricle. 
 

PATTERN FORMATION IN ARTIFICIALLY ACTIVATED ECTODERM 257 

) 
nosol -i+ 

FIG. 1. Graphical reconstruction of prosencephafic neural and placodal struc- 
tures in reaggregates of Rune pipiens gastrula ectoderm after cultivation for 7 
days. (a) Explant Jb. (b) Explant W. 

adh. gl., adhesive gland; atyp. epid., atypical epidermis; dienc., diencephalon; 
l., lens; elf. pl., olfactory placode; ret., retina; tap., tapetum; telenc., telenceph- 
alon; u., 
parts. 

ventricle. Continuous lines in front of, and broken lines behind, other 
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induction! The optic cup, the original inducing tissue, was repressing some inducing 

factor. 

With the advancement of molecular and genetic techniques later in the 20th 

century came the identification of many of these inducing factors. Neural induction, the 

effect of the Spemann-Mangold organizer, is now known to be mediated by proteins 

such as Noggin, Chordin, Cerberus, Follistatin, and xnr-310,11. Injection of mRNA 

encoding for any of these proteins into ectodermal explants from the Xenopus laevis frog 

is sufficient to recreate the outcome of Nieukwoop’s reaggregation experiment, 

repressing epidermal differentiation and resulting in the formation of eyes and other 

anterior neural structures. What these genes share in common is their role as 

antagonists to the bone morphogenetic protein (BMP) signaling pathway, with BMP 

protein itself identified as an epidermal inductive factor. 

BMP had another significance – it is a member of the transforming growth factor-

β (TGF-β) family, the first molecules identified as extracellular morphogens6,12. The term 

morphogen was conceived by Alan Turing in 1952 to describe putative diffusive 

chemicals capable of bringing about changes in organismal form, and how interactions 

between such chemicals diffusing in space could produce molecular gradients and 

patterns across tissues13. These theoretical ideas were expanded upon by others and 

synthesized with concepts like induction and positional information14,15, culminating in 

Lewis Wolpert’s description of the famous “French flag” model16 in the 1960s. In the 

model, morphogens are secreted by cells into their extracellular environment and 

diffuse away from their source, steadily decreasing in concentration as they are 

absorbed or degraded. This produces a concentration gradient of the morphogen that 

varies as a function of the distance from the source cells. Cells in surrounding tissues 

can measure the concentration of the morphogen through some molecular interaction 
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and adopt a particular fate according to that concentration. In this manner, positional 

information is communicated among cells via the concentrations of diffusive factors, 

and cell fates can be altered by repositioning the sources from which morphogens are 

secreted (for instance, during a transplantation experiment). Though the first 

morphogen factors in embryos would take another two decades to be identified17,18, 

multiple molecules have since been shown to act as diffusive morphogens6, being both 

necessary for correct patterning in multiple tissue types and sufficient to induce mis-

patterning when their concentration gradients are altered. 

 What then of neural induction and the eye? If Nieukwoop’s reaggregation 

experiment demonstrated that frog ectodermal tissues are fated to become anterior 

neural tissues in the absence of influence from any surrounding tissues, the French flag 

model would seem to imply that the frog ectoderm becomes neural in the absence of 

any secreted morphogen factors from surrounding tissues. In other words, anterior 

neural fates, including those of the eye, appeared to be something of a default state for 

early cells of the frog embryo: progenitor cells, with no other information, would 

steadily differentiate toward anterior neural fates until some other instruction (a 

morphogen) is received. This so-called default model, which has stimulated much 

discussion within the scientific community19,20, is simple and tantalizing but, like any 

model, has serious limitations. Injection of BMP inhibitors into comparable tissues 

within the chick embryo fail to recreate the neural induction effect seen in frog 

embryos21, but neural induction can be reproduced when a chick tissue analogous to the 

Spemann Mangold organizer, the node, is transplanted instead21,22. More importantly, 

just because Nieukwoop’s reaggregated explants were isolated from surrounding 

tissues does not mean that they were isolated from all morphogen signaling. To the 

contrary, the strange diversity of cell types and tissues that form de novo in these 
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aggregates would suggest that cells are in fact receiving several different morphogen 

signals secreted from other cells within the aggregate, continuously and chaotically 

differentiating and reshaping cells into increasingly complex structures. This is to say 

nothing of the biomechanical effect of disaggregating a connected tissue of cells, nor of 

the crucial roles that cellular junctions23 and extracellular matrices24 fulfill in developing 

tissues. Nieukwoop’s reaggregation experiment beautifully demonstrated the 

sufficiency of ectodermal cells to self-organize into complex neural tissues like the eye, 

but the “default” model leaves us no closer to understanding the mysterious alchemy 

contained within a simple ball of frog cells. 

 

 It may come as a surprise then to discover that the default model, for all its 

faults, would have another major success: the self-organization of three-dimensional 

optic cups from human stem cells in vitro. The advent of pluripotent stem cells25,26, 

capable of differentiating into cell types from all germ layers of the embryo, had 

transformative implications for studies of development and disease in the beginning of 

the 21st century. There was now an experimental model for human development with 

human cells, and an established methodology to probe the molecular circuits that 

organized the formation of human tissues. Nevertheless, it would still be difficult to 

reliably generate tissues made of stem cells that even distantly resembled embryonic 

tissues in vivo. The optic cup proved to be one of the early exceptions.  

In a landmark pair of papers published respectively in 2011 and 2012, Yoshiki 

Sasai and collaborators demonstrated that, starting from uniform aggregates of mouse27 

or human28 stem cells, structures closely resembling optic cups gradually self-

organized. They were composed of the correct tissue types too: a neural retinal 
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epithelium, a retinal pigment epithelium, and, after a long enough time for the human 

aggregates, rod and cone photoreceptor cells. 

The scientific impact of these studies was far beyond the mimicry of an 

embryonic tissue; they uncovered further insights into how the optic cup forms in vivo, 

details that were not known from embryological studies. For example, there was no lens 

epithelium in these optic cups – apparently it was not needed to get the correct 

structure. Measurement and perturbation of biomechanical protein activity within the 

cup revealed new details about the physical forces that shaped the progenitor tissues 

into cups. And perhaps most stunningly, the human optic cups were larger than the 

mouse optic cups, each with sizes comparable to the optic cups in their respective 

embryos! This would seem to imply that the size of optic cups is an intrinsic property of 

the progenitor cells from which they arise; no further instructions from surrounding 

tissues were needed to start building an eye of the right size. These findings were 

among the first to illustrate the explanatory power of so-called organoids: three-

dimensional collections of cells that exploit inherent genetic programs to self-assemble 

into structures in vitro resembling organs in vivo29, not unlike Nieukwoop’s ectodermal 

aggregates sixty years ago. 

What was the protocol to generate these optic cups in vitro? What sequence of 

inducing factors did the researchers need to add to their stem cells to kick start this 

brilliant spontaneous self-organization? The answer: very little. A very basic stem cell 

culture media with vital amino acids and nutrients; a small amount of fetal bovine 

serum, or the equivalent knockout serum replacement; a mixture of extracellular matrix 

proteins to stabilize the three-dimensional structure of the organoid. The human optic 

cups would require a few extra details – the Wnt morphogen signaling pathway would 

have to be repressed initially to counteract an effect of the bovine serum, then 
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reactivated near the end of the protocol to get the right proportion of retinal pigment 

epithelium. Activating the signaling pathway for another morphogen, Hedgehog, 

further improved the efficiency of the retinal differentiation. But for the most part (and 

unlike many organoid models developed since), the formation of optic cups in vitro 

required forming a small aggregate of stem cells, refreshing their media daily, and 

waiting for magic to happen. The default model of anterior neural induction had not 

outlived its usefulness yet. 

 

 Where are we today in our understanding of development? For many of the 

tissues that form in the embryo, the expression of every gene has been measured, the 

responsible morphogen factors have been identified, the relevant knockout mutants 

have been generated, and the phylogeny has been examined. We are still incredibly far 

from a quantitative or predictive understanding of how cells assemble into these 

structures. If we were not, and we truly understood the fundamental algorithm of 

development, then surely organoids corresponding to all the embryonic tissues would 

have been generated by now. Further still, these protocols would be increasingly 

optimized until tissues in vitro and in vivo were indistinguishable. Currently, protocols 

to generate organoids for new tissues are regularly discovered and published30, but for 

most human tissues an analogous organoid system has not yet been developed, let 

alone an organoid system that recreates the structure or function of a complete organ. 

 We are still far from understanding how the eye is formed from progenitor cells, 

though we have learned quite a bit from a century of progress with embryological 

studies, genetic perturbations, and organoid engineering. This research continues to 

progress rapidly today. Just this past year, researchers discovered that anterior neural 

organoids can reproducibly generate a bilaterally symmetric pair of optic vesicles, and 
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further demonstrated that they are light-sensitive31. These optic vesicle-containing brain 

organoids offer the new potential to study the simultaneous assembly and interaction of 

multiple organs within the same organoid, opening the door to a more holistic 

understanding of embryogenesis.  

Why have eyes provided such fundamental insights into development over past 

century, often preceding studies of other organ systems? Maybe it is partly due to their 

striking, recognizable appearance; it would not take a researcher with the same 

attention to detail as Pieter Nieukwoop to notice a round, pigmented bulb structure 

emerging from an otherwise ordinary ball of cells. But I hypothesize there is another 

reason, by the same logic that underlies the default model of anterior neural induction: 

by chance or circumstance, the early eye is superb at organizing itself. Experimental 

induction of other tissues in embryos often required intimate knowledge of the 

molecular components involved32, but frog eyes appeared spontaneously from 

aggregates of ectodermal progenitor cells nearly sixty years ago. The discovery of new 

organoid systems is now rate-limited by a high-dimensional, Goldilocks-like search for 

the “just right” combination and timing of signaling factors with which to treat stem 

cells33,34. But organoids mimicking the optic cup emerged almost effortlessly in 

comparison, and once again new principles of development were discovered.  

In 1962, the same year in which Nieukwoop performed his reaggregation 

experiments, American philosopher of science Thomas Kuhn wrote the following in his 

book The Structure of Scientific Revolutions35: “In science… novelty emerges only with 

difficulty, manifested by resistance, against a background provided by expectation.” 

Perhaps the eye was simply the scientific path of least resistance. 
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But what about the other tissues and organs of the body? How will we uncover 

the rules of development for kidneys, muscles, hearts, and lungs? How will we make 

the organoids that accurately model their structures and functions, or discover new 

therapeutics to treat the diseases that arise within these tissues? For these questions, I 

do not think we can rely upon a default model. We will need to learn more about the 

morphogen signals that pattern and instruct cells to organize into these tissues. We will 

need to learn more about how these morphogen signals travel through the embryo as it 

changes shape, and how they are interpreted by progenitor tissues spatially, 

temporally, and combinatorially. And just as the experimental induction of these tissues 

often required the advancement of molecular techniques to clone and deliver the right 

morphogens at the right place and time in the embryo, so too will the discovery of new 

organoid systems require novel techniques to control morphogen signaling precisely 

within them.  

Addressing these challenges, not the development of the eye, is the central 

subject of this dissertation. In the remainder of Chapter 1, I introduce several specific 

concepts and systems that are discussed in subsequent chapters. In Chapter 2, I describe 

our work investigating how signaling gradients for the morphogen BMP are organized 

by the geometry of epithelial tissues, in both human pluripotent stem cells and the early 

mouse embryo. Our findings here demonstrate how even a simple model with a single 

diffusive morphogen can lead to counterintuitive results that are not easily predicted by 

developmental genetics alone. Then in Chapter 3, I introduce novel methods we have 

developed to control the spatial, temporal, and combinatorial presentation of an 

arbitrary number of morphogens to hundreds of organoids simultaneously on a single 

chip in vitro. I end by discussing how these tools can be used in the future to discover 

the morphogen code that gives rise to a tissue phenotype using an iterative 
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computational inference algorithm; I also describe a few open questions in development 

that could be addressed through such an approach. 

 

1.2. Morphogens 

 Given that the idea of a morphogen has evolved over its history from a useful 

theoretical concept to a well-characterized class of molecules with strict experimental 

criteria, it would be useful to reestablish what I mean by the term in this dissertation. 

Morphogens are signaling molecules, produced by cells, that act over some distance to 

induce a cellular response in proportion to its concentration6,36. I am concerned here 

primarily with morphogens that move through the extracellular space of tissues. There 

are some exceptions: in a curious twist of fate, the first factor identified to fulfill the 

characteristics of a morphogen, the Drosophila melanogaster protein Bicoid, is not 

extracellular. Bicoid has a graded distribution along the anterior-to-posterior axis of the 

early Drosophila embryo that is essential to establish the different domains of gene 

expression along the axis17,18,37; dampening this gradient shifts these transcriptional 

domains or removes them altogether, resulting in lethal developmental defects. 

However, Bicoid is an intracellular transcriptional regulator, and the environment 

through which it travels, the Drosophila embryo, is a single multinucleated cell at this 

stage called a syncytium, generated by repeated nuclear divisions without cellular 

fission. As a result, Bicoid is unlike most morphogens in that its gradient is established 

by diffusion through the cytoplasm of a cell. In this respect it is likely not a coincidence 

that Bicoid was the first discovered morphogen – fixation and visualization of 

molecules in extracellular space is notoriously difficult38,39, making the measurement of 

morphogen concentrations there challenging. 



 13 

 Not to be deterred, embryologists gradually identified various families of 

extracellular morphogens that were essential for development over the course of the 

1990s and 2000s. The first identified extracellular morphogen, the Drosophila protein 

Decapentaplegic, is a member of the TGF-β family responsible for the long range 

patterning of the dorsal-ventral embryonic axis of flies12, as well as their wings40. TGF-β 

family signals were found to differentiate Xenopus cells into different germ layer fates at 

different concentrations41–43, providing circumstantial evidence for a TGF-β family 

morphogen that organized early fish development44. Other morphogen families that 

were identified include Wnt45, Hedgehog46, fibroblast growth factor (FGF)47, epidermal 

growth factor (EGF)48, and retinoic acid (RA)49.  These morphogens all have strongly 

conserved roles across a wide range of model organisms. Wnt, for example, is in broad 

terms a ‘posteriorizing’ morphogen responsible for inducing many tissues found on the 

tail-side of vertebrate and invertebrate organisms50. Hedgehog signals have crucial roles 

across the phylogenetic tree in the formation and patterning of the neural tube, as well 

as the anterior-posterior specification of limbs51. 

 The pathways for these morphogens are also organized differently, resulting in 

some interesting differences in signaling properties among the families. Wnt ligands are 

lipid-modified, which is required for their secretion and for the ligands to bind their 

corresponding receptor Frizzled52. This hydrophobic modification often limits Wnt 

proteins to transport along cell membranes, preventing them from diffusing freely over 

long distances53. Hedgehog, on the other hand, functions by repressing the repressor of 

the signaling pathway to turn it back on, changing how the pathway forms signaling 

gradients and responds to noise in morphogen production54. 

 What is most interesting about the morphogen signaling pathways, in my 

opinion, is how few have been identified at all. Researchers studying the development 
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of flies, fish, birds, and mammals alike have repeatedly discovered that the mysterious 

signal organizing their system of interest is simply another member of a previously 

identified morphogen family: TGF-β, Wnt, FGF, EGF, Hedgehog, RA.  

 As always, there are exceptions. Vascular endothelial growth factor (VEGF) is an 

essential morphogen for the formation and growth of blood vessels within developing 

tissues55. JAK/STAT signaling is indispensable for hematopoiesis in mammals56, though 

the evidence demonstrating that its specific ligands behave as morphogens was 

observed in Drosophila56–58. VEGF and JAK/STAT signals could be grouped with FGF 

and EGF within a larger morphogen family of receptor-tyrosine kinases (RTK), given 

their conserved receptor structure59. Delta-Notch signaling mediates cell-cell 

communication and patterning in a huge variety of embryonic tissues60, but its ligands 

are not diffusive and only activate signaling in adjacent cells. There are several 

signaling pathways that are crucial for development for which a morphogen factor has 

not been identified. Pathways such as Akt61 and p5362 have important roles in 

developmental processes like proliferation and apoptosis, but it is not clear that any of 

their wide variety of upstream ligands can perform as morphogens. The more recently 

discovered Hippo signaling pathway has gained attention as a density-sensing 

mechanism for developing tissues63, but again no evidence for a Hippo-specific 

morphogen has been found, to my knowledge. 

 As a brief aside, I will also clarify the nature of related morphogens contained 

within the same family. It is true that most of these families contain many related but 

distinct proteins that each behave as morphogens. The TGF-β64,65 and Wnt66 families 

contain dozens of different ligands that activate the pathway in a concentration-

dependent manner and many are essential for development. Why does it matter that 

there are only a handful of morphogen pathways if there is a great deal of morphogen 
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diversity within them? The answer is that these the morphogens are often functionally 

redundant and primarily differ in where they happen to be expressed in the embryo. 

There are often bottlenecks in signaling pathways where different morphogens activate 

the same downstream effectors with minor differences. Almost all morphogens from 

the TGF-β superfamily, for example, activate one of two canonical signaling cascades by 

directing the phosphorylation of intracellular effectors SMAD1/SMAD5/SMAD9 (BMP 

subfamily) or SMAD2/SMAD3 (Activin/Nodal/TGF-β subfamily)64,65. 

 Regardless of the exact number of exceptions, it is clear that the number of 

morphogen signaling families necessary for embryogenesis (let us round up to 10) is 

orders of magnitude smaller than known number of cell types in the adult human body 

(over 200, not counting transitory cell types in the embryo) or the number of genes in 

the human genome (about 30,000).  The problem becomes further complicated when 

considering that morphogen signals are necessary for developing tissues to develop 

proper structures. Consider the brain, an organ composed of billions of neurons 

connected by trillions of synapses. The Human Connectome Project, launched in 2009 

and envisioned as a five-year project to map this connective network67, has yet to be 

declared officially complete as of the date of submission for this dissertation. Recording 

the position and structural connectivity of every cell, in addition to its cell type and 

gene expression, would require an immense amount of information storage. How then 

could ten morphogen signaling pathways possibly encode all that information, 

information that progenitor cells need during development? 

 This problem was not unforeseen by theoretical biologists, well before any 

morphogen had yet to be identified. In his models of morphogen gradients and tissue 

patterning, Lewis Wolpert clarified that morphogen concentrations provided positional 

information but not the instructions for molecular differentiation16; how cells 
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interpreted this positional information would depend on the developmental history of 

the cell and its gene expression. Thus, the same morphogen could be used repeatedly in 

multiple developmental contexts, activating the same core pathway but inducing 

different genetic programs depending on what cell is receiving the signal. The 

dimensionality of a morphogen code can be further expanded by considering the 

possibility of cross-talk between different families36,68. Indeed, morphogen pathways 

regularly alter between promoting and stifling each other’s signaling activity; BMP 

signals indirectly promote Nodal expression in the mouse embryo where they together 

induce mesendodermal differentiation, but these two signaling pathways subsequently 

compete through mutual inhibition to induce the formation of one tissue type over 

another (posterior mesoderm or anterior mesoderm/endoderm, respectively)69. Some 

combinations of morphogen signals elicit effects that neither morphogen can produce in 

isolation68.  

 A possible solution to the dimensionality problem, then, is that the huge amount 

of external instruction cells need during embryogenesis is encoded in the spatial, 

temporal, and combinatorial presentation of morphogens they detect in their 

extracellular environment. Everything inside the cell – its gene expression, epigenomic 

state, the number and post-transcriptional states of its proteins – operates as a ledger to 

track what has happened to it previously and what it should do next, given the 

morphogen code it receives. Building an embryo, to put it simply, requires getting the 

right combination of signals at the right place and right time. This hypothesis is not 

entirely naïve either. Comparative analyses of genomes from different species suggest 

that evolutionary differences have arisen primarily through the mutation of cis-

regulatory regions that govern whether genes are expressed, not through changes in the 

genes themselves70. Morphogen pathway genes typically have strong sequence 
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conservation throughout the animal kingdom. It is not unreasonable to conjecture that 

much of the difference between building a frog and building a human is embedded in 

the morphogen code. 

 Though the morphogen families have been well-characterized, there remain 

significant challenges to discovering the morphogen code for developmental processes. 

It is still difficult today to measure the concentration of extracellular morphogens 

reliably, occasionally leading to confusion. For example, long-range Wnt signaling has 

been extensively studied in the wing imaginal disc of Drosophila, where was assumed to 

spread across entire disc to pattern the wing of the fly. However, genetically replacing 

the main Drosophila Wnt gene with a copy that produces a mutant form of the 

morphogen that is tethered to the cell membrane did not disrupt the patterning of the 

wing71; in fact, these flies were completely viable organisms despite the inability of the 

mutant Wnt protein to spread away from any cell that secreted it. Even when we know 

it is essential for a morphogen to be expressed from a particular tissue, we do not 

always know where it is essential to be sensed. 

 What options for extracellular morphogen visualization are available? Tissue 

fixation techniques often do not capture proteins in the extracellular environment with 

high efficiency38,39. Tissue fixation also irreversibly halts the development of the tissue, 

limiting insight into how morphogen gradients are established and interpreted over 

time. An alternative genetic approach is to insert a measurable tag, such as a fluorescent 

protein, into the gene sequence for a morphogen, fusing it to the protein during 

translation. This method has had success in enabling the live visualization of 

morphogen gradients, such as the Bicoid gradient in Drosophila embryos72. Nevertheless, 

there are still significant issues: genetic modification quickly becomes low-throughput 

and expensive in model organisms evolutionarily closer to humans. The design of a 
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protein tag must be done carefully, given that interference of a key domain can lead to 

failure of the morphogen to be secreted, to bind a receptor, or to establish a 

concentration gradient identical to the untagged morphogen. Visualization of proteins 

in living embryos is even more difficult in mammalian model organisms where the 

embryo grows in utero. Imaging of mammalian embryos within the womb requires 

difficult techniques such as optical coherence microscopy73 or intravital microscopy74 

that have strict limitations. Researchers have developed methods to culture the mouse 

embryo ex utero after removal from the mother at various stages of development75,76, 

but the effectiveness of this approach is temporally limited by when the embryo is 

collected and how long it can survive during tissue culture. Finally, there is a general 

complication for all these approaches: even if ten morphogen signaling pathways 

appears to a small number in context of the complexity of development, it is a large 

number of pathways to measure and track dynamic activity within simultaneously. 

Fluorescence imaging within the visible spectrum of light is generally limited to three or 

four channels with non-overlapping spectra. 

  Another strategy to learn about the morphogen code is through its 

manipulation. By perturbing the presentation or transport of morphogens in embryos 

and observing the resulting outcome, we can discover where morphogens are sufficient 

to organize developmental processes. The aforementioned genomic engineering of flies 

with membrane bound Wnt proteins is powerful example of what can be learned about 

from such experiments71. Nevertheless, it is difficult to perturb the concentrations of 

morphogens in a high-throughput manner to explore the high dimensional morphogen 

code space sufficiently quickly. Genomic engineering is a powerful approach, but often 

requires clever genetic approaches to produce perturbations that are less trivial than 

complete knockouts. Directly injecting morphogens into tissues is a classic technique 
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from embryology that today continues to reveal intricate details of how morphogen 

gradients organize development. Injection of BMP and Nodal mRNA into two different 

cells in the early zebrafish embryo, creating opposing signaling gradients, is sufficient 

to induce the organization of an entire second embryonic axis in vivo77. Further, by 

dissection and removal of the tissue encompassing the two ectopic morphogen sources, 

the authors of this study demonstrate these morphogen gradients are sufficient to 

organize explants to construct embryonic axes in vitro. Despite the strength of genetic 

and classic embryology techniques to demonstrate sufficiency in developmental 

models, they are limited by their throughput and scale poorly to mammalian model 

organisms where the embryo is harder to modify genetically and difficult to access in 

utero. 

 One other classic method of embryologists to administer morphogen gradients to 

embryonic tissues is by using absorptive beads soaked in the morphogen protein. Such 

an approach was used to provide the fundamental evidence that the TGF-β signal 

Activin functions as a morphogen42,43,78. Beads soaked in a solution of radioactively 

labeled Activin protein and transplanted into the early Xenopus embryo generate a 

concentration gradient that can be detected through radiography43; these proteins 

directly induce signaling through Activin receptors to pattern the embryo over long 

ranges in a concentration-dependent manner, meeting the all the criteria for a 

morphogen. Beads continue to be used in embryology experiments today to interrogate 

how morphogen gradients are interpreted by tissues to organize morphogenesis79–81, 

sometimes leading to counter-intuitive results that conflict with long-standing models. 

In a recent study81 (of which Lewis Wolpert is a co-author), it was shown, using 

combinations of BMP and Activin beads implanted in the early chicken embryo, that 

chick progenitor cells measure the local morphogen concentration relative to 



 20 

neighboring cells when deciding their cell fate, rather than measuring the absolute 

morphogen concentration. However, studies using beads are generally performed in 

non-mammalian embryos due to their experimental accessibility in ovo. In Chapter 3, I 

introduce a method to control the positioning of morphogen-soaked beads and human 

organoids simultaneously on a microfabricated chip in vitro, enabling further 

investigation of how morphogen gradients organize the patterning of mammalian 

tissues. 

 In summary, thirty-five years on from the discovery of the first morphogen, we 

still know very little about where they are in the embryo and how they induce the 

developmental programs for which they are required. 

 

1.3. Embryo geometry and receptor localization 

 How do morphogen signals travel from cells that secrete them to the cells that 

sense them in a three-dimensional embryo that is changing shape? It is often not clear 

how the one- and two-dimensional models of morphogen signaling illustrated in 

figures extend to three dimensions, where they can make entirely different 

predictions16. These differences can be a consequence of basic mathematics before any 

biological detail is considered. In one of the simplest models of diffusion, a particle 

randomly walking on an infinite lattice in one or two dimensions will eventually 

explore every point in the space, but a particle walking in three dimensions may never 

reach a particular destination even after an infinite amount of time82–84. 

 Further complicating the matter is the complex geometric structure of embryos: 

they are not simple spherical aggregates of cells but compartmentalized structures, filled 

with pockets and cavities lined by walls of epithelial tissue85–88. These epithelial tissues 
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are made up of cells connected by tight junctions that are largely impermeable to 

passive fluid flow89,90, segregating the extracellular space above (apical) and below 

(basolateral) these junctions. This compartmentalization is essential for proper function 

of tissues and organs; imagine a circulatory system with blood vessels that leaked, or a 

gastrointestinal tract that failed to separate waste from nearby organs. 

 How does this compartmentalization shape the formation of morphogen 

gradients within the developing embryo?  By subdividing the extracellular space within 

the embryo, epithelial tissues delimit how morphogens are transported and further 

dictate which tissues can talk to one another87,91. Furthermore, consider the case when 

the tissue detecting a morphogen is itself epithelial. If its tight junctions separate the 

extracellular space into apical and basolateral compartments, from which compartment 

should the tissue measure the morphogen concentration?  

 Most extracellular morphogens are detected by transmembrane receptor proteins 

that are expressed by cells and localized to the cell membrane92. When the extracellular 

domain of the receptor binds a ligand in the extracellular space, the interaction induces 

a conformational change in the intracellular domain of the receptor protein, creating an 

active site for some downstream protein interaction. For many morphogens, it is not 

known how receptor proteins are trafficked to the membrane and whether the 

distribution of receptors is evenly divided around the membrane or specifically 

localized. It is immediately apparent how such localization could dramatically affect a 

tissue’s response to a morphogen gradient, motivating this as a topic of investigation. 

 To my knowledge, the first evidence of a localized signaling receptor was found 

in 1987: Sevenless, a receptor tyrosine kinase expressed in the eye disc epithelium 

within the developing retina of Drosophila melanogaster93,94. This receptor specifically 

localizes to the apical tips of these cells where it is inaccessible to ligands elsewhere in 
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the extracellular space. Despite belonging to the receptor tyrosine kinase family, 

Sevenless is not a receptor for a morphogen. Its corresponding ligand, Bride of 

Sevenless (BOSS), is a transmembrane protein that is expressed and apically localized in 

the adjacent photoreceptor cell95, and thus does not induce tissue patterning at range. 

Other signaling receptors have since been discovered to have an asymmetric membrane 

localization, though most are receptor tyrosine kinases in Drosophila94,96 and C. elegans97 

that are not receptors for a known morphogen. Human airway epithelia express a trio 

of receptor tyrosine kinases that localize to the basolateral membrane of the tissue, as 

well as the corresponding ligand that is secreted from the apical membrane98. This 

results in an interesting mechanism for wound healing: the growth factor ligand only 

contacts the basolateral receptor if a tear form of the epithelium, whereupon the ligand 

stimulates restoration of the epithelial integrity. In a recent finding, tumor necrosis 

factor (TNF) ligands and receptors were similarly found to be sequestered on the 

opposite sides of Drosophila imaginal disc epithelia99. In this context, the asymmetric 

localization provides a mechanism to correct oncogenic errors, where cells with polarity 

defects capable of producing tumors are targeted for apoptosis. 

 The first published evidence I have found of an asymmetrically localized 

morphogen receptor in vivo is for the Drosophila Wnt receptors, Frizzled-1 and Frizzled-

2100. Surprisingly, these receptors were found to localize oppositely in the imaginal disc 

epithelium, with Frizzled-1 localizing at apical junctions and Frizzled-2 evenly 

distributed along the basolateral membrane. This difference in localization is mediated 

a difference in the cytoplasmic tail of each receptor. The study’s authors further 

identified that the two receptors differentially stimulate the non-canonical and 

canonical Wnt signaling pathways, respectively; with such a mechanism, cells could 

theoretically tune their response to Wnt ligands between the two downstream 



 23 

pathways, changing their morphogen interpretation by altering the expression ratio for 

the two receptors. However, perturbation of this differential receptor localization yields 

only a mild developmental phenotype, altering the organization of hairs on the wing. 

 TGF-β receptors have been found to localize basolaterally in Madin-Darby canine 

kidney (MDCK) cells in vitro101–103. It was further demonstrated in another study that a 

short LTAxxVAxxR amino acid motif located near its C-terminus is both necessary and 

sufficient for the basolateral localization of the type II receptor104. Multiple TGF-β family 

receptors have recently been shown to localize at the basolateral membrane of human 

embryonic stem cells in vitro105, suggesting that this localization may be evolutionarily 

conserved. Nevertheless, it is an open question whether TGF-β family receptors are 

localized basolaterally in any epithelial tissues in vivo, and whether receptor 

localization is essential for the proper interpretation of morphogen gradients in any 

context within mammalian embryos. 

 In Chapter 2, I report our evidence that the receptor for TGF-β family morphogen 

BMP is basolaterally localized in human pluripotent stem cells in vitro and in the mouse 

epiblast in vivo. We further demonstrate that the mis-localization of this receptor via 

mutation of the LTAxxVAxxR motif is sufficient to induce ectopic BMP signaling 

around the start of gastrulation, a morphogenetic process for which a BMP gradient is 

essential. These data also indicate that BMP receptors in the mouse epiblast are shielded 

from ligands in the apical lumen of the embryo, revealing a previously unappreciated 

role for the compartmentalization of mouse embryo in organizing a BMP gradient. 

Concurrent with the original publication of this work, another study was published in 

2019 providing evidence for basolateral TGF-β receptor localization in the intestinal 

epithelium of C. elegans106, with mis-localization leading to defects in developmental 

patterning. Together, these studies illustrate how embryo geometry and receptor 
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localization have dramatic implications for understanding how morphogen gradients 

are formed, detected, and interpreted by developing tissues. 

 

1.4. Mammalian gastrulation and the primitive streak 

 Here I will give a brief introduction on the process of gastrulation in the mouse 

and human embryos, which is relevant to the results of Chapters 2 and 3. Mouse and 

human gastrulation are largely thought to occur in a similar fashion, with the only 

major difference being the initial geometry of the embryo. Unless stated otherwise, the 

reader can assume the details I provide are true for gastrulation in both species. 

 Gastrulation is the process by which the initial undifferentiated embryonic tissue, 

called the epiblast, differentiates into three germ layers: endoderm, mesoderm, and 

ectoderm. In mouse, the entire process takes about a single day starting about six days 

after fertilization69,107, while human gastrulation occurs throughout the third week of 

development108. This marks the first fate choice made by progenitor cells that 

determines where in the adult body their progeny will be located. For example, cells in 

the brain and skin are derived from the ectoderm, while the epithelial lining of many 

internal organs and the digestive tract arises from the endoderm. The epiblast is not the 

only tissue in the embryo prior to gastrulation; there are also extra-embryonic tissues, 

which are also derived from the original fertilized egg cell but do not contribute any 

cells to the eventual adult body (with some minor exceptions109). These extra-embryonic 

tissues provide essential supportive roles for embryonic development, including during 

gastrulation. 

 Prior to gastrulation, the epiblast is organized as an epithelial monolayer of 

pluripotent cells connected by tight junctions. The mouse epiblast is shaped like a cup, 
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while the human epiblast is relatively flat. The cup-shape of the mouse epiblast is 

conserved among rodents but not other mammals like rabbits, which have flatter 

epiblasts akin to human110. In all cases, there is a second epithelial tissue underlying the 

epiblast, an extra-embryonic tissue called the visceral endoderm (or the hypoblast). In 

mouse, the epiblast and visceral endoderm form a two-layer cup structure, with another 

extra-embryonic tissue, the extra-embryonic ectoderm, forming a mirror opposite cup. 

Between the two cups is a single lumen of extracellular space called the pre-amniotic 

cavity. This tissue geometry shapes morphogen signaling gradients within the mouse 

embryo at the start of gastrulation, as discussed in Chapter 2. In human, the epiblast 

and hypoblast form a bilaminar disc that separates two different lumens, and the extra-

embryonic ectoderm equivalent tissue envelops both structures.  

 In mice, the extra-embryonic ectoderm secretes the TGF-β family morphogen 

BMP4 to induce signaling in the epiblast, which is essential for gastrulation to initiate111. 

This morphogen induces a cascade of morphogen signaling in the nearby epiblast, 

inducing the expression of Wnt proteins112. Wnt drives the expression of TGF-β family 

morphogen Nodal, which subsequently promotes own gene expression in a positive 

feedback loop via an autoregulatory enhancer113. Altogether, these three signals drive 

the differentiation of posterior epiblast cells into mesendoderm, the intermediate 

progenitor of the mesoderm and endoderm germ layers. Genetic deletion of essential 

components for any of these three signaling pathways destroys this patterning111,114–117. 

This signaling cascade and its role in initiating gastrulation is thought to be conserved 

in human embryos105,118, although direct molecular evidence and perturbations in vivo 

are lacking. 

 Around the same time as BMP signals are expressed, inhibitors of TGF-β and 

Wnt signaling are expressed and secreted from the anterior visceral endoderm119, 
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limiting mesendodermal differentiation to the posterior epiblast on the other side. This 

establishes an anterior-posterior axis in the epiblast that will be maintained throughout 

the development of the organism. In the mouse embryo, genetic deletion of two TGF-β 

inhibitors expressed in the anterior visceral endoderm is sufficient to disrupt anterior-

posterior axis formation and can result in the formation of multiple embryonic axes120. 

Interestingly, genetic mutations resulting in an overactivation of Wnt signaling can also 

produce multiple anterior-posterior axes in mice121–126, suggesting that Wnt morphogens 

organize the initiation of axis formation while TGF-β inhibitors restrict it from occurring 

more than once. 

 The patterning of the epiblast is accompanied by rapid morphogenetic changes. 

As posterior epiblast cells differentiate into mesendoderm, their changing gene 

expression induces a sequence of cellular events characterized primarily in mouse69. 

Wnt and Nodal morphogens drive the expression of mesendodermal genes including 

master regulator Brachyury115,120,127. Together with these signals, Brachyury further 

induces the expression of morphogen FGF8 to initiate the epithelial-mesenchymal-

transition (EMT) of differentiating cells128,129, where cells exit the epithelial layer and 

ingress beneath the tissue. A variety of events occur during this transition130. Nodal 

signaling in the posterior epiblast directs the expression of matrix metalloproteinases 

that create necessary perforations in the basement membrane beneath the epiblast131. 

Apical constriction of the surrounding epithelium driven by myosin activity extrude 

differentiating cells through these basal perforations132. Concurrently, FGF signaling 

drives the expression of transcription factor SNAI1, a repressor of E-cadherin 

transcription that directly binds E-box sequences in the E-cadherin promoter133,134. Loss 

of E-cadherin subsequently dissolves the adherens and tight junctions connecting 

mesendodermal cells to the epithelium, releasing them to ingress and migrate beneath 
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the epiblast where they form the mesoderm and endoderm germ layers. The remaining 

epiblast cells that do not exit the epithelium during gastrulation give rise to the 

ectoderm germ layer. 

 The ingression of mesendodermal cells underneath the epiblast creates an 

anatomical groove structure in the tissue called the primitive streak. In mouse, 

differentiating cells ingress only through the streak and not the surrounding tissue. 

Curiously, the primitive streak doesn’t spread radially but extends linearly down the 

middle of the epiblast. In this manner, the primitive streak establishes the midline of the 

embryo along its anterior-posterior axis, creating a bilateral symmetry. Even though 

mammalian embryos are shaped differently prior to gastrulation, the linear structure of 

the primitive streak is strongly evolutionarily conserved among amniotes, including 

mammals, birds, and some reptiles110. 

 It is not clear in any model organism how morphogen signals, which presumably 

spread radially from their source, organize the formation of a streak that is linear. In 

chick79,135 and rabbit136 embryos, cellular intercalations or processional movements 

produce the movement of posterior epiblast cells toward the midline and anterior110. It 

has been hypothesized that the Wnt-planar cell polarity pathway organizes these planar 

movements. However, this interpretation is still a matter of debate since the genetic 

knockdown of pathway components do not perturb the formation of the primitive 

streak, only its extension137. Live imaging studies of mouse embryos have found no 

evidence of large-scale cell migrations in the epiblast138, and cells that enter the 

primitive streak appear to be uncoordinated in their movements139,140. Paradoxically, 

when nodal knockout stem cells are injected into pre-gastrulation mouse embryos and 

incorporated in the epiblast, they contribute preferentially to anterior epiblast tissues141, 

suggesting some role for morphogen signaling in cellular movement toward the streak. 
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 Little is known about the how the primitive streak forms or extends in the 

human embryo. Existing in vitro human organoid models in which streak fates 

spontaneously arise fail to produce a structure resembling the primitive streak142–145. 

Authors of a recent review146 have argued that these results demonstrate that the 

primitive streak is dispensable for development in vitro. It is not clear to me what these 

authors mean by “development in vitro”, given the understanding that development is 

a process that results in an organism147. Nonetheless, I share their academic view that 

the demarcation of primitive streak formation as the definitive process establishing an 

individual human being, with the ethical and legal rights that entails148, is intellectually 

arbitrary and misguided. 

 How does the embryo ensure that only one primitive streak, and thus one 

anterior-posterior axis, is made? As introduced earlier, genetic perturbations in mice 

resulting in the misactivation of Wnt signaling121–126 or the loss of TGF-β inhibitors120 are 

the two classes of morphogen signaling pathway mutations known to cause axis 

duplication through the formation of multiple primitive streaks. This would suggest, at 

least qualitatively, that the formation of a single primitive streak is a matter of balance 

between these activators and inhibitors. Still, a quantitative understanding of how these 

two gradients negotiate the initiation of a streak is missing for mammalian model 

organisms, and only recently has the importance of such quantitative interactions 

become appreciated in non-mammalian model organisms.  

 In the chick embryo, the critical morphogens initiating primitive streak formation 

in the posterior side and repressing it in the anterior are TGF-β signals VG1/Nodal and 

BMP4, respectively149. Misexpression of VG1 (or Activin) in other regions of the chick 

embryo is sufficient to induce an ectopic primitive streak150, while misexpression of 

BMP antagonizes streak formation21, providing a simple qualitative model of 
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competition between the two signals. However, misexpression experiments using 

combinations of VG1/Activin and BMP sources produce unexpected phenotypes for 

such a model. For example, while an individual VG1 source transplanted into the 

anterior epiblast induces an ectopic streak, a group of multiple VG1 sources in the same 

location does not induce an ectopic streak81. Most surprisingly, a weak source of 

Activin, insufficient to induce an ectopic streak alone, is sufficient to initiate streak 

formation if it is surrounded by sources of BMP, despite the fact that BMP signaling 

represses streak initiation in the chick embryo. This striking result indicates that chick 

epiblast cells effectively interpret the steepness of morphogen gradients rather than 

their absolute strength when deciding whether to begin forming a primitive streak. 

How the chick epiblast makes such an interpretation is an open question that merits 

further study, as is the nature of morphogen gradient interpretation in mammalian 

model organisms.  

 In Chapter 3, after describing our novel method to position hundreds of 

morphogen-soaked beads and human organoids on a single chip in vitro, I discuss how 

this approach can be used to interrogate the nature of morphogen gradient 

interpretation in human tissues, particularly in the context of mesendodermal 

differentiation, EMT, and primitive streak initiation. 
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Chapter 2. Mouse embryo geometry drives formation of robust signaling 

gradients through receptor localization. 

[A large part of this chapter is published in Nature Communications as Zhechun 

Zhang*, Steven Zwick*, Ethan Loew, Joshua S. Grimley, Sharad Ramanathan, “Mouse 

embryo geometry drives formation of robust signaling gradients through receptor 

localization.” Conceptualization, Z.Z. and S.R.; methodology, Z.Z., S.Z. and S.R.; 

investigation, Z.Z., S.Z., E.L. and S.R.; writing—original draft, Z.Z., S.Z. and S.R.; 

writing—reviewing and editing, Z.Z., S.Z., and S.R.; funding acquisition, S.R., 

resources, Z.Z., S.Z., E.L., J.S.G. and S.R.; supervision, S.R.] 

 

Abstract 

Morphogen signals are essential for cell fate specification during embryogenesis. 

Some receptors that sense these morphogens are known to localize to only the apical or 

basolateral membrane of polarized cell lines in vitro. How such localization affects 

morphogen sensing and patterning in the developing embryo remains unknown. Here, 

we show that the formation of a robust BMP signaling gradient in the early mouse 

embryo depends on the restricted, basolateral localization of BMP receptors. The mis-

localization of receptors to the apical membrane results in ectopic BMP signaling in the 

mouse epiblast in vivo. With evidence from mathematical modeling, human embryonic 

stem cells in vitro, and mouse embryos in vivo, we find that the geometric 

compartmentalization of BMP receptors and ligands creates a signaling gradient that is 

buffered against fluctuations. Our results demonstrate the importance of receptor 

localization and embryo geometry in shaping morphogen signaling during 

embryogenesis. 
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2.1. Introduction 

Morphogens are long-range signaling molecules that move in extracellular space 

to induce concentration-dependent cellular responses in their target tissues1,2. Genetic 

perturbation of morphogens and their cognate receptors often leads to missing cell 

types and embryonic structures3–7. Many mechanisms have been proposed to explain 

how morphogens induce signaling gradients in target tissues and therefore direct the 

spatial organization of cell fates1,2,8–19. Surprisingly, several morphogen receptors have 

been found to localize to either the apical or basolateral membrane of epithelial 

tissues15,20–24. Such localization can dramatically affect how the target tissue senses 

morphogens15,20,23. How receptor localization modulates morphogen signaling in 

developing embryos is not known. 

The early mouse embryo (E6.0–E6.5) adopts an egg-cylinder geometry5,6,25 

(Figure 2.1a). It contains a lumen (the pre-amniotic cavity) encased by two epithelial 

tissues: the epiblast and extraembryonic ectoderm (ExE). The ExE secretes the 

morphogen BMP4, which is sensed by receptors in the epiblast5–7. The resulting BMP 

signaling is required for the differentiation of the epiblast into mesoderm3,4. Both the 

epiblast and ExE have stereotyped epithelial tissue geometries26, with their apical 

membranes surrounding the lumen and their basolateral membranes facing a narrow 

interstitial space (between these tissues and the underlying visceral endoderm [VE]). 

This lumen and interstitial space are separated by impermeable tight junctions present 

throughout the epithelia except at the border between the ExE and epiblast (Figure 

2.1a). Indeed, when small-molecule dye fluorescein was injected into the pre-amniotic 

cavity of an E6.5 mouse embryo, it did not penetrate the epiblast or ExE but diffused 

through a channel at the edge of the epiblast (Figure 2.2). Thus, the extracellular space  
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Figure 2.1: Receptor localization facilitates the formation of a robust signaling 
gradient in early mouse embryo. a, Illustration of pre-gastrulation mouse embryo, 
with the epiblast (white) and extraembryonic ectoderm (ExE, light gray) together 
enclosing the pre-amniotic cavity. Apical membranes of epiblast cells face the pre-
amniotic cavity whereas basolateral membranes face the interstitial space.  
b, Illustration of a simulation with basolateral receptors. ExE cells secrete BMP4 
ligands from their apical (green) or basolateral (blue) membranes, while epiblast cells 
have BMP receptors (red) on their basolateral membranes. Ligands cannot diffuse 
past tight junctions between cells (black). Simulated ligand trajectories show that 
ligands diffuse from epiblast edge (black arrow) through interstitial space to 
approach and bind basolateral receptors. HP and HI denote heights of pre-amniotic 
cavity and interstitial space, respectively. c, The time between BMP4 ligands entering 
interstitial space and being captured by receptors, TL, increases with the height of the 
interstitial space. 
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in the embryo through which BMP4 ligands diffuse is compartmentalized into a lumen 

and an interstitial space. 

Here, by combining mathematical modeling, quantitative imaging, 

embryological perturbation, and microfluidics, we demonstrate that restricted receptor 

localization in conjunction with the compartmentalized embryo geometry constrains 

the diffusion of and therefore response to BMP4 ligands. We show that the BMP 

signaling gradient arises from the edge of the epiblast even under conditions of uniform 

BMP4 stimulation. Further, the interplay between restricted receptor localization and 

the compartmentalized embryo geometry buffers BMP4 ligands in the pre-amniotic 

cavity through an entropic effect. This entropic buffering renders the formation of BMP 

signaling gradient robust to fluctuations in BMP4 level. Consistently, mis-localizing 

BMP receptors in the mouse embryo leads to ectopic BMP signaling. Thus, receptor 

localization and embryo geometry together play an essential role in regulating 

morphogen signaling during early development. 

Figure 2.1 (continued): d, Percentage of ligand-bound receptors as a function of their 
distance from epiblast edge, dedge, over time in simulations with apically secreted 
ligands (T = 7.5 min). e, Percentage of ligands in pre-amniotic cavity vs. interstitial 
space at steady state (90 min) in simulations with apically secreted ligands. f, 
Percentage of ligand-bound receptors as a function of dedge at steady state (90 min) 
shows signaling gradients at different BMP4 concentrations in simulations with 
apically secreted ligands (C = 0.16 ng/mL or ligand/receptor ratio of 0.1). Error bars 
denote SEM  
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Figure 2.2 (following page): An extracellular channel is present between the 
epiblast and the extraembryonic ectoderm. a, Illustration of pre-gastrulation mouse 
embryo, with the epiblast (white) and extraembryonic ectoderm (ExE, light gray) 
together enclosing the pre-amniotic cavity. Apical membranes of epiblast cells face 
the pre-amniotic cavity whereas basolateral membranes face the visceral endoderm 
(VE, gray). b, Phase, fluorescence, and color-combined images of an E6.5 mouse 
embryo after microinjection of fluorescein into pre-amniotic cavity. Epiblast is 
impermeable, but fluorescein diffuses through the gap at the edge of epiblast (border 
between epiblast and ExE, pink arrow). A and P denote anterior and posterior, 
respectively. These images are representative of three images from three embryos.  
c, Top: Four sagittal sections of an E6.5 embryo stained for DNA, epiblast marker 
OCT4, and tight junction marker ZO-1. Dotted boxes denote different areas of 
epiblast, in which ZO-1 intensity was quantified. Bottom: Average ZO-1 intensity at 
the edge (pink) and the rest of epiblast (gray). These images are representative of two 
sets of images from 2 embryos. Scale bar 20 μm. Error bars denote SEM 
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2.2. Results 

2.2.1. Receptor localization facilitates the formation of signaling gradient 

To understand how receptor localization impacts BMP signaling between the ExE and 

epiblast, we simulated the movement of individual BMP4 ligands in the early mouse 

embryo (E6.0–E6.5) from secretion to receptor binding, using Brownian 

dynamics27. Given the evidence of polarized ligand secretion by epithelial cells in 

vitro20,21 (Figure 2.3), we modeled different instances in which BMP4 ligands were 

secreted apically (into the pre-amniotic cavity) or basolaterally (into the interstitial 

space) by the ExE (Figure 2.1b). After secretion, ligands diffused through extracellular 

space in the embryo. Due to tight junctions in the simulation, ligands could move 

between the pre-amniotic cavity and the interstitial space only by diffusing through the 

channel between the ExE and epiblast. Some morphogen receptors are known to 

localize to only the apical or basolateral membranes of epithelial cells15,20,22,24,28,29; such 

localization could determine the compartment from which ligands are sensed by 

receptors in the epiblast. Therefore, we also performed simulations with BMP receptors 

localized exclusively on the apical membrane (facing the pre-amniotic cavity) or 

basolateral membrane (facing the interstitial space) of epiblast cells. Finally, our model 

assumed that once BMP4 ligands bound their receptors, signaling activity was induced 

and the ligands were cleared. 

Our simulations show that if the BMP receptors are basolaterally localized in the 

epiblast, the compartmentalized geometry of the embryo naturally results in the 

formation of a robust BMP signaling gradient. This occurs despite the absence of other 

regulatory mechanisms such as signaling inhibitors2,10–12,15. The basolateral localization 

of BMP receptors requires that ligands diffuse through the interstitial space between the  
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Figure 2.3: BMP4 localization in hESCs. a, Confocal images in lateral view of a 
hESC transfected with plasmid expressing GFP-BMP4 (red), immunostained for 
DNA (blue) and ZO-1 (white). b, Plots of GFP-BMP4 (left) and ZO-1 (right) intensity 
along the apicobasal axis show presence of GFP-BMP4 near apical membrane (n=6 
cells from 3 experiments). c, Apical, middle, and basal confocal stacks of a 
transfected hESC immunostained as in (a). Error bars denote SEM. Scale bar 10 μm 
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epiblast and VE to access them (Figure 2.1b). The height of this interstitial space, HI, 

regulates the time, TL, and hence the distance a ligand can diffuse before being captured 

by a receptor (Figure 2.1c). As a consequence, BMP4 ligands are more likely to bind 

receptors that are closer to the epithelial edge, giving rise to a BMP signaling gradient 

from the edge of the epiblast inward (Figure 2.1d). The signaling gradient forms 

regardless of whether BMP4 ligands are secreted from the apical or basolateral 

membrane of the ExE and arises even if ligands are imposed to be uniformly distributed 

in the pre-amniotic cavity (Figure 2.4a). 

The basolateral localization of BMP receptors, in conjunction with the 

asymmetric compartmentalization of the embryo, also makes formation of this BMP 

signaling gradient robust to fluctuations in the BMP4 source strength. Due to the large 

volume difference between the pre-amniotic cavity and interstitial space and the 

channel (between the ExE and epiblast) that connects them, the majority of BMP4 

ligands accumulate in the cavity on the apical side of the epiblast (Figure 2.1e, Figure 

2.4b). This is an entropic effect: the entropy of BMP4 ligands is maximized when the 

ligands are uniformly distributed between the pre-amniotic cavity and the interstitial 

space. In other words, the accumulation of BMP4 ligands in the cavity is driven by the 

same physical forces that allows ink to diffuse through water and ultimately reach a 

uniform distribution independent of where ink is dropped initially. Consistently, BMP4 

ligands accumulate in the pre-amniotic cavity, regardless of whether the ligands are 

secreted apically or basolaterally from the ExE in the simulation (Figure 2.1e, Figure 

2.4b). 

This accumulation results in an entropic buffering effect: the pre-amniotic cavity 

serves as a ligand reservoir that buffers the signaling gradient against fluctuations in 

the BMP source strength. Indeed, if the total ligand concentration is increased by  
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Figure 2.4 (following page): Formation of robust BMP signaling gradient is 
insensitive to BMP4 secretion mechanism. a, Percentage of ligand-bound receptors 
as function of distance from epiblast edge, dedge, over time in simulations where 
ligands are secreted apically (left), secreted basolaterally (middle), or presented 
uniformly in lumen (right). T=5 min. b, Percentage of unbound ligands in pre-
amniotic cavity (P) and interstitial space (I) at steady state (30 min) in simulations 
where ligands are secreted apically or basally from ExE. Here, C=0.32 ng/mL.  
c, Percentage of ligand-bound receptors as function of dedge at steady state in 
simulations where ligands are secreted apically (left), secreted basolaterally (middle), 
or presented uniformly in lumen (right). Rows correspond to simulations where 
receptors are localized basolaterally (top) or apically (center), or where tight 
junctions are absent (bottom). Error bars denote SEM 
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Figure 2.4 (continued): 
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Figure 2.5 (following page): BMP signaling gradient as a function of pre-amniotic 
cavity size. a, Variation of steady state (90 min) BMP signaling depth as a function of 
pre-amniotic cavity height (Hp) in simulations where ligands are secreted apically 
(left) or basolaterally (right) from ExE. Darkness of points and curves corresponds to 
increased ratio of secreted ligands to receptors. b, Percentage of ligand-bound 
receptors as a function of distance from epiblast edge, dedge, in simulations at steady 
state where ligands are secreted apically (left) or basolaterally (right). Rows 
correspond to different pre-amniotic cavity heights. Error bars denote SEM 
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tenfold in a simulation with basolateral receptors, the signaling gradient shifts inward 

by only a few cell widths (Figure 2.1f, Figure 2.4c). However, as the size of the pre-

amniotic cavity is reduced in the simulation, increases in ligand concentration shift the 

signaling gradient significantly further into the epiblast (Figure 2.5), demonstrating the 

buffering effect. Strikingly, if BMP receptors are apically localized in the epiblast or if 

tight junctions are absent, this tenfold increase is sufficient to saturate all receptors in 

the simulation and destroy the signaling gradient (Figure 2.4c). Thus, the entropic 

buffering of the BMP signaling gradient relies upon both the basolateral receptor 

localization and embryonic geometry in our simulation. Variations in other simulation 

parameters, such as the ligand diffusion coefficient D, the probability of binding 

between ligand and unbound receptors upon contact Pbinding, and the turnover rate of 

ligand–receptor pairs Tt, do not similarly disrupt the formation of this signaling 

gradient (Figures 2.6-2.8). Likewise, the signaling gradient forms regardless of whether 

the embryo is rotationally symmetric or if the channel between the ExE and the epiblast 

is present only at the posterior side in the simulation (Figure 2.9), even though in the 

latter case the gradient is more prominent at the posterior side. In summary, our 

simulations demonstrate that the formation of the signaling gradient is robust in that it 

can form under wide variety of condition; and further, while the scale of the gradient 

increase with source strength, this increase is limited by basolateral receptor localization 

and the asymmetric compartmentalization of the embryo. 

Assuming that the BMP receptors are basolaterally localized, our model provides 

three experimentally testable predictions. First, a BMP signaling gradient will form 

inward from the epiblast edge even if ligands are present at high concentration 

throughout the lumen (Figure 2.4a). Second, formation of this signaling gradient will be 

robust to fluctuations in BMP concentration (Figure 2.1f). Third, the mis-localization of  
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Figure 2.6 (following page): BMP signaling gradient as a function of simulation 
parameters. a, Percentage of ligand-bound receptors as a function of distance from 
epiblast edge, dedge, in simulations at steady state (90 min) with different BMP4 
diffusion coefficient, D. Here, D is varied from 10 (lightest) to 80 μm2/s (darkest).  
b, Percentage of ligand-bound receptors as a function of dedge in simulations at 
steady state with different turnover times of ligand-receptor pairs, Tt. Here, Tt is 
varied from 15 min (lightest) to 60 min (darkest). c, Percentage of ligand-bound 
receptors as a function of dedge in simulations at steady state with different 
probability of ligand binding to an unbound receptor upon contact (Pbinding). Here, 
Pbinding is varied from a diffusion-limited regime (dark) to a regime that is not 
diffusion-limited (light). d, BMP signaling depth as a function of D and Tt in 
simulations at steady state in which Pbinding=0.2. e, Same as (d) but for Pbinding=0.02.  
f, Same as (d) but for Pbinding =0.002. Here, ligand-receptor ratio is 0.5. Error bars 
denote SEM 



 56 

  

80

60

40

20

0

%
 o

f B
ou

nd
 R

ec
ep

to
rs

14121086420

80

60

40

20

0

%
 o

f B
ou

nd
 R

ec
ep

to
rs

14121086420

100

80

60

40

20

0

%
 o

f B
ou

nd
 R

ec
ep

to
rs

14121086420

80

70

60

50

40

30

20

10

D
 (

m
2 /s

)

6050403020
Tt (min)

80

70

60

50

40

30

20

10

D
 (

m
2 /s

)

6050403020
Tt (min)

80

70

60

50

40

30

20

10

D
 (

m
2 /s

)

6050403020
Tt (min)

d edge (cells)

d edge (cells)

d edge (cells)

a

b

c

d

e

f

D ( m2/s)
1080

Tt (min)
60 15

Pbinding

0.2 0.002

Edge depth (cells)
10 3

Pbinding = 0.2

Pbinding = 0.02

Pbinding = 0.002

Supplementary Figure 7

Figure 2.6 (continued): 
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Figure 2.7 (following page): BMP signaling gradient in equilibrium and non-
equilibrium simulations. a, Percentage of ligand-bound receptors as a function of 
distance from epiblast edge, dedge, in simulations at steady state (90 min). Ligand 
secretion and ligand-receptor turnover rates are coupled so that the total number of 
ligands remains constant. Darkness of points and curves corresponds to increased 
ratio of secreted ligands to receptors. b, Same as in (a) but for non- equilibrium 
simulation at T=90 min in which total ligand number steadily decreases. Here, no 
new ligands are secreted after an initial burst at T=0 min. c, Same as in (a) but for 
non-equilibrium simulation at T=90 min in which total ligand number steady 
increases. Here, ligand secretion and ligand-receptor turnover rates are uncoupled, 
and the secretion rate is significantly higher than the turnover rate. Error bars denote 
SEM 
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Figure 2.7 (continued): 
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Figure 2.8: BMP signaling gradient in simulation as a function of total ligand and 
receptor numbers. a, Percentage of ligand-bound receptors as a function of distance 
from epiblast edge, dedge, in simulations at steady state (90 min) with a ligand-
receptor ratio of 0.1, for different total numbers of ligands and receptors. b, Same as 
(a) but for a ligand-receptor ratio of 0.5. c, Same as (a) but for a ligand-receptor ratio 
of 2. Error bars denote SEM  
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Figure 2.9: BMP signaling gradient forms from epiblast edge in symmetric and 
asymmetric 3D simulations. a, Percentage of ligand-bound receptors as a function of 
distance from epiblast edge, dedge, at steady state (90 min) for radially symmetric 
three-dimensional (3D) simulations, in which channel between epiblast and ExE is 
present around the embryo. Here ligand/receptor ratio is 0.5. Darkness of curve 
corresponds to shorter distance of cells from posterior end of embryo (dposterior).  
b, Percentage of ligand-bound receptors as a function of dedge and the distance 
along the anteroposterior axis (y) for individual epiblast cells in symmetric 3D 
simulations at steady state. c, d, Same as in (a, b) but for asymmetric 3D simulations 
in which channel between epiblast and ExE is restricted to posterior end, as seen in 
fluorescein injection experiments (Figure 2.2b). Dashed lines mark where channel is 
open. Error bars denote SEM 



 61 

BMP receptors to the apical membrane should lead to ectopic BMP signaling in the 

epiblast (Figure 2.10), since apically localized receptors will be able to detect BMP4 

ligands that are buffered in the lumen (Figure 2.1e).  
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Figure 2.10: Effect of receptor overexpression and mis-localization on BMP 
signaling gradient in simulation. a, Number of ligand-bound receptors as a function 
of distance from epiblast edge, dedge, in simulations at steady state (90 min). In these 
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2.2.2. Basolateral localization of BMP receptors in hESCs and mouse epiblast 

We asked whether BMP receptors are indeed basolaterally localized in 

mammalian cells. We measured the localization of these receptors through surface 

immunostaining22,24 as well as by imaging GFP- and epitope-tagged receptors (see 

Methods). The BMP co-receptors BMPR1A (Figure 2.11a, b, g-j) and BMPR2 (Figure 

2.11k, l) are basolaterally localized in human embryonic stem cells (hESCs)15. We 

moreover found that the majority of TGF-β family receptors (including BMP receptors) 

in sequenced vertebrates contain a conserved LTA amino acid motif near their C-

terminus (Figure 2.12). This motif has been shown to be necessary and sufficient for the 

basolateral localization of TGFBR2 in MDCK cells, and the mutation of this motif to an 

LTG sequence leads to the receptor’s mis-localization to the apical membrane22. 

Consistently, we found that TGFBR2 and its co-receptor TGFBR1 are localized at the 

basolateral membrane of epithelial human hESCs (Figure 2.11c-f). Furthermore, the 

ACTIVIN/NODAL receptors ACVR1B and ACVR2B have also been found to be 

basolaterally localized in studies using human gastruloids15, consistent with the fact that 

these receptors have LTA motifs (Figure 2.12). Thus, an evolutionarily conserved LTA 

motif is present in all of these receptors that are exclusively localized along the 

basolateral membrane in hESCs.  

Figure 2.10 (continued): simulations, a single cell (black arrow) at 5 cell widths from 
the epiblast edge overexpresses tenfold more wild type receptors that localize 
basolaterally (black) or mutant receptors that are mis-localize apically and 
basolaterally (red). For consistency with other figures, number of ligand-bound 
receptors is rescaled so that “100” corresponds to the default number of receptors in 
epiblast cells. b, Same as (a) but receptors are overexpressed in a cell at 10 cell widths 
from epiblast edge. c, Same as (a) but receptors are overexpressed in a cell at 15 cell 
widths from epiblast edge. Error bars denote SEM 
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Figure 2.11: BMP and TGF-β receptors localize at basolateral membrane of hESCs 
in vitro. a, Left column: 3D confocal images of hESC colony stained for BMPR1A 
(red), tight junction marker ZO-1 (white), and DNA (blue), in lateral (top) and tilted 
view (bottom). Right column: Zoomed-in lateral images. Scale bar 10 μm. b, Plots of 
BMPR1A (left) and ZO-1 (right) staining intensity along apicobasal axis show 
BMPR1A localized beneath tight junctions (n = 38 cells from two experiments). c, Left 
column: 3D confocal image of hESC colony stained for DNA (blue), TGFBR1 (red), 
and ZO-1 (white) in lateral (top) and tilted view (bottom). Right column: Zoomed-in 
lateral section. 
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Figure 2.11 (continued): d, Plots of TGFBR1 (left) and ZO-1 levels (right) against 
apicobasal axis show that TGFBR1 is localized below tight junctions (n = 51 cells 
from two experiments). e, Confocal image of a hESC expressing TGFBR2-Clover 
(red), stained for ZO-1 (white). f, TGFBR2-Clover (left) and ZO-1 levels (right) 
against apicobasal axis (n = 4 cells from two experiments). g, h, Same as (e, f) but for 
BMPR1A-Clover (n = 2 cells from two experiments). i, j, Same as (e, f) but for 
BMPR1A-HA (n = 3 cells from two experiments). k, l, Same as (e, f) but for BMPR2-
Clover (n = 3 cells from two experiments). Yellow arrows in (e, g, i, k) denote 
intracellular receptors in secretory pathway. Gray and brown arrows indicate apical 
and basolateral membranes, respectively. Scale bar 10 μm. Error bars denote SEM 
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Figure 2.12 (following page): LTA motif in TGF-β superfamily receptors. Protein 
sequence alignment of TGF-β superfamily receptors shows conservation of LTA 
motif in nine receptors and a LSA motif with a conservative substitution of serine for 
threonine in two receptors  
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vertebrates contain a conserved LTA amino acid motif near their
C-terminus (Fig. 3). This motif has been shown to be necessary
and sufficient for the basolateral localization of TGFBR2 in
MDCK cells, and the mutation of this motif to an LTG sequence
leads to the receptor’s mis-localization to the apical membrane22.
Consistently, we found that TGFBR2 and its co-receptor TGFBR1
are localized at the basolateral membrane of epithelial human
hESCs (Fig. 2c–f). Furthermore, the ACTIVIN/NODAL receptors
ACVR1B and ACVR2B have also been found to be basolaterally
localized in studies using human gastruloids15, consistent with

the fact that these receptors have LTA motifs (Fig. 3). Thus, an
evolutionarily conserved LTA motif is present in all of these
receptors that are exclusively localized along the basolateral
membrane in hESCs.

We next explored whether BMP receptors are similarly
localized in the basolateral membrane of mouse epiblast cells
in vivo. To visualize receptors specifically on the cell membrane,
we developed a protocol for surface immunostaining the mouse
epiblast around the start of gastrulation (see Methods). After
collection of E6.5 mouse embryos, we surgically removed the ExE
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Fig. 3 LTA motif in TGF-β superfamily receptors. Protein sequence alignment of TGF-β superfamily receptors shows conservation of LTA motif in nine
receptors and a LSA motif with a conservative substitution of serine for threonine in two receptors
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Figure 2.12 (continued): 
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We next explored whether BMP receptors are similarly localized in the 

basolateral membrane of mouse epiblast cells in vivo. To visualize receptors specifically  

on the cell membrane, we developed a protocol for surface immunostaining the mouse 

epiblast around the start of gastrulation (see Methods). After collection of E6.5 mouse 

embryos, we surgically removed the ExE from each embryo and exposed the epiblast to 

BMPR1A antibodies. We subsequently fixed and permeabilized the embryos and 

immunostained them for tight junction protein ZO-1 and epiblast marker OCT4. Light-

sheet microscopy of the immunostained embryos shows that BMPR1A receptors in 

epiblast cells are localized on the basolateral membrane facing the underlying VE 

(Figure 2.13, Figure 2.14).    

 
Figure 2.13: BMP receptors localize at basolateral membrane of mouse epiblast in 
vivo. a, Illustration of pre-gastrulation mouse embryo, showing transverse and 
sagittal sections. b, Transverse section of an E6.25 mouse embryo stained for epiblast 
marker OCT4, BMPR1A, and ZO-1. c, Plots of BMPR1A (left) and ZO-1 (right) 
staining intensity along apicobasal axis for transverse section from b show BMPR1A 
localized beneath tight junctions. d, e, Same as in (b, c) but for a sagittal section of an 
E6.5 mouse embryo. These images are representative of two sets of images in two 
embryos/experiments. In mouse data, scale bar 20 μm. Error bars denote SEM  
 

from each embryo and exposed the epiblast to BMPR1A
antibodies. We subsequently fixed and permeabilized the embryos
and immunostained them for tight junction protein ZO-1 and
epiblast marker OCT4. Light-sheet microscopy of the immunos-
tained embryos shows that BMPR1A receptors in epiblast cells
are localized on the basolateral membrane facing the underlying
VE (Fig. 4, Supplementary Fig. 11).

A robust BMP signaling gradient forms from the epiblast edge.
We asked whether the predicted formation of a robust BMP
signaling gradient would occur in the epiblast. We first measured
the distribution of phosphorylated SMAD1/5 (pSMAD1/5, the
downstream effectors of the BMP signaling pathway) in epithelial
hESC colonies exposed to BMP4 ligands. These epithelial colonies
have impermeable tight junctions and a narrow, permeable
basement membrane matrix underneath mimicking an interstitial
space. The tissue geometry therefore is comparable to the geo-
metry of the epiblast in mammalian embryos25,30. Akin to the
simulation, we observed pSMAD1/5 gradients organized from the
edges of epithelial hESC colonies exposed to spatially uniform
concentrations of BMP4 (Fig. 5a, b, Supplementary Fig. 12a, b).
The formation of these BMP signaling gradients were robust to
changes in ligand concentration: colonies exposed to BMP4
concentrations across a 1000-fold range displayed stable
pSMAD1/5 gradients inward from colony edges, with the
depth of the gradient varying only between 2 and 10 cell widths
(Fig. 5c, d and Supplementary Fig. 12e). This limited change in
depth is consistent with our simulation results (Supplementary
Fig. 13). The formation of these robust gradients was dependent
on the segregation of apical and basolateral extracellular com-
partments by tight junctions. When tight junctions were dis-
turbed by a brief treatment of passaging reagent ReLeSR or
calcium chelator EGTA31 before BMP4 induction, signal response
occurred throughout hESC colonies (Supplementary Fig. 12c).

Further, if hESCs were exposed to uniform BMP4 shortly after
single-cell passaging, cells that had not yet formed tight junctions
with adjacent cells showed significantly higher pSMAD1/5
activity than those surrounded by tight junctions (Supplementary
Fig. 12d).

We observed similar BMP signaling gradients in early mouse
embryos as well. In harvested mouse embryos stained for
pSMAD1/5, we observed a gradient of pSMAD1/5 activity inward
from the proximal edges of the epiblast at the pre-streak (~E6.25)
through the early streak (~E6.75) stages of development (Fig. 5e, f,
Supplementary Fig. 6). To test whether this signaling gradient is
maintained even in uniformly high concentrations of BMP4, we
surgically removed the ExE from E6.5 mouse embryos, exposing
the remaining epiblast-VE cup. We then soaked the cup in media
containing 10 ng/mL BMP4 for 30min before fixing and
immunostaining for pSMAD1/5 (Fig. 5g). In these BMP-soaked
embryos, the pSMAD1/5 gradient reached only a few cell widths
further from the proximal epiblast edge as compared to wild-type
embryos (Fig. 5g, h). This restriction of BMP signaling was
maintained despite the fact that the BMP4 concentration was
sufficiently high to induce pSMAD1/5 activity uniformly through-
out the epiblast if its basolateral surface was exposed to ligands
(Supplementary Fig. 12f). In summary, our results in vitro and
in vivo show that gradients of BMP signaling activity robustly
form inward from the edges of epithelial tissues with basolateral
receptor localization.

Mis-localization of receptors leads to ectopic BMP signaling.
Having verified the first two predictions of the model, we next
tested whether the mis-localization of BMP receptors to the
apical membrane results in ectopic BMP signaling. To do so, we
designed a plasmid expressing epitope-tagged mutant copies of
both BMPR1A and BMPR2, in which their LTA motifs
were mutated into an LTG sequence (see Methods). Unlike the
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Figure 2.14: Additional evidence that BMP receptors localize at basolateral 
membrane of mouse epiblast in vivo. a, Transverse section of an E6.25 mouse 
embryo stained for OCT4 (blue), BMPR1A (red), and ZO-1 (white) shows receptors 
localized at basolateral membrane of epiblast. b, BMPR1A (left) and ZO-1 (right) 
levels along apicobasal axis. c, d, same as (a, b) but for a sagittal section of an E6.5 
mouse embryo. These images are representative of two sets of images from two 
embryos. Scale bar 20 μm. Error bars denote SEM  
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2.2.3. A robust BMP signaling gradient forms from the epiblast edge 

We asked whether the predicted formation of a robust BMP signaling gradient 

would occur in the epiblast. We first measured the distribution of phosphorylated 

SMAD1/5 (pSMAD1/5, the downstream effectors of the BMP signaling pathway) in 

epithelial hESC colonies exposed to BMP4 ligands. These epithelial colonies have 

impermeable tight junctions and a narrow, permeable basement membrane matrix 

underneath mimicking an interstitial space. The tissue geometry therefore is 

comparable to the geometry of the epiblast in mammalian embryos25,30. Akin to the 

simulation, we observed pSMAD1/5 gradients organized from the edges of epithelial 

hESC colonies exposed to spatially uniform concentrations of BMP4 (Figure 2.15a, b, 

Figure 2.16a, b). The formation of these BMP signaling gradients was robust to changes 

in ligand concentration: colonies exposed to BMP4 concentrations across a 1000-fold 

range displayed stable pSMAD1/5 gradients inward from colony edges, with the depth 

of the gradient varying only between 2 and 10 cell widths (Figure 2.15c, d, Figure 2.16e). 

This limited change in depth is consistent with our simulation results (Figure 2.17). The 

formation of these robust gradients was dependent on the segregation of apical and 

basolateral extracellular compartments by tight junctions. When tight junctions were 

disturbed by a brief treatment of passaging reagent ReLeSR or calcium chelator 

EGTA31 before BMP4 induction, signal response occurred throughout hESC colonies 

(Figure 2.16c). Further, if hESCs were exposed to uniform BMP4 shortly after single-cell 

passaging, cells that had not yet formed tight junctions with adjacent cells showed 

significantly higher pSMAD1/5 activity than those surrounded by tight junctions 

(Figure 2.16d).  
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wild-type receptors, these mutant receptors localized at both the
apical and basolateral membranes of hESCs transfected with
these plasmids (Fig. 6a, b, Supplementary Fig. 14a). The trans-
fected hESCs, in the absence of exogenous BMP4 ligands, did not
show any significant BMP signaling activity (Fig. 6c, Supple-
mentary Fig. 14b). After BMP4 exposure, however, cells
expressing the mis-localizing receptors had significantly higher
levels of nuclear pSMAD1/5 than their neighboring non-
transfected cells (Fig. 6b, c, Supplementary Fig. 14a). The
pSMAD1/5 levels of these transfected cells were comparable to
that of non-transfected cells at colony edges (Fig. 6c). In contrast,
overexpression of wild-type receptors did not lead to a com-
parable increase in pSMAD1/5 levels of transfected cells in vitro,
as predicted by our simulation (Supplementary Figs. 10 and15).
Thus, while basolaterally localized wild-type BMP receptors in
the interior of hESC colonies were insulated from apical ligands
by tight junctions, cells with mis-localized BMP receptors could
sense and respond to these ligands.

To test the effect of receptor mis-localization in vivo, we
developed a method to deliver our mutant BMP receptor plasmid
to anterior and distal regions of the epiblast that do not normally
show BMP signaling activity, while leaving the rest of the mouse
embryo unperturbed (see Methods, Supplementary Fig. 14c).
Consistent with our results in hESCs, mutant BMP receptors were
localized at both the apical and basolateral membranes of
transfected epiblast cells in vivo (Fig. 6d). This mis-localization

led to ectopic BMP signaling in cells in the anterior and distal
regions of the epiblast, where neighboring non-transfected cells
showed no signal response (Fig. 6d, e, Supplementary Fig. 14d).
pSMAD1/5 levels in electroporated cells resembled that of cells at
the epiblast edge (Fig. 6e). These data support our simulation
results, in which BMP4 ligands can be present throughout the
pre-amniotic cavity while basolateral BMP receptors in the
epiblast are insulated from these signals.

Distance from tissue edge governs patterning of epithelial
tissues. In summary, our results in silico, in vitro, and in vivo
demonstrate how basolateral receptor localization and embryo
geometry together, through an entropic buffering mechanism,
result in the formation of robust BMP signaling gradients at tissue
edges. Consistently, our mathematical model argues that an epi-
thelial cell’s distance from the tissue edge (dedge) predicts the cell’s
signaling response better than its distance from the source of the
signal (dsource, Fig. 7a, b). Here, the predictive power is quantified
by the proficiency (the mutual information shared between the
coordinate of a cell and its pSMAD1/5 levels, given as a per-
centage out of the total information entropy of pSMAD1/5
levels32). While studies in multiple model organisms have shown
that dsource is a critical determinant of patterning1,8,9,13,33, our
results argue that dedge could also be an important developmental
coordinate for the patterning of epithelial tissues.
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Figure 2.15: A robust BMP signaling gradient forms from the epiblast edge.  
a, hESC colony stained for DNA and pSMAD1/5 after 15 or 120 min BMP4 
induction. These images are representative of five sets of images from two 
experiments. b, pSMAD1/5 level of single hESCs as a function of their distance from 
the nearest colony edge, or dedge, after 15–120 min of BMP4 induction. c, hESC 
colony stained for DNA and pSMAD1/5 after 120 min exposure to 0.5–20 ng/mL 
BMP4. These images are representative of five sets of images from two experiments. 
d, pSMAD1/5 level of single hESCs as a function of dedge after 120 min exposure to 
0.5–20 ng/mL BMP4. Shaded error bars denote 95% confidence intervals (paired t-
test). In hESC data, scale bar 50 μm. e, E6.25–E6.75 mouse embryos stained for OCT4 
(white) and pSMAD1/5 (blue). Dotted yellow lines indicate epiblast boundary.  
f, pSMAD1/5 level of mouse epiblast cells as a function of their distance from the 
posterior proximal edge of the epiblast, or dedge, for E6.25 (two embryos per 
experiment) and E6.75 embryos (two embryos per experiment). g, Top: Illustration of 
BMP4 exposure experiment. ExE is surgically removed, and remaining epiblast-VE 
cup is soaked in media containing 10 ng/mL BMP4 for 30 min. Bottom: Intact E6.5 
mouse embryo and BMP4-soaked E6.5 mouse embryo, both stained for OCT4 and 
pSMAD1/5. Dotted yellow lines indicate epiblast boundary. h, pSMAD1/5 intensity 
of epiblast cells as a function of dedge for intact (three embryos per experiment) and 
BMP4-exposed E6.5 embryos (two embryos per experiment). In mouse data, error 
bars denote SEM and scale bar 20 μm  
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Figure 2.16: Dependence of BMP signaling gradient on epithelial integrity and 
embryo geometry. a, hESC colonies treated with 20 ng/mL BMP4 for 15-120 min and 
stained for DNA and pSMAD1/5. b, pSMAD1/5 levels of hESCs as a function of 
their distance from the nearest colony edge, dedge, after 15-120 min of BMP4 
treatment. c, hESCs stained for DNA and pSMAD1/5 after treatment with ReLeSR 
(top) or EGTA (bottom) (see Methods) followed by 20 min BMP4 induction at 5 
ng/mL. d, Top: hESCs exposed to 5 ng/mL BMP4 for 20 min and stained for ZO-1 
and pSMAD1/5 at 24 hours after single cell passage. Bottom: Average pSMAD1/5 
levels of hESCs surrounded by tight junctions (+) and hESCs not surrounded by tight 
junctions (-), as indicated by ZO-1 immunostain (20 cells of each condition, from 2 
experiments). e, BMP signaling depth (as indicated by pSMAD1/5 levels of hESCs) 
as a function of BMP4 concentration after 15- 240 min of treatment. In hESC data, 
error bars denote 95% confidence intervals and scale bar 50 μm. f, Top: Illustration of 
mouse epiblast after removal of ExE and VE (see Methods), soaking in media 
containing 10 ng/mL BMP4. Bottom: E6.25 mouse embryo stained for OCT4 and 



 72 

We observed similar BMP signaling gradients in early mouse embryos as well. In 

harvested mouse embryos stained for pSMAD1/5, we observed a gradient of 

pSMAD1/5 activity inward from the proximal edges of the epiblast at the pre-streak  

(~E6.25) through the early streak (~E6.75) stages of development (Figure 2.15e, f, Figure 

2.18). To test whether this signaling gradient is maintained even in uniformly high 

concentrations of BMP4, we surgically removed the ExE from E6.5 mouse embryos, 

exposing the remaining epiblast-VE cup. We then soaked the cup in media containing 

10 ng/mL BMP4 for 30 min before fixing and immunostaining for pSMAD1/5 (Figure 

2.15g). In these BMP-soaked embryos, the pSMAD1/5 gradient reached only a few cell 

Figure 2.16 (continued): pSMAD1/5 shows BMP4 concentration is sufficient to 
induce signaling activity in all epiblast cells if ExE and VE are removed. Top right: 
Average pSMAD1/5 level of epiblast cells as function of dedge in soaked embryos 
with ExE and VE removed. Here, dedge represents cell’s distance from proximal edge 
of epiblast (10 cells each condition, from 1 experiment). In mouse data, error bars 
denote SEM and scale bar 20 μm 
 
 
 

1

[BMP4] (ng/mL)

50.5 2 20

7

3

5

10

8

6

4

2Ed
ge

 D
ep

th
 (c

el
ls

)

1000

Number of Ligands

Simulation Experiment

2000 5000200 500

Supplementary Figure 13

 
Figure 2.17: BMP signaling depth in simulation and in hESCs. BMP signaling 
depth from epithelial edge as a function of BMP4 concentration in mouse embryo 
simulation (left) and in hESC colonies (right) after 90 min of exposure. The BMP 
signaling depth is defined by 50% of maximum BMP4 signaling. Simulation error 
bars denote SEM, hESC data error bars denote 95% confidence intervals 
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widths further from the proximal epiblast edge as compared to wild-type embryos 

(Figure 2.15g, h). This restriction of BMP signaling was maintained despite the fact that 

the BMP4 concentration was sufficiently high to induce pSMAD1/5 activity uniformly 
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Figure 2.18: Simulated BMP signaling gradient resembles BMP signaling gradient 
in mouse embryos. a, Percentage of ligand-bound receptors at steady state (90 min) 
as a function of distance from epiblast edge, dedge, in simulation with apically 
secreted ligands, as in Fig. 1f. Here ligand-receptor ratio is 1.0. b, pSMAD1/5 
intensity of epiblast cells as a function of dedge in E6.5 mouse embryo, as in Fig. 3h. 
Here, dedge represents distance of cell from posterior proximal edge of the epiblast. c, 
Same as (a) but for ligand-receptor ratio of 2.0. d, Same as (b) but for E6.75 mouse 
embryo, as in Fig. 3f. Error bars denote SEM 
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throughout the epiblast if its basolateral surface was exposed to ligands (Figure 2.16f). 

In summary, our results in vitro and in vivo show that gradients of BMP signaling 

activity robustly form inward from the edges of epithelial tissues with basolateral 

receptor localization. 

 

2.2.4. Mis-localization of receptors leads to ectopic BMP signaling 

Having verified the first two predictions of the model, we next tested whether 

the mis-localization of BMP receptors to the apical membrane results in ectopic BMP 

signaling. To do so, we designed a plasmid expressing epitope-tagged mutant copies of 

both BMPR1A and BMPR2, in which their LTA motifs were mutated into an LTG 

sequence (see Methods). Unlike the wild-type receptors, these mutant receptors 

localized at both the apical and basolateral membranes of hESCs transfected with these 

plasmids (Figure 2.19a, b, Figure 2.20a). The transfected hESCs, in the absence of 

exogenous BMP4 ligands, did not show any significant BMP signaling activity (Figure 

2.19c, Figure 2.20b). After BMP4 exposure, however, cells expressing the mis-localizing 

receptors had significantly higher levels of nuclear pSMAD1/5 than their neighboring 

non-transfected cells (Figure 2.19b, c, Figure 2.20a). The pSMAD1/5 levels of these 

transfected cells were comparable to that of non-transfected cells at colony edges 

(Figure 2.19c). In contrast, overexpression of wild-type receptors did not lead to a 

comparable increase in pSMAD1/5 levels of transfected cells in vitro, as predicted by 

our simulation (Figure 2.10, Figure 2.21). Thus, while basolaterally localized wild-type 

BMP receptors in the interior of hESC colonies were insulated from apical ligands by 

tight junctions, cells with mis-localized BMP receptors could sense and respond to these 

ligands.  
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To test how epithelial cell fate decisions are organized along
dsource and dedge, we developed microfluidic devices capable of
producing precise morphogen gradients (Fig. 7c, Supplementary
Fig. 16a–c). The environment within the device mimics that of a
morphogen gradient produced by a signal source at the left end of
the device. We exposed hESC colonies to a BMP4 gradient from
10 to 0 ng/mL for 30 min. Consistent with our previous results
(Fig. 5, Supplementary Figs. 12a, b and 17), signaling activity
depended strongly on dedge (Fig. 7c, d, Supplementary Fig. 16d).
In fact, a cell’s dedge had a significantly higher proficiency than
dsource in predicting its signaling response to the BMP gradient
(Fig. 7d, Supplementary Fig. 19a–f).

To determine how dsource and dedge correlate with cell fate
decision dynamics, we built a dual-color OCT4-RFP SOX2-YFP
hESC line, in which OCT4 and SOX2 are tagged with fluorescent
proteins at their endogenous loci (Supplementary Fig. 18). OCT4

and SOX2 are co-expressed in the pluripotent state (OCT4+ and
SOX2+) but are differentially regulated during mesodermal
differentiation (OCT4+ and SOX2−); this differential regulation
is essential for the cell’s germ layer fate choice34. We then
cultured epithelial colonies of this hESC line in the microfluidic
device, exposing them to gradients of BMP4 and NODAL-analog
ACTIVIN A (from 10 to 0 ng/mL, of each). We measured the
OCT4 and SOX2 levels of individual cells in these gradients as
well as their dsource and dedge for 18 h using time-lapse microscopy
(Fig. 7e, f, Supplementary Fig. 16e). At the end of the time-lapse,
we immunostained the cells in situ for mesodermal progenitor
marker BRACHYURY/T to determine their fate choice (Fig. 7e, f,
Supplementary Fig. 16f).

We found that cells with comparable dsource but different dedge
often adopted distinct cell fates (Fig. 7e, f, Supplementary
Fig. 16g). In many cases, cells near colony edges had higher
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Fig. 6 Mis-localization of receptors leads to ectopic BMP signaling. a Left: Illustration of a hESC colony containing a single cell with mis-localized LTG
mutant BMP receptors, exposed to BMP4 ligands. Right: Illustration of mouse embryo with two cells expressing mis-localized LTG mutant BMP receptors,
leading to ectopic pSMAD1/5 activity. A and P denote anterior and posterior, respectively. b Confocal image of hESC colony transfected with mutant
receptor plasmid (BMPR1AA514G-Clover-IRES-BMPR2A494G), immunostained for pSMAD1/5 after a 30min BMP4 induction. From top: DNA, ZO-1, Clover
(LTG mutant receptors), pSMAD1/5, and color-combined image. Scale bar 10 µm. c pSMAD1/5 intensities of hESCs after 30min BMP4 induction: cells at
edge of colony (Edge, n= 23 from two experiments); non-edge cells expressing mutant BMPR1AA514G and BMPR2A494G receptors (LTG, n= 73 from two
experiments); non-transfected neighbors of transfected cells (Neighbor, n= 166 from two experiments); cells expressing mutant receptors but without
BMP4 induction (LTG no induction, n= 96 from two experiments); and cells transfected with GFP plasmid (n= 51 from two experiments). Z-score denotes
number of standard deviations beyond background mean (of neighboring non-transfected cells), ****p < 0.0001 (paired t-test). d E6.25 mouse embryo
transfected with mutant receptor plasmid (BMPR1AA514G-Clover-IRES-BMPR2A494G), immunostained for ZO-1, Clover (LTG mutant receptors), and
pSMAD1/5. Images show localization of mutant receptors at both apical and basolateral membrane and pSMAD1/5 activity in a transfected cell.
Brown arrows indicate transfected cells. Scale bar 20 µm. e pSMAD1/5 intensity epiblast cells: cells at edge of epiblast (Edge, n= 42 from 13 embryos);
non-edge cells transfected with mutant receptor plasmid (LTG, n= 27 from 13 embryos); their neighboring non-transfected cells (Neighbor, n= 52 from
13 embryos); and cells transfected with a GFP plasmid (GFP, n= 20 from 3 embryos). Edge and LTG cells with z-score greater than 25 are not shown
(n= 26), ***p < 0.001 (paired t-test)
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Figure 2.19: Mis-localization of receptors leads to ectopic BMP signaling. a, Left: 
Illustration of a hESC colony containing a single cell with mis-localized LTG mutant 
BMP receptors, exposed to BMP4 ligands. Right: Illustration of mouse embryo with 
two cells expressing mis-localized LTG mutant BMP receptors, leading to ectopic 
pSMAD1/5 activity. A and P denote anterior and posterior, respectively. b, Confocal 
image of hESC colony transfected with mutant receptor plasmid (BMPR1AA514G-
Clover-IRES-BMPR2A494), immunostained for pSMAD1/5 after a 30 min BMP4 
induction. From top: DNA, ZO-1, Clover (LTG mutant receptors), pSMAD1/5, and 
color-combined image. Scale bar 10 μm. c, pSMAD1/5 intensities of hESCs after 30 
min BMP4 induction: cells at edge of colony (Edge, n = 23 from two experiments); 
non-edge cells expressing mutant BMPR1AA514G and BMPR2A494G receptors (LTG, n = 
73 from two experiments); non-transfected neighbors of transfected cells (Neighbor, 
n = 166 from two experiments); cells expressing mutant receptors but without BMP4 
induction (LTG no induction, n = 96 from two experiments); and cells transfected 
with GFP plasmid (n = 51 from two experiments). Z-score denotes number of 
standard deviations beyond background mean (of neighboring non-transfected 
cells), ****p < 0.0001 (paired t-test). d, E6.25 mouse embryo transfected with mutant 
receptor plasmid (BMPR1AA514G-Clover-IRES-BMPR2A494G), immunostained for ZO-1, 
Clover (LTG mutant receptors), and pSMAD1/5. Images show localization of mutant 
receptors at both apical and basolateral membrane and pSMAD1/5 activity in a 
transfected cell. Brown arrows indicate transfected cells. Scale bar 20 μm 
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Figure 2.19 (continued): e, pSMAD1/5 intensity epiblast cells: cells at edge of epiblast 
(Edge, n = 42 from 13 embryos); non-edge cells transfected with mutant receptor 
plasmid (LTG, n = 27 from 13 embryos); their neighboring non-transfected cells 
(Neighbor, n = 52 from 13 embryos); and cells transfected with a GFP plasmid (GFP, 
n = 20 from 3 embryos). Edge and LTG cells with z-score greater than 25 are not 
shown (n = 26), ***p < 0.001 (paired t-test) 
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Figure 2.20 (following page): Receptor mis-localization results in ectopic BMP 
signaling in vitro and in vivo. a, Apical (top row), middle (middle row), and basal 
(bottom row) confocal image stacks of hESC colony transfected with mutant receptor 
plasmid (BMPR1AA514G-Clover-IRES- BMPR2A494G) and exposed to 10 ng/mL BMP4 
for 30 min. Two cells in center of colony expressed mis-localized BMP receptors. (Left 
to Right): DNA, Clover (LTG mutant receptors; red), pSMAD1/5 (blue), and color-
combined channels. These images show that receptor mis- localization leads to 
ectopic pSMAD1/5 activation in the center of hESC colonies. Scale bar 10 μm. These 
images are representative of 8 images from 2 experiments. b, Same as (a) but without 
BMP4 induction. These images show that the expression of mutant receptors in the 
absence of exogenous BMP4 ligands does not result in ectopic pSMAD1/5 activation. 
Scale bar 40 μm. These images are representative of 4 images from 2 experiments. c, 
Custom-made device for microinjection (left) and electroporation (right) of mouse 
embryos (see Methods). d, Left: Illustration of mouse embryo with a single cell 
expressing mis-localized LTG mutant BMP receptors, leading to ectopic pSMAD1/5 
activity. A and P denote anterior and posterior, respectively. Right: Two E6.5 mouse 
embryos transfected with mutant receptor plasmid and immunostained for OCT4, 
Clover (LTG mutant receptors, red), and pSMAD1/5 (blue). Insets show transfected 
cells at increased magnification and contrast. Cells expressing mutant receptors have 
ectopic pSMAD1/5 activity in both the anterior (top row) and distal (bottom row) 
epiblast. These images are representative of 13 images from 13 experiments. Scale bar 
20 μm  
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Figure 2.20 (continued): 
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To test the effect of receptor mis-localization in vivo, we developed a method to 

deliver our mutant BMP receptor plasmid to anterior and distal regions of the epiblast 

that do not normally show BMP signaling activity, while leaving the rest of the mouse 

embryo unperturbed (see Methods, Figure 2.20c). Consistent with our results in hESCs, 

mutant BMP receptors were localized at both the apical and basolateral membranes of 

transfected epiblast cells in vivo (Figure 2.19d). This mis-localization led to ectopic BMP 

signaling in cells in the anterior and distal regions of the epiblast, where neighboring 
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Figure 2.21: Effect of wild type receptor overexpression on BMP signaling. a, hESC 
colony transfected with wild type receptor plasmid (BMPR1A-Clover-IRES-BMPR2), 
exposed to 10 ng/ml BMP4 for 30 min, and stained for DNA and pSMAD1/5 (blue). 
Brown arrows indicate transfected cells expressing wild type receptors (WT, red).  
b, pSMAD1/5 intensities of hESCs after 30 min BMP4 induction: cells at colony edge 
(Edge, n=21 in 2 experiments); non- edge cells overexpressing wild type BMPR1A 
and BMPR2 receptors (WT, n=21 in 2 experiments); and non-transfected neighbors of 
transfected cells (Neighbor, n=86 in 2 experiments). Z-score denotes number of 
standard deviations beyond background mean (of neighboring non-transfected 
cells). Edge (n=6) and WT cells (n=1) with z-score greater than 25 are not shown. 
Scale bar 20 μm 
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non-transfected cells showed no signal response (Figure 2.19d, e, Figure 2.20d). 

pSMAD1/5 levels in electroporated cells resembled that of cells at the epiblast edge 

(Figure 2.19e). These data support our simulation results, in which BMP4 ligands can be 

present throughout the pre-amniotic cavity while basolateral BMP receptors in the 

epiblast are insulated from these signals. 

 

2.2.5. Distance from tissue edge governs patterning of epithelial tissues 

In summary, our results in silico, in vitro, and in vivo demonstrate how 

basolateral receptor localization and embryo geometry together, through an entropic 

buffering mechanism, result in the formation of robust BMP signaling gradients at 

tissue edges. Consistently, our mathematical model argues that an epithelial cell’s 

distance from the tissue edge (dedge) predicts the cell’s signaling response better than its 

distance from the source of the signal (dsource, Figure 2.22a, b). Here, the predictive power 

is quantified by the proficiency (the mutual information shared between the coordinate 

of a cell and its pSMAD1/5 levels, given as a percentage out of the total information 

entropy of pSMAD1/5 levels32). While studies in multiple model organisms have shown 

that dsource is a critical determinant of patterning1,8,9,13,33, our results argue that dedge could 

also be an important developmental coordinate for the patterning of epithelial tissues. 

To test how epithelial cell fate decisions are organized along dsource and dedge, we 

developed microfluidic devices capable of producing precise morphogen gradients 

(Figure 2.22c, Figure 2.23a-c). The environment within the device mimics that of a 

morphogen gradient produced by a signal source at the left end of the device. We 

exposed hESC colonies to a BMP4 gradient from 10 to 0 ng/mL for 30 min. Consistent 

with our previous results (Figure 2.15, Figure 2.16a, b, Figure 2.24), signaling activity  
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BRACHURY/T and lower SOX2 levels than cells in colony
interiors that had a smaller dsource throughout the time-lapse.
Furthermore, 95% of cells that expressed BRACHYURY/T at the
end of time-lapse were initially located near colony edges (dedge <
66.5 μm or approximately 5.1 cell widths, Fig. 7g), where signaling
is most active at the start of differentiation (Fig. 7c). After 48 h of
exposure to BMP4 and ACTIVIN A gradients, hESCs with high
BRACHYURY/T and low SOX2 levels continued to be located
predominantly at the colony edges, while cells in colony interiors
remained undifferentiated (Supplementary Fig. 16h, i). Like
pSMAD1/5, the dependence of BRACHYURY/T levels on dedge
also required epithelial integrity. If hESC colonies were treated

with ReLeSR during the first 8 h of differentiation, cells in colony
interiors also had high BRACHYURY/T levels (Supplementary
Fig. 16j).

These data argue that the organization of BMP signaling
inward from epithelia tissue edges has significant implications for
cell fate decisions. Indeed, we found that dsource and dedge each
carried independent information about cells’ fate choices in the
microfluidic device (Fig. 7h, Supplementary Fig. 19g–i). Further-
more, the dedge of hESCs had a significantly higher proficiency of
predicting their OCT4/SOX2 and BRACHYURY/T levels than
their dsource, demonstrating the importance of a cell’s distance
from epithelial edges as a developmental coordinate.
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Fig. 7 Distance from tissue edge and distance from signal source govern patterning of epithelial tissue. a Illustration of epithelial tissue within a morphogen
gradient emanating from a source to the left. The coordinates dedge and dsource denote a cell’s distance from the nearest tissue edge and from the signal
source, respectively. b Proficiency of dsource, dedge, or both coordinates to predict pSMAD1/5 level of epiblast cells in simulation (Fig. 1). c Epithelial hESC
colony exposed to BMP4 gradient in microfluidic device for 30min and stained for DNA and pSMAD1/5. BMP4 gradient ranges from 10 ng/mL (green) to
0 ng/mL (black). Coordinates dsource and dedge are depicted for a single cell as in a. These images are representative of five sets of images from two
experiments. d Proficiency of dsource, dedge, or both coordinates to predict pSMAD1/5 levels in hESCs exposed to microfluidic BMP4 gradient (n= 13,828
cells). e OCT4-RFP (red) SOX2-YFP (green) double reporter hESCs within microfluidic gradient after 0, 10, and 18 h of differentiation. DNA, white;
BRACHYURY/T, teal. Inset highlights differentiation at colony edges. Position of 12 sample cells labeled by circles. Bar above shows BMP4 and ACTIVIN A
gradient within microfluidic device, ranging from 10 ng/mL (green) to 0 ng/mL (black) of each. These images are representative of two sets of images
from two experiments. f dsource of 12 tracked cells from e throughout time-lapse, colored by OCT4/SOX2 ratios (red/green) and BRACHYURY/T level
(teal) at end of time-lapse. Pink circles mark cells with dedge less than 52 µm at 10 h of differentiation. g Distribution of dedge at start of differentiation, with
teal marking cells that were BRACHYURY/T+ after 18 h of differentiation. h Proficiencies of dsource, dedge, or both coordinates to predict OCT4/SOX2 ratios
and BRACHYURY/T levels (n= 1275 cells). Violin plots denote Gaussian kernel density estimates. Scale bar 100 µm
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Figure 2.22: Distance from tissue edge and distance from signal source govern 
patterning of epithelial tissue. a, Illustration of epithelial tissue within a morphogen 
gradient emanating from a source to the left. The coordinates dedge and dsource denote 
a cell’s distance from the nearest tissue edge and from the signal source, respectively. 
b, Proficiency of dsource, dedge, or both coordinates to predict pSMAD1/5 level of 
epiblast cells in simulation (Figure 2.1). c, Epithelial hESC colony exposed to BMP4 
gradient in microfluidic device for 30 min and stained for DNA and pSMAD1/5. 
BMP4 gradient ranges from 10 ng/mL (green) to 0 ng/mL (black). Coordinates dsource 
and dedge are depicted for a single cell as in (a). These images are representative of 
five sets of images from two experiments. d, Proficiency of dsource, dedge, or both 
coordinates to predict pSMAD1/5 levels in hESCs exposed to microfluidic BMP4 
gradient (n = 13,828 cells). e, OCT4-RFP (red) SOX2-YFP (green) double reporter 
hESCs within microfluidic gradient after 0, 10, and 18 h of differentiation. DNA, 
white; BRACHYURY/T, teal. Inset highlights differentiation at colony edges. 
Position of 12 sample cells labeled by circles. Bar above shows BMP4 and ACTIVIN 
A gradient within microfluidic device, ranging from 10 ng/mL (green) to 0 ng/mL 
(black) of each. These images are representative of two sets of images from two 
experiments. f, dsource of 12 tracked cells from (e) throughout time-lapse, colored by 
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Figure 2.22 (continued): OCT4/SOX2 ratios (red/green) and BRACHYURY/T level 
(teal) at end of time-lapse. Pink circles mark cells with dedge less than 52 μm at 10 h of 
differentiation. g, Distribution of dedge at start of differentiation, with teal marking 
cells that were BRACHYURY/T+ after 18 h of differentiation. h, Proficiencies of 
dsource, dedge, or both coordinates to predict OCT4/SOX2 ratios and BRACHYURY/T 
levels (n = 1275 cells). Violin plots denote Gaussian kernel density estimates. Scale 
bar 100 μm 
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Figure 2.23 (following page): Distance from tissue edge and distance from signal 
source govern signaling and patterning of epithelial tissue. a, Diagram of 
microfluidic device. (Inset) Visualization of fluorescein gradient at top and middle of 
cell chamber in microfluidic device. b, Visualization of microfluidic gradient after 0, 
8, and 15 hours of flow. c, Level of fluorescein gradient over 15 hours (left) and its 
maximum range of fluctuation (right) across cell chamber as function of distance 
from left side of the chamber (dsource). Fluctuation range is given as percentage of 
total gradient range. d, (Left) pSMAD1/5 levels of hESCs exposed to BMP4 gradient 
for 30 min as a function of dsource and dedge. (Right) pSMAD1/5 levels of edge and 
interior hESCs as a function of dsource. Edge cells are defined as cells within 2 cell 
widths of a colony edge, while interior cells are those further than 6 cell widths from 
the nearest colony edge. e, OCT4/SOX2 ratios of 12 tracked cells from Figure 2.22e 
over time-lapse experiment. f, BRACHYURY/T levels of 12 tracked cells from Figure 
2.22e at end of time-lapse experiment. g, OCT4/SOX2 ratios at 0, 10, and 18 hours 
and BRACHYURY/T levels at 18 hours during time-lapse differentiation of edge and 
interior hESCs as a function of dsource (n=1,275 cells). h, OCT4-RFP SOX2-YFP hESCs 
after 48 hours of differentiation in BMP4 and ACTIVIN A gradient (above) as in 
Figure 2.22e, stained for DNA and BRACHYURY/T. i, BRACHYURY/T levels of 
edge and interior hESCs after 48-hour gradient differentiation as a function of 
dsource. Here, edge cells are defined as cells within 126 μm of colony edge, while 
interior cells are those further than 283 μm from nearest colony edge. j, ReLeSR-
treated hESCs exposed to uniform BMP4 and ACTIVIN A (10 ng/mL of each) for 18 
hours and stained for DNA and BRACHYURY/T. hESCs were treated with ReLeSR 
for 1 min after 0, 4, and 8 hours of differentiation. The images are representative of 4 
images from 2 experiments. Error bars denote 95% confidence intervals and scale bar 
100 μm 
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Figure 2.23 (continued): 
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Figure 2.24: BMP signaling gradient in simulations based on hESC colony geometry 
in vitro. a, Number of apical ligands as a function of distance from nearest colony 
edge, dedge, in simulations of epithelial hESC colonies exposed to uniform 
concentration of BMP4 ligands in culture media. Colors of points and curves 
correspond to position along lateral axis of colony (dlateral) perpendicular to dedge axis. 
b, Percentage of ligand-bound receptors as a function of dedge, in simulations from (a). 
c, Percentage of ligand-bound receptors as a function of dedge in simulations from (a), 
where darkness of points and curves corresponds to higher ligand-receptor ratio. 
Here ligand-receptor ratio of 0.1 correspond to approximately BMP4 concentration of 
0.16 ng/ml. d-f, Same as (a-c) but for simulations of hESC colonies exposed to 
gradient of BMP4 ligands along dedge axis. Error bars denote SEM 
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depended strongly on dedge (Figure 2.22c, d, Figure 2.23d). In fact, a cell’s dedge had a 

significantly higher proficiency than dsource in predicting its signaling response to the 

BMP gradient (Figure 2.22d, Figure 2.25). 

To determine how dsource and dedge correlate with cell fate decision dynamics, we 

built a dual-color OCT4-RFP SOX2-YFP hESC line, in which OCT4 and SOX2 are tagged 

with fluorescent proteins at their endogenous loci (Figure 2.26). OCT4 and SOX2 are co-

expressed in the pluripotent state (OCT4+ and SOX2+) but are differentially regulated 

during mesodermal differentiation (OCT4+ and SOX2−); this differential regulation is 

essential for the cell’s germ layer fate choice34. We then cultured epithelial colonies of 

this hESC line in the microfluidic device, exposing them to gradients of BMP4 and 

NODAL-analog ACTIVIN A (from 10 to 0 ng/mL, of each). We measured the OCT4 and 

SOX2 levels of individual cells in these gradients as well as their dsource and dedge for 18 h 

using time-lapse microscopy (Figure 2.22e, f, Figure 2.23e). At the end of the time-lapse, 

we immunostained the cells in situ for mesodermal progenitor marker BRACHYURY/T 

to determine their fate choice (Figure 2.22e, f, Figure 2.23f). 

We found that cells with comparable dsource but different dedge often adopted 

distinct cell fates (Figure 2.22e, f, Figure 2.23g). In many cases, cells near colony edges 

had higher BRACHURY/T and lower SOX2 levels than cells in colony interiors that had 

a smaller dsource throughout the time-lapse. Furthermore, 95% of cells that expressed 

BRACHYURY/T at the end of time-lapse were initially located near colony edges 

(dedge < 66.5 μm or approximately 5.1 cell widths, Figure 2.22g), where signaling is most 

active at the start of differentiation (Figure 2.22c). After 48 h of exposure to BMP4 and 

ACTIVIN A gradients, hESCs with high BRACHYURY/T and low SOX2 levels 

continued to be located predominantly at the colony edges, while cells in colony 

interiors remained undifferentiated (Figure 2.23h, i). Like pSMAD1/5, the dependence 
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Supplementary Figure 19
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Figure 2.25: Proficiencies do not change significantly after resampling.  
a, Distribution of edge cells (dedge < 2 cell widths), middle cells (2 cell widths < dedge < 
6 cell widths), and interior cells (dedge > 6 cell widths) in BMP4 gradient hESC 
microfluidic experiment (Figure 2.22c, d). Dashed line indicates distribution after 
resampling a uniform number of edge, middle, and interior cells (n = 13,828 cells).  
b, Distribution of cells along dsource in BMP4 gradient hESC microfluidic experiment. 
Dashed line indicates distribution after resampling cells uniformly along dsource.  
c, From top to bottom, distribution of edge, middle, and interior cells along dsource in  
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Figure 2.25 (continued): BMP4 gradient hESC microfluidic experiment. Dashed lines 
indicate distribution after resampling cells uniformly along both dedge and dsource. d, 
As in Figure 2.22d, proficiency of dsource, dedge, or both coordinates to predict 
pSMAD1/5 levels, calculated after resampling uniformly from edge, middle, and 
interior cells. e, Same as in (d) but calculated after resampling cells uniformly along 
dsource. f, Same as in (d) but calculated after resampling cells uniformly along both 
dedge and dsource. g, h, i, Same as in (d-f) but for OCT4/SOX2 and T proficiencies in 
microfluidic time-lapse experiment from Figure 2.22e-h (n = 1,275 cells). Violin plots 
denote Gaussian kernel density estimates 
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Figure 2.26: Transgenic SOX2YFP/+ POU5F1RFP/+ H1 human embryonic stem cell 
reporter line. a, Targeting strategy to generate SOX2YFP/+ POU5F1RFP/+ reporter cell 
line. b, 5’ junction genotyping PCR of the resulting line. c, Southern blots of the 
resulting line. Restriction enzyme sites (A, AflII; S, SacI) are indicated. POU5F1 is 
also known as OCT4.  
 



 90 

of BRACHYURY/T levels on dedge also required epithelial integrity. If hESC colonies 

were treated with ReLeSR during the first 8 h of differentiation, cells in colony interiors 

also had high BRACHYURY/T levels (Figure 2.23j). 

These data argue that the organization of BMP signaling inward from epithelia 

tissue edges has significant implications for cell fate decisions. Indeed, we found 

that dsource and dedge each carried independent information about cells’ fate choices in the 

microfluidic device (Figure 2.22h, Figure 2.25g-i). Furthermore, the dedge of hESCs had a 

significantly higher proficiency of predicting their OCT4/SOX2 and BRACHYURY/T 

levels than their dsource, demonstrating the importance of a cell’s distance from epithelial 

edges as a developmental coordinate. 

 

2.3. Discussion 

Our results identify that the interplay between receptor localization and embryo 

geometry leads to the formation of a robust BMP signaling gradient. Specifically, the 

compartmentalized geometry of the early mammalian embryo requires BMP4 ligands to 

diffuse through a narrow interstitial space to approach basolateral receptors. This 

constraint limits the time and distance ligands can travel before being captured by 

receptors, which are spatially restricted. As a result, a signaling gradient naturally 

arises, even when ligands are present uniformly in the lumen on the apical side of the 

epiblast. Furthermore, through a geometry-related entropic effect, BMP4 ligands 

accumulate in the apical lumen. Consequently, this lumen serves as a reservoir that 

buffers the signaling gradient against fluctuations in BMP4 concentration. Due to this 

entropic buffering mechanism, the channel between the ExE and epiblast that connects 

the apical lumen and basal interstitial space acts like a stable BMP4 source for the 
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epiblast. Therefore, a robust BMP signaling gradient forms spontaneously due to the 

compartmentalized embryo geometry and basolateral receptor localization. While 

receptor localization has been shown to regulate morphogen signaling in cells in 

vitro15,21,23,28 and adult tissues20, this study demonstrates the effects of receptor 

localization on morphogen signaling in the developing embryo. 

Our current model neglects the possible effects of other regulators of BMP 

signaling, such as BMP activators and inhibitors. In particular, TGF-β family inhibitors 

LEFTY1 and CER1 are expressed in the anterior VE of the mouse embryo at E5.75 where 

they are required for proper patterning during gastrulation35. We anticipate that 

inclusion of such regulators to the model would restrict BMP signaling more to the 

posterior edge of the epiblast and could contribute further robustness to the BMP 

signaling gradient against fluctuations in ligand concentration5,6,10,12,14,15,36. Nevertheless, 

our results show that embryonic geometry and receptor localization are sufficient to 

produce robust gradients of BMP signaling and to explain how mis-localization of BMP 

receptors leads to ectopic signaling in anterior and distal epiblast cells (Figure 2.19). It 

would be particularly interesting to incorporate BMP regulators in future versions of 

the model given that they too can be constrained by the compartmentalization of the 

embryo15,37. 

This study leads to the question of how access to BMP4 ligands changes as the 

geometry of the embryo rapidly transforms during gastrulation. As a consequence of 

BMP signaling, epiblast cells undergo epithelial–mesenchymal transitions (EMT) and 

ingress within the primitive streak3–6. Our results suggest that the breaking of tight 

junctions during EMT may create additional channels between the pre-amniotic cavity 

and interstitial space, allowing BMP4 ligands to reach previously inaccessible receptors 

near sites of ingression. Therefore, our results indicate a possible feedback loop between 
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embryo geometry and signaling, in which the epithelial integrity of the epiblast restricts 

BMP signaling while BMP signaling promotes breakdown of the epithelium. How this 

geometric feedback, in conjunction with the mechanical forces present during EMT38–40, 

regulates the distal extension of the primitive streak and the patterning of the streak 

fates along the anterior–posterior axis is an important subject of future investigation. 

We expect that our mechanism of signaling gradient formation will be broadly 

applicable in many developmental contexts. Epithelial tissues naturally 

compartmentalize the extracellular space of developing embryos25,26,41, as found 

elsewhere in the migrating zebrafish lateral line primordium41 and the imaginal wing 

disc of flies42. In particular, while the shape of the epiblast differs among mammalian 

species, its role in compartmentalizing the pre-gastrulation embryo into an apical lumen 

and basolateral interstitial space is conserved6,25,30,43. The observation that TGF-β family 

receptors in species ranging from flies to mammals contain the LTA amino acid motif 

suggests that their basolateral localization may also be evolutionarily conserved. It has 

been shown in a concurrent study that mutation of the LTA motif results in apical mis-

localization of the TGF-β receptor in the polarized intestinal cells of C. elegans44, 

supporting this hypothesis. Moreover, the LTA motif of human TGF-β receptors 

overlaps with several germline missense mutations associated with Marfan-like 

syndromes44, indicating the potential importance of receptor mis-localization for 

developmental diseases. 

Our results demonstrate how the combination of compartmentalization and 

receptor localization restricts the sensing of morphogens in developing tissues, which 

can dramatically modulate signaling and downstream tissue patterning. Therefore, 

future studies should take these factors into account when considering how morphogen 

signals pattern the embryo during development. 
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2.4. Methods 

2.4.1 Simulation of BMP4 dynamics 

In 2D simulation, BMP4 ligands are secreted by six ExE cells and received by 20 

epiblast cells arranged linearly along the proximal–distal axis. The 3D simulation 

contains 20 such linearly arranged arrays of cells in parallel along the anterior–posterior 

axis. As a result, the 3D simulation contains 120 ExE cells and 400 epiblast cells. Periodic 

boundary condition was applied along the anterior–posterior axis. Each cell is 8 μm 

wide and 18 μm tall. The pre-amniotic cavity above the cells is 260 μm wide and 30 μm 

tall. The interstitial space is 260 μm wide and 2 μm tall. The lateral separation between 

cells is 2 μm. The simulation setup is therefore comparable to the geometry of the pre-

gastrulation mouse embryo (300 μm in length and 100 μm in width). The height of the 

interstitial space and lateral separation between cells were estimated from fluorescein 

injection experiments and images of embryos stained for BMPR1A. For 3D simulations 

of BMP signaling in hESC colonies, we removed ExE cells from the simulation and used 

the same parameters. 

Each epiblast cell has 100 receptors. In 2D simulation, by default 1000 ligands are 

initially secreted uniformly from the ExE at either the apical membrane or the basal 

membrane. Although the true number of ligands and receptors may likely be different 

in the mouse embryo, our simulation results hold for a wide range of scenarios, from 

the regime where ligands (4000) heavily outnumber receptors (2000) to the regime 

where receptors (2000) heavily outnumber ligands (200). 3D simulation, in comparison, 

contains 40,000 receptors and 4000–80,000 ligands. 

After secretion, BMP4 ligand diffusion is simulated as a random walk following 

Brownian dynamics. Ligand positions are updated after each time step h according to 
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the equation 𝑟⃗𝑖(𝑡+ℎ)=𝑟⃗𝑖(𝑡) + Γ⃗𝑖(𝑡), where 𝑟⃗𝑖(𝑡) is the position of ligand i at time t. Γ⃗ 𝑖(𝑡) 

is a random Brownian force acting on ligand i that satisfies constraints 

Γ⃗ 𝑖(𝑡)=0 and Γ⃗𝑖(𝑡)Γ⃗𝑗(𝑡′) = 𝑐𝐷ℎ𝛿𝑖𝑗𝛿𝑡𝑡	, where D is the diffusion coefficient and c = 4 for 2D 

simulations or c = 6 for 3D simulations27. We estimate D = 20 µm2/s by default based on 

diffusion measurements of BMP homolog Dpp in the larval wing disc of Drosophila 

melanogaster18. We use the “local” diffusion coefficient measured by fluorescence 

correlation spectroscopy rather than the “global” diffusion coefficient measured by 

FRAP since our simulation explicitly models ligand–receptor binding, which has been 

shown to slow ligand diffusion at larger length scales2,18. Each simulation integration 

step occurs after h = 3 ms. 

The diffusing ligands are not allowed to diffuse through tight junctions between 

cells, cell membranes, or the outer boundaries of the pre-amniotic cavity and interstitial 

space. Incoming ligands are instead reflected at these surfaces. Given that tight 

junctions are absent between the ExE and the epiblast, ligands in the pre-amniotic 

cavity are allowed to reach the interstitial space, and vice versa, through the gap at the 

edge of epiblast. 

If a ligand contacts an epiblast cell membrane that has any unbound receptors, 

the ligand binds the receptor with probability P = PbindingRunbound, where Pbinding is the 

probability a ligand binds a nearby unbound receptor and Runbound is the fraction of 

receptors on the membrane that are not bound by ligand. By default, Pbinding = 0.002. For 

both 2D and 3D simulations, each epiblast cell has 80 receptors on lateral membrane 

and 20 receptors on its basal membrane. 

After Tt = 45 min, a timescale related to the endocytosis and recycling of ligand-

bound receptors17,45,46, each receptor–ligand pair is replaced by an unbound receptor on 
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the same epiblast cell membrane and an unbound ligand secreted by the same ExE cell. 

This coupling between releasing of unbound receptor and unbound ligand was to 

maintain the total ligand concentration as a constant. As a control, we also performed 

simulations in which (a) no unbound ligand was secreted by ExE cell upon endocytosis 

of ligand–receptor pair and total ligand concentration is slowly decreasing over time (b) 

unbound ligands were constantly secreted by ExE cells and total ligand concentration is 

slowly increasing over time. 

For any given set of parameters, simulations were repeated 10 times. The 

simulation had no other parameters and was coded in C. The code was commented and 

available at 10.6084/m9.figshare.9684992. To run the code: (1) compile the C-code in 

terminal (on Mac OSX or cluster) by: g++-o test.exe comment2-loop-simulp3d7tov.cpp. 

(2) Run the exe by: ./test.exe. 

A particle diffusion simulation was utilized rather than a reaction-diffusion 

model to study the effects of (i) embryonic geometry (Figure 2.5), (ii) polarized ligand 

secretion (Figure 2.3), (iii) receptor mis-localization (Figure 2.10) on BMP signaling with 

an intuitively understandable approach. 

Although direct quantitative comparison between the model and experiment is 

not possible without precise knowledge of biochemical parameters, we expect our 

model to agree with experiment qualitatively in the following five criteria: (i) 

pSMAD1/5 as a function of time (Figure 2.1d, Figure 2.15b, f); (ii) pSMAD1/5 as a 

function of concentration (Figure 2.1f, Figure 2.15d, h, Figure 2.20), (iii) when tight 

junctions are broken (Figure 2.4c, Figure 2.16c,d), (iv) when receptors are mis-localized 

(Figure 2.19, Figure 2.4c, and Figure 2.10), (v) mutation information between 

pSMAD1/5 and distance from epithelial edge (Figure 2.22b, d). 
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2.4.2. Cell lines used in the study 

All hESC experiments were performed with WA01 (H1) cells or SOX2-YFP, 

OCT4-RFP double reporter cells (see below) in an H1 background. 

 

2.4.3. Cell culture and passage 

hESCs were maintained in the feeder-free cell culture medium mTeSR1 

(STEMCELL Technologies) with daily media changes. For passaging, cells were 

dissociated en bloc with ReLeSR (STEMCELL Technologies) following the 

manufacturer’s protocol, and detached ES cell clumps were broken into smaller pieces 

(10–20 cells) by tapping the plate or gently pipetting several times with a wide-bore 

P1000 micropipette (Corning). Cells were passaged at a 1:12 split ratio onto Matrigel-

coated (Corning) plates. Immediately following passage, cells were maintained in 

mTeSR1 supplemented with 10 µM ROCK inhibitor Y-27632 (STEMCELL Technologies) 

for 24 h before returning to culture in mTeSR1 alone. 

 

2.4.4. Surface immunostaining of hESCs 

Before surface receptor staining21, cells were rinsed once in 1× PBS (Lonza). Cells 

were incubated with primary antibodies diluted in mTeSR1 with 1% BSA and 5% 

normal donkey serum at 37 °C for 45 min. Afterward, cells were rinsed two times in PBS 

and subsequently fixed in 4% formaldehyde for 20 min at room temperature. Secondary 

stains were then performed (see 2.4.4. Intracellular immunostaining of hESCs). 

 

2.4.5. Intracellular immunostaining of hESCs 
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Cells were fixed for 20 min at room temperature in 4% formaldehyde and rinsed 

three times with PBS. Permeabilization and blocking were performed simultaneously 

by incubating cells in blocking buffer (PBS with 5% normal donkey serum and 0.3% 

Triton X-100) for 1 h at room temperature. Primary antibody incubation was performed 

overnight at 4 °C in antibody dilution buffer (PBS plus 1% BSA, and 0.3% Triton X-100). 

The next day, cells were washed with PBS three times and then incubated with DAPI 

and secondary antibodies in antibody dilution buffer (as above) for 1 h at room 

temperature. After secondary stain, cells were washed with PBS three times before 

imaging. 

 

2.4.6. Antibodies 

BMPR1A (1:20, sc20736; Santa Cruz); BRACHYURY/T (1:400, AF2085; R&D); 

Clover (1:600, EMU101; Kerafast); OCT4 (1:800, sc8628; Santa Cruz); pSMAD1/5 (1:800, 

13820s; Cell Signaling); TGFBR1 (1:20, sc9048; Santa Cruz); ZO-1 (1:100, 33-9100; 

Thermo Fisher); ZO-1-FITC (1:100, 33-9111; Thermo Fisher). 

 

2.4.7. Plasmid construction and transient expression of receptors 

Receptor genes (BMPR1A and BMPR2) were cloned into the plasmid pCAGIP-

TGFBR2-Clover (a gift from the Jeff Wrana lab at Lunenfeld Tanenbaum Research 

Institute) between restriction sites XhoI and AgeI. To visualize receptors using small 

epitope tags, Clover was replaced by an Myc or HA tag between restriction sites AgeI 

and NotI. To minimize side effects caused by plasmid expression of tagged protein, we 

excluded cells with excessive levels of expression, aggregates of fluorescent proteins, 

and membrane blebbing from downstream analysis. 
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2.4.8. Plasmid construction and receptor mis-localization 

To mis-localize receptors, LTA motifs in both BMPR1A and BMPR2 were 

mutated into LTG sequences22 in our plasmids by site-directed mutagenesis (NEB). The 

puromycin in the pCAGIP-BMPR1A-Clover plasmid was replaced by BMPR2-Myc 

between restriction sites BmgBI and SacI. To minimize side effects caused by plasmid 

expression of tagged protein, we excluded cells with excessive levels of expression, 

aggregates of fluorescent proteins, or membrane blebbing from downstream analysis. 

 

2.4.9. hESC transfection 

Transfection of hESCs was performed using jetPrime (Polyplus-transfection) or 

the Amaxa Nucleofector II (Lonza). For jetPrime transfection, hESCs were transfected 

within 2 days of passage following the manufacturer’s protocol. For nucleofection, 

hESC cell colonies were dissociated into single cells (see Single-cell passaging) and split 

into aliquots of 800,000 cells. Aliquots were spun for 3 min at 200 × g before 

resuspension in 82 µL human stem cell Nucleofector Solution 2 (Lonza) and 18 µL 

Supplement 1 (Lonza) with 1–5 µg of DNA. The cell suspension was added to a 

nucleofection cuvette, and transfection was carried out using nucleofection program 

B016. Immediately following transfection, 500 µL of mTeSR1 culture medium 

(STEMCELL Technologies) supplemented with 10 µM ROCK inhibitor (STEMCELL 

Technologies) was added to the cuvette, and cells were seeded into a 15 mm well 

(Corning) coated with Matrigel (Corning). 

 

2.4.10. Breaking tight junctions 
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hESC colonies were washed once with PBS and then treated with ReLeSR 

(STEMCELL Technologies) for 1–2 min at 37 °C. Alternatively, cells were washed once 

with PBS and then treated with 2 mM EGTA (SIGMA) for 20 min at 37 °C47. 

 

2.4.11. Single-cell passaging 

hESC colonies were dissociated into single cells by adding 1 mL of 0.05% 

Trypsin-EDTA (Life Technologies) or 1 mL Accutase (Innovative Cell Technologies) to 

cells in a 9.6 cm² well, incubating cells for 5–7 min at 37 °C, and quenching with 1 mL of 

ES-qualified FBS (Millipore). Cell clumps were broken up by gently flushing cells 5–10 

times with a P1000 micropipette. Afterward, cells were collected, centrifuged at 

200 × g for 3 min, and re-suspended in mTeSR1 supplemented with 10 µM ROCK 

inhibitor. In total, 200,000 to 1,200,000 cells were seeded into a 15 mm well coated with 

Matrigel. 

 

2.4.12. Epifluorescence imaging of hESCs 

hESCs were imaged on a Zeiss Axiovision inverted microscope with Zeiss ×10 

and ×20 plan apo objectives (NA 1.3) using the appropriate filter sets and an Orca-Flash 

4.0 camera (Hamamatsu). The 38 HE GFP/43 HE DsRed/46 HE YFP/47 HE CFP/49 

DAPI/50 Cy5 filter sets from Zeiss were used. 

 

2.4.13. Confocal imaging of hESCs 

Cells were imaged on a Zeiss LSM 700 confocal microscope with Zeiss ×40 and 

×63 oil objectives (NA 1.3) with the appropriate filter sets and a back-thinned 

Hamamatsu EMCCD camera. 
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2.4.14. Mouse embryo recovery 

Eight-week-old adult C57BL/6J female mice were naturally mated and sacrificed 

at 6 a.m. (E6.25), 12 p.m. (E6.5), or 6 p.m. (E6.75) on the sixth day post coitum. In each 

case, the uterus was recovered, and embryos were dissected from the deciduae48,49 in 

embryo culture buffer (see 2.4.16. Mouse embyro culture). 

 

2.4.15. Mouse embryo microinjection 

Embryos were transferred to a microinjection chamber immersed in PBS. These 

microinjection chambers were made with 0.4% agarose and had multiple channels for 

holding embryos (Figure 2.20c). They were specifically designed to minimize the 

movement and deformation of embryos during microinjection. Microinjection needles 

were made by pulling glass capillaries (Kwik-Fil, 1B100F-4, World precision 

instruments) in a micropipette puller (Model P-97, Sutter instrument) using a custom 

program (Heat 516, Pull 99, Vel 33, and Time 225). The needle was back-filled with 1.5–

2.0 μg/μL plasmid purified using an endotoxin-free maxiprep kit (NucleoBond Xtra 

Maxi Plus EF, 740426.10, Macherey-Nagel). To reduce jamming during microinjection, 

the plasmid solution was centrifuged at 5000 × g for 10 min, and the supernatant was 

loaded into the needle. The microinjection needle was inserted into the pre-amniotic 

cavity, and the plasmid solution was injected using air pressure (XenoWorks digital 

microinjector, Sutter instrument) so that the cavity expanded slightly. 

 

2.4.16. Mouse embryo electroporation 

Microinjected embryos were transferred to the electroporation chamber 

immersed in PBS (Figure 2.20c). Electrodes in the chamber were made of 0.127 mm 
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platinum wires (00263, Alfa Aesar). Embryos were placed at the center of the chamber, 

either parallel or perpendicular to platinum wires. Three electric pulses50 (30 V, 1 ms 

duration, 1 s apart) were delivered using a square wave electroporator (ECM 830, BTX). 

 

2.4.17. Mouse embryo culture 

Electroporated embryos were transferred to a 12-well cell culture dish containing 

embryo culture media at 37 °C and 5% CO2. This media contains 50% rat serum 

(AS3061; Valley Biomedical) and 50% Ham’s F12 (31765035; Thermo Fisher) 

supplemented with N-2 (17502048; Thermo Fisher)51. The media was equilibrated in the 

incubator for 1 h prior to embryo addition. E7.5 embryos cultured in this media 

developed heartbeats after 24–36 h. Electroporated embryos were cultured for 4 h before 

immunostaining. Only embryos without visible defects were subjected to downstream 

analysis. 

 

2.4.18. Surface immunostaining of embryos 

The EXE and underlying VE were removed from embryos using fine forceps 

(1125200; Dumont). The remaining epiblast and VE were incubated in primary 

antibodies diluted in embryo culture media with 1% BSA and 5% normal donkey serum 

for 45 min at 37 °C and 5% CO2. The embryos were subsequently washed three times 

with PBS before being fixed for 30 min at room temperature with 4% formaldehyde. 

Due to this fixation step, occasionally aggregates of unbound antibodies were retained 

inside the pre-amniotic cavity. These large aggregates, having no DAPI or OCT4 stain, 

were excluded from downstream analysis. 
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2.4.19. Intracellular immunostaining of embryos 

Embryos were fixed for 30 min at room temperature in 4% formaldehyde and 

rinsed three times with PBS. Permeabilization and blocking were performed 

simultaneously by incubating cells in 5% normal donkey serum, 1% BSA, and 0.3% 

Triton X-100 in PBS for 1 h at room temperature. Primary antibody incubation was 

performed overnight with 1% BSA, and 0.3% Triton X-100 in PBS at room temperature. 

In the morning following primary incubation, embryos were washed three times with 

PBS and then incubated with secondary antibodies in staining buffer (as above) for 1 h 

at room temperature. After secondary stain, embryos were washed three times with 

PBS before imaging. 

 

2.4.20. Light-sheet imaging of embryos 

Stained embryos were embedded into low-melting agarose (BP165-25; Thermo 

Fisher) containing 0.1 μm fluorescent beads (F8801; Thermo Fisher). The embedded 

embryos were then imaged in a Zeiss Light-sheet Z1 microscope under ×20 water 

objective from four angles. The resulting multi-view images were registered using 

ImageJ plugin multi-view reconstruction. 

 

2.4.21. Fabrication of microfluidic devices 

Microfluidic devices were fabricated in poly(dimethylsiloxane) PDMS using 

rapid prototyping and soft lithography following published procedures52. A photomask 

was designed to create microfluidic devices that generate linear concentration 

gradients. A 100-µm-thick “negative” master mold was fabricated from the photomask 

by patterning SU-8 3050 photoresist on an Si wafer through photolithography. 
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“Positive” replicas were generated by molding PDMS against the master. After devices 

were cured, three inlets and one outlet with 0.5 mm diameters were punched. The 

mold-side surfaces of devices were rendered hydrophilic by plasma oxidation through 

a 5 min plasma treatment in room air with a plasma cleaner (Harrick Plasma) at high RF 

power. Immediately after plasma treatment, devices were submerged in deionized 

water and autoclaved at 121 °C and 100 kPa for 20 min in liquid cycle to simultaneously 

sterilize the devices and remove toxic non-cross-linked monomers. Bubbles were 

removed from the autoclaved devices by vacuum desiccation for 30 min. Afterward, 

autoclaved Tygon tubing (Saint Gobain) was inserted into inlets and outlets, and the 

entire device was sterilized again with 30 min of UV light in a Class II Biological Safety 

Cabinet. For all experiments using the microfluidic devices, the amount of time the 

microfluidic devices spent not submerged in water or cell culture media after plasma 

treatment was minimized to maintain the hydrophilicity of the molded surface. 

 

2.4.22. Culture of hESCs in microfluidic devices 

hESCs to be cultured in microfluidic devices were passaged and maintained in 

dish culture as described earlier in Methods. At 1 h prior to application of microfluidic 

devices, cell culture media was changed to mTeSR supplemented with penicillin–

streptomycin solution (×100; Sigma Aldrich). Immediately prior to application of 

microfluidic devices, the tubing of microfluidic devices was filled with 

mTeSR + penicillin–streptomycin and clamped closed at ends. Devices were then 

directly attached to the hESC dish using an aluminum clamp custom-designed to fit the 

dish. Microfluidic devices were positioned with their molded surface over the hESCs 

and gently clamped downward onto the dish such that cells were located in the cell 
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chamber. Afterward, inlet tubing was connected to media reservoirs containing 

mTeSR + penicillin–streptomycin, and outlet tubing was connected to a 3 mL syringe 

loaded on a syringe pump (Harvard Apparatus). The syringe pump was set to 

withdraw fluid at a flow rate of 20 µL/min or less. The clamped dish was then placed 

back into an incubator or loaded onto a Zeiss Axiovision inverted microscope for time-

lapse imaging, followed by unclamping all attached tubing and starting the syringe 

pump. After an hour of flow through the microfluidic device to prime the gradient over 

the cells, the media in reservoirs was changed to the appropriate differentiation 

conditions either by adding chemicals directly or by progressive dilution. At the end of 

microfluidic experiments, 1 mg/mL fluorescein isothiocyanate-dextran (Sigma Aldrich) 

was added to inlet reservoirs to measure the gradient profile within the device. Once a 

stable gradient was detected and imaged, the microfluidic device was unclamped from 

the plate, and cells were fixed and immunostained in situ following standard 

procedures (see 2.4.4. Intracellular immunostaining of hESCs). 

 

2.4.23. Construction of dual-color hESCs 

TALEN genes targeting POU5F1 (AI-CN330 targeting TCTGGGCTCTCCCAT; 

AI-CN331 targeting TCCCCCATTCCTAGAAGG) were prepared using the REAL 

method53 to match reported target sites54. The TALEN genes targeting SOX2 (AI-CN298 

targeting TTAACGGCACACTGCCC; AI-CN299 targeting TCCAGTTCGCTGTCCGGC) 

were made by the Joung lab (Massachusetts General Hospital) using the FLASH 

method (PMID: 22484455). POU5F1 homology-directed repair (HDR) donors AI-CN623 

and AI-CN684 were used for constructing the POU5F1RFP/+ and SOX2YFP/+POU5F1RFP/+ 

lines, respectively. The SOX2 HDR donor was AI-CN600. 
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H1 cells at p38-39 were treated with 1 µM thiazovivin (StemRD) one day prior to 

electroporation (Neon; Invitrogen; resuspension buffer R; 100 µL electroporation tip; 

1050 V, 30 ms pulse width, 2 pulses; 1.5 or 2 × 106 cells) as single cells (StemPro 

Accutase, Life Technologies) with 1.5 or 3 µg of each TALEN plasmid and 6 or 12 µg of 

the HDR donor plasmid. The cells were treated with 2 µM thiazovivin for 24 h following 

electroporation. After recovery, cells were treated with 1 µg/mL puromycin (Life 

Technologies) for 3 days. Following 3 days of recovery, dual SOX2 and POU5F1-

targeted cells were treated with 75 µg/mL G418 sulfate (Life Technologies) for 3 days. 

Fluorescent colonies were validated by PCR (SOX2 5′ junction primers: 

CCTGATTCCAGTTTGCCTCTCTCTTTTTTTC, 

CTTATCGTCGTCATCCTTGTAATCAGATCTCC; POU5F1 5′ junction primers: 

ATGCTGTTACTCAGCAAGTCCAAAGCTTG, 

GCGTAGTCTGGGACGTCGTATGGGTAAG), had normal karyotypes (Cell Line 

Genetics), and Southern blots (Lofstrand) confirmed insertion of fluorescent protein 

transgenes at only the targeted loci in SOX2YFP/+POU5F1RFP/+ (AI01e-SOX2OCT4) 

and POU5F1RFP/+ (AI05e-OCT4RFP). Silencing of SOX2-YFP was occasionally observed 

in a small fraction of SOX2YFP/+POU5F1RFP/+ cells. This silenced population was regularly 

removed by fluorescence-activated cell sorting (FACS). 

 

2.4.24. Time-lapse microscopy 

For live-cell microscopy, a Zeiss Axiovision microscope was enclosed with an 

environmental chamber in which CO2 and temperature were regulated at 5% and 37 °C, 

respectively. Time-lapse images were acquired every 10 min for 18–48 h. Image 
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acquisition was controlled by Zen (Zeiss); all cell tracking was manually performed 

using the TrackMate package in ImageJ (NIH). 

 

2.4.25. Image analysis of hESCs 

Cell segmentation and fluorescence measurements were done using 

CellProfiler55. All other hESC image data analysis was performed using custom code 

written in Matlab (MathWorks). Distance from edge (dedge) was calculated as the raw 

distance of a cell from the colony edge normalized by the average cell diameter 

(13 µm). P values and confidence intervals were determined by paired t-test. 

 

2.4.26. Proficiency calculation 

Segmented cells from microfluidic experiments were binned according to 

their dsource, dedge, pSMAD1/5 level, OCT4/SOX2 ratio and/or BRACHYURY/T level 

into 6, 3, 2, 4, and 2 bins, respectively. The bins for dedge were dedge < 2, 2 < dedge < 6, 

and dedge > 6, where dedge is in units of cell widths. Bins for pSMAD1/5 and 

BRACHYURY/T levels were calculated by fitting the null distribution to a Gaussian 

distribution and binning cells as less than or greater than 10 standard deviations from 

the null distribution mean. Bins for dsource and OCT4/SOX2 ratios were determined as 

evenly distributed percentiles of the total data. Our results did not qualitatively vary 

with the number of bins or binning algorithm. For each binned variable X and each pair 

of binned variables X and Y, the discrete marginal probability distribution Px(x) and 

joint probability distribution P(X,Y)(x,y) were calculated from the corresponding bin 

frequencies. The mutual information between variables X and Y was calculated 

as 𝐼(𝑋;𝑌)=∑𝑦∑𝑥𝑃(𝑋,𝑌)(𝑥,𝑦)log(𝑃(𝑋,𝑌)(𝑥,𝑦)/𝑃𝑋(𝑥)𝑃𝑌(𝑦)), and the entropy of a variable Y was 
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calculated as 𝐻(𝑌)=−∑𝑦𝑃𝑌(𝑦)log 𝑃𝑌(𝑦). The proficiency32 for X to predict Y (also called 

the uncertainty coefficient or entropy coefficient) was then calculated 

as 𝑈(𝑌|𝑋)=𝐼(𝑋;𝑌)/𝐻(𝑌). The proficiency can be intuitively understood as the mutual 

information shared between variables X and Y normalized by the information entropy 

of Y, describing the fraction of bits of information about Y that can be predicted by 

knowing the value of X. Distributions for proficiencies were determined via 

bootstrapping by resampling cells 10,000 times with replacement. 

 

2.4.27. Compliance to ethical and other regulations 

We have complied with all relevant ethical regulations for animal testing and 

research. Our use of animal is approved by Harvard University IACUC (protocol #15-

01-229). Our use of human embryonic stem cells is approved by Harvard University IRB 

(protocol #IRB18-0665) and Harvard University ESCRO (protocol E00065). 

 

2.4.28. Code availability 

The C-code for simulating BMP4 dynamics in mouse embryo is available 

at https://doi.org/10.6084/m9.figshare.9684992. The Matlab code for image data 

analysis is available on FigShare: at https://doi.org/10.6084/m9.figshare.9805298 
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Chapter 3. High throughput control of morphogen gradients to direct 

patterning and morphogenesis of human organoids in vitro. 

[The work in this chapter is unpublished as of the submission of this dissertation and 

includes intellectual contributions from Steven Zwick, Tianlei He, Deniz Aksel, Sirja 

Stenitzer, Laurence Daheron, and Sharad Ramanathan. Conceptualization, S.Z. and S.R.; 

methodology, S.Z., T.H., and S.R.; investigation, S.Z., T.H., and S.R.; funding 

acquisition, S.R., resources, S.Z., T.H., D.A., S.S., L.D. and S.R.; supervision, S.R.] 

 

Abstract 

 Morphogens are long range signaling molecules that induce cellular responses in 

proportion to their concentration, directing the patterning and morphogenesis of the 

embryo. Surprisingly, only a handful of morphogen pathway families to date have been 

identified, suggesting this is a possible bottleneck in the process of embryogenesis that 

can be exploited to control tissue development. Nevertheless, even after considering 

this reduced dimensionality, there do not yet exist methods precise enough to control 

morphogen signaling in multiple pathways simultaneously, while rapid enough to 

explore this spatiotemporal and combinatorial parameter space at a depth sufficient to 

understand the complexities of development. Here, we introduce a novel method to 

control the precise presentation of multiple morphogens simultaneously using 

absorptive beads as morphogen sources. By fabricating chip with microwells to capture 

beads, we can rapidly position hundreds of human organoids and beads on a single 

chip in predefined locations to direct the signaling, patterning, and morphogenesis of 

organoids. We further discuss an iterative Bayesian framework that could be 
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implemented with this method to infer the morphogen conditions sufficient to elicit an 

organoid phenotype in a minimal number of experiments.  

 

3.1. Introduction 

 A fundamental goal of developmental biology is to explain how undifferentiated 

progenitor cells give rise to complete tissues and organs, each with distinct cell types 

arranged in complex physical architectures. These processes are directed by 

morphogens, signaling molecules that are secreted by cells and travel long ranges to 

pattern nearby tissues in a concentration-dependent manner1–4. Morphogens provide 

crucial positional information that cells need to determine their correct fate, and genetic 

perturbation of morphogen concentrations or signaling pathway components leads to 

serious defects in embryonic development. Interestingly, only about six families of 

morphogen signaling pathways have been shown in this way to be essential for nearly 

all of embryogenesis4, with few exceptions across a wide variety of model organisms 

(see Chapter 1.2). It is therefore not simply the identity of morphogens but their spatial, 

temporal, and combinatorial profiles that encodes the information by which cells 

determine their cell type and location within the developing embryo. What is this 

spatiotemporal, combinatorial ‘morphogen code,’ and how is it interpreted by tissues 

precisely and reliably for robust development? 

From an engineering perspective, the constrained number of morphogen 

signaling families represents a “bottleneck” in the process of development, which 

involves hundreds of cell types, thousands of genes, and a level of structural complexity 

that is difficult to parameterize. We hypothesize that this bottleneck can be exploited to 

control embryonic development through the precise spatiotemporal presentation of 
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morphogens to progenitor cells. This approach has already had success in 

embryological experiments: for example, it has been shown that an artificial pair of 

opposing gradients of morphogens BMP and NODAL is sufficient to induce the genetic 

programs that organize the complete zebrafish embryo in vivo and in vitro5. 

Nevertheless, the specific combination of morphogen gradients sufficient to organize 

development is not known for most embryonic tissues and organs. Further, even in 

well-studied systems where the essential morphogens have been identified, such as the 

gastrulation-stage chick embryo, a predictive understanding of how morphogen 

gradients are translated into morphogenesis is still missing, leading to counterintuitive 

experimental results6. 

Human organoids, three-dimensional tissues that self-organize from human 

stem cells in vitro and mimic the anatomy of human organs7–10, represent a new class of 

promising model systems in which fundamental questions about development and 

disease can be explored without the use of model organisms. Research in this field has 

advanced exponentially in the past decade, with the establishment of protocols to 

produce human organoids resembling the gastrointestinal tract11–14, the kidney15–17, and 

even the brain18–21. There is still a limited understanding of the morphogen gradients 

that organize these structures, as evidenced by the great amount of heterogeneity seen 

among organoids formed under the same protocol20–22. Moreover, it is challenging to 

control this morphogen signaling within organoids precisely and rapidly with existing 

methods; as a result, most organoid protocols are discovered through a slow search for 

the correct progenitor cells that, when aggregated, spontaneously form pattern and 

structure10. 

To understand how morphogen profiles are translated into organogenesis, and to 

leverage the power of organoid systems to reproduce human tissues in a dish, new 
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techniques are needed to control the presentation of morphogens to organoids in a 

rapid, quantitative, and combinatorial manner. Here, we introduce a novel method to 

control the patterning and morphogenesis of human organoids using a “morphogen-

beads-on-a-chip” approach. By trapping morphogen-soaked beads in microwells and 

micropatterning human embryonic stem cells (hESCs) through the humified 

microcontact printing23 of Matrigel, we can precisely localize hundreds of organoids 

and morphogen sources on a single chip. We demonstrate that this technique can used 

to control a gradient of BMP signaling and mesodermal gene expression across hESC 

organoids, further inducing cells to undergo epithelial-mesenchymal-transitions (EMT) 

akin to the primitive streak in vivo. We conclude by outlining an iterative strategy to 

infer the combinatorial morphogen code that initiates the developmental program 

responsible for a given organoid phenotype, and by discussing possible applications of 

this strategy to generate novel organoid types. 

 

3.2. Results 

To control the patterning and morphogenesis of human pluripotent stem cell 

(hPSC) organoids reliably and reproducibly, we sought to develop a method that 

achieved the following three criteria: (1) The method should enable precise spatial and 

temporal control over the presentation of a morphogen to the organoid. (2) The method 

should enable control of multiple morphogen profiles simultaneously and 

independently of one another. (3) The method be sufficiently high throughput to 

explore the parameter space of spatiotemporal, combinatorial morphogen profiles in a 

reasonable number of experiments. 

 



 117 

A classic experimental technique to deliver morphogens into embryonic tissues is 

through the use of absorptive hydrogel beads soaked in a solution of the morphogen6,24–

30. When beads are implanted into the target tissue, the morphogen will diffuse from the 

bead and produce a concentration gradient in the surrounding tissues28. This method, 

despite its simplicity, has yielded insightful results: for example, embryological 

experiments using beads provided the foundational evidence that the protein Activin 

can act as a morphogen in Xenopus embryos24,28. 

We investigated whether a similar approach could be used to control morphogen 

presentation to organoids in vitro. Given the slow speed of manually implanting beads 

directly into tissues as well as the small initial size of organoids, we instead sought to 

control the position of the beads in the surrounding environment of organoids. Beads 

soaked in recombinant human BMP4 protein induce a gradient of intracellular effector 

pSMAD1/5 in nearby but non-adjacent organoids (Figure 3.1a), demonstrating that 

morphogen proteins can passively diffuse from beads through media to induce 

signaling in nearby organoids in vitro. For these experiments, we used heparin agarose 

beads (Sigma), which have been used previously in embryological experiments26 to 

enhance protein recruitment31–34. It is therefore just a matter of positioning beads relative 

to organoids precisely. 

To localize beads in pre-determined locations, we designed PDMS chips with 

microwells to capture beads through gravity and basic fluid dynamics (Figure 3.1b).  

We found that circular microwells with diameter and depth both slightly larger than the 

diameter of a bead performed optimally in capturing a single bead and preventing its 

release even after multiple washes in PBS. Chip design is cheap, flexible, and 

parallelizable, with microwells able to be positioned in any configuration above the 

length scale of the wells themselves (150 µm).  
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Figure 3.1 (following page): Precise, high-throughput deposition of morphogen-
soaked beads and organoids on microfabricated PDMS chips. a, Phase contrast (top 
left) and immunofluorescence images of BMP-soaked bead inducing a pSMAD1/5 
(red) gradient in nearby but non-adjacent human embryonic stem cell (hESC) 
organoid, six hours after bead addition. Heparin-agarose beads were soaked 
overnight in a solution of 5 µg/mL BMP4 and Alexa Fluor 647-conjugated bovine 
serum albumin (BSA-647, blue) for visualization. Organoid and bead were loosely 
trapped using edge of a glass slide. b, Beads (arrow) trapped in PDMS microwells 
with diameter and depth 150 µm, after three washes in PBS. c, Microinjection of two 
beads (arrow) directly into a well, after three washes. d, Above: illustration of bar 
magnet/PDMS positioned beneath PDMS microwell chip before deposition of 
magnetic heparin agarose beads. Below: beads (arrows) trapped in wells above 
magnet (right) but not wells above PDMS (left), after three washes. e, Alexa Fluor 
647-conjugated BSA printed in squares onto PDMS using conventional micro-contact 
printing (“Dry Print”, left) and humidified printing (right) protocols. f, Localization 
of four spherical organoids in middle of “clock” arrangement of PDMS microwells, 
as aligned by eye. BSA-647 marks stamped Matrigel and bead. White arrow: bead 
trapped in seven o’clock well 24 hours after bead deposition. Beads were added four 
days after initial cell deposition. g, 12 x 12 array of microcontact printed Matrigel 
circles using humified printing. Inset: spherical organoids are attached where 
Matrigel is printed. In (a-f), scale bar 200 µm. In (g), scale bar 1 mm 
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Figure 3.1 (continued): 
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We deposited beads in microwells by three different approaches with varying 

degrees of precision and efficiency. First, beads can be directly pipetted into the solution 

above the chip to achieve random deposition for a fraction of microwells within a 

minute (Figure 3.1b). This fraction of wells with captured beads is easily controlled by 

adjusting the concentration of beads added. Nearly all uncaptured beads can be washed 

out of the media without dislodging trapped beads, ensuring the resulting morphogen 

profile arises predominantly from captured beads. Alternatively, we directly pipetted 

into microwells using a microinjection set up (Figure 3.1c). This injection setup can also 

be used to remove beads or to dislodge any undesired material (e.g. cell aggregates) 

trapped within wells.  

Spatial and temporal control of the system can be further enhanced using 

commercially available magnetic heparin agarose beads (BeaverBio). After placement of  

a magnet beneath the chip, beads localized to microwells within domain of the chip 

above the magnet (Fig. 1d) and were further stabilized from the chance of becoming 

dislodged from the microwell. Even more, placement of a magnet above the chip 

quickly removes beads from microwells without disturbing the substrate, allowing for a 

‘reset’ of the morphogen sources along the chip. In this manner, morphogen-soaked 

beads can be added and removed repeatedly to change the morphogen presentation to 

organoids continuously over time, limited only by the time-scale of passive diffusion to 

reestablish a concentration gradient after bead deposition. 

The last challenge to control morphogen presentation is to localize the receptive 

organoids in specific locations on the chip relative to the microwells. Cell 

micropatterning using PDMS stamps to deposit matrix proteins on glass slides has long 

been an effective method to position cells35,36. However, conventional microcontact 

printing techniques fail to transfer protein from PDMS stamps to PDMS surfaces 
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(Figure 3.1e), due to the low difference of free energies between the two hydrophobic 

surfaces23. Humified microcontact printing enables the transfer of proteins onto 

hydrophobic surfaces with significantly improved efficiency23, allowing us to transfer 

extracellular matrix proteins (Matrigel, Figure 3.1e) and seed cells (Fig 3.1f, g) 

consistently onto PDMS chips. Using this method, we can position hundreds of 

organoids on a single PDMS chip (Figure 3.1g). Organoids on these chips can later be 

fixed and stained in situ for visualization and subsequent analyses.  

An illustration of a typical experimental workflow is shown in Figure 3.2. 

Following this procedure, beads soaked in BMP4 protein were trapped in wells and 

produced a pSMAD1/5 gradient in nearby organoids oriented toward the beads, as 

measured by immunofluorescence (Figure 3.3). This strength of this pSMAD1/5 

gradient decays as a function of distance from the bead, and can be experimentally 

varied by changing the BMP4 concentration in which beads are soaked.  

To track the mesodermal differentiation of organoids in response to this BMP 

signaling gradient, we used a novel human embryonic stem cell line with mesodermal 

marker BRACHYURY fused to a small domain of fluorescent protein YFP and the 

corresponding large fluorescent protein domain inserted in the AAVS locus under a 

constitutive promoter (unpublished). Splitting the two fluorescent protein domains in 

this manner enables rapid fluorescent tagging of endogenous proteins during cell line 

construction, since the small domain can be much more easily inserted into the 

endogenous gene locus than the full-length fluorescent protein. Using the BRACYURY-

YFP hESC line with our bead-microwell chip, we found that BMP4-soaked beads induce  

mesendoderm differentiation of organoids on their bead-facing side, as marked by 

BRACHYURY expression and the observation of differentiating cells undergoing EMT 

(Figure 3.4a). 
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Figure 3.2: Experimental outline using morphogen-soaked beads to pattern 
organoids on PDMS microwell chip. (a) Outline of a sample experiment. A PDMS 
chip (blue) with microwells is fabricated using a pre-designed photomask. Matrigel 
(dark orange) is deposited in defined regions on the PDMS chip by humified 
microcontact printing using a stamp (light blue), and hESCs (gray) are passaged onto 
the chip using conventional cell culture methods. Later, hESCs are assembled into 
organoids and morphogen-soaked beads (red, green) are deposited into microwells  
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Figure 3.2 (continued): on the chip. These beads establish a morphogen gradient 
across the organoids, directing their patterning accordingly. (b) Diagram of two-
layer stamp for humified microcontact printing of Matrigel onto PDMS chip. The 
most positive features (dark orange) mark the regions of contact between stamp and 
chip where Matrigel is transferred. The most negative features (hash marks) define 
channels for water flow during microcontact printing. In brief, the stamp is aligned 
and allowed to contact the PDMS chip, and then water is flowed through channels, 
diffusing through the stamp to displace proteins chemically from the stamp surface 
onto the chip.  
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Figure 3.3 (following page): Beads enable the controlled formation of BMP 
signaling gradients across hESC organoids grown on PDMS chips. (a-c) Beads 
(arrows) soaked in 10 µg/mL BMP4 were trapped in wells by microinjection near 
organoids grown on PDMS chips. Organoids were fixed six hours after injection and 
stained for DAPI (grey) and pSMAD1/5 (red). Top left: phase-contrast image of 
organoid, top middle: phase-contrast image of bead in focal plane of microwells. 
BSA-647 (blue) marks where Matrigel is deposited by humified microcontact 
printing and beads. Scale bar 200 µm 
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Figure 3.3 (continued): 
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Figure 3.4: Beads organize asymmetric patterning and morphogenesis of 
organoids. (a) BMP4-soaked bead (blue arrows) induces mesendoderm 
differentiation of nearby organoids on bead-facing side between 24 and 48 hours 
after bead deposition, as marked by BRACHYURY expression and EMT (inset). (b) 
Deposition of both BMP-soaked beads and beads soaked in WNT inhibitor DKK1 
(red arrows) shapes mesendoderm differentiation of organoids. BMP4-beads, but not 
DKK1-beads, were soaked in BSA-647 to distinguish them. BRACHYURY expression  



 127 

 An additional level of control over the system can be obtained by fluorescently 

labeling beads to distinguish multiple bead types. Beads can be soaked in a solution 

containing fluorescently-conjugated bovine serum albumin (BSA) to easily visualize the 

transparent beads during microscopy (Figure 3.1a, f, Figure 3.3, Figure 3.4). 

Furthermore, we could use this fluorescent label to distinguish beads soaked in BMP4 

from beads soaked in DKK1, a protein inhibitor of WNT co-receptor LRP5/6 that 

represses WNT signaling and mesendoderm differentiation (Figure 3.4b). In this 

manner, we could direct the patterning of organoids along two morphogen axes 

simultaneously, easily extending the power of our methodology. Given the wide range 

of fluorescently-conjugated proteins that are commercially available (Thermofisher) as 

well as the possibility of fluorescently labeling beads with combinations of colors, it is 

trivial in practice to extend this method to distinguishing sixteen bead types 

simultaneously (i.e. the sum of every combination of four different fluorescent colors), 

likely exceeding the number of morphogens necessary to understand any 

developmental process in isolation.  

 

3.3. Discussion 

 To summarize, we have described a novel method we have developed to control 

systematically the presentation of multiple morphogens to organoids in vitro. 

Hundreds of organoids and bead wells can be allocated on a single chip, enabling the 

rapid collection of large amounts of data sharing similar systematic biases (e.g. media). 

Figure 3.4 (continued): and EMT (inset) roughly peaked on side of organoid facing 
BMP4 bead and away from DKK1 beads. Note: dividing cells have displaced the five 
o’clock DKK1 bead from the well, but the bead is still embedded in a layer of 
Matrigel, trapping it.  
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Given the simplicity of soaking beads in commercially available recombinant 

morphogens and unique fluorescent labels, there are a huge variety of experimental 

combinations that can be performed. The question remains: if several experiments, 

which one should we do first? 

 I will describe two possible approaches using this method to control the 

patterning and morphogenesis of human organoids in vitro. The first is to extend the 

method to existing organoid protocols and to make intelligent guesses about the 

morphogens that control diversity within them, given what is known about the 

developmental biology of comparable tissues in model organisms. Even the control of a 

single morphogen pathway across an organoid has the potential to uncover new 

biology. Consider, for example, the development of gut tube organoids over the past 

decade. Like many embryonic tissues, the gut tube arises from common progenitors 

that become increasingly specialized along the anterior-posterior axis of the embryo – 

this is essential for the formation of distinct tissues along this axis from the 

esophagus13,37 and the lungs38,39 to the stomach40, intestines41,42, and colon12. While many 

of the tissues arising along the gut tube have been modeled using organoid systems in 

the past decade, these organoids are often spherical and fail to reproduce the anterior-

posterior asymmetry that characterizes the gut tube in vivo. This is not simply an 

engineering exercise: it has been shown that by physically merging foregut and midgut 

organoids to create this anterior-posterior asymmetry, new cell and tissue types arise at 

the boundary between the tissues corresponding to the emergence of the liver, 

pancreas, and biliary ducts from the analogous region in the gut tube14. In this manner, 

asymmetric organoids have the potential to uncover molecular interactions between 

adjacent organs that are essential for development but impossible to study in humans. 

Moreover, the difference in protocols between the foregut and midgut organoids is 
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largely a difference in WNT agonists alone, with increased WNT signaling driving gut 

progenitors more toward midgut or hindgut fates.  

Could the effect of such asymmetric organoids be reproduced using morphogen 

beads to control a gradient of WNT signaling, for example using beads soaked in 

DKK1? It is not immediately apparent if this is true, but nonetheless the relative 

simplicity of this experiment using beads rather than slowly collecting and merging 

organoids one at a time illustrates the power of this approach to test simple hypotheses. 

Given what we know about the development of tissues in vivo, we should have more 

control over the morphogenesis of organoids than we have by waiting for them to self-

assemble. Can we direct the formation of optic vesicles from specific domains of brain 

organoids through the presentation of BMP signals19,43? Or can we stimulate the specific 

folding of intestinal crypts by mimicking the WNT signals secreted by Paneth cells that 

organize them44? We might not need to control five morphogen pathways 

simultaneously to make significant advancement in long-standing questions about 

organogenesis, given the difficulty of controlling morphogen signals spatiotemporally 

in organoids with existing methods. 

Suppose however we do not have the luxury of knowing which morphogen 

signals we should modulate. This is true in many cases – human brain organoids can 

grow for over a hundred days before displaying a phenotype of interest and have cell 

types and tissues that are not similarly present in commonly studied model organisms 

like mice19,21. Progress has been made in standardizing the initial conditions that 

generate these organoids as reproducibly as possible, but they largely still function as 

black boxes. Transcriptional and epigenetic profiling may reveal clues about the cell 

types and morphogen signals within them, but these high-dimensional data sets often 

hide significantly more red herrings45,46. How then are we to proceed? 
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Whether the eventual answer involves this method or another, my educated 

guess is that techniques harnessing the power of organoid systems to obtain large 

amounts of quantitative data and perform large numbers of perturbations 

systematically will ultimately be necessary before much significant progress will be 

made. The promise of organoid systems cannot be simply limited to the same class of 

low-throughput techniques used for in vivo systems – in the case of embryos, there is at 

least a ground truth, that this structure will give rise to a complete organism. The 

French biologist and philosopher Jean Rostand has been quoted to have said, “Theories 

pass. The frog remains.” The power of organoid systems then, in my opinion, must be 

rapid hypothesis generation. We must find new ways to harness the power of these 

systems to do more experiments than previously possible, to explore the parameter 

space of developmental components more fully, and to find the specific trajectories that 

life happened to take. 

Putting aside my fear of egotism momentarily, I would like to put forward a 

possible class of experiments that could be performed to interrogate this vast parameter 

space as intelligently and quickly as possible, to get to back to the few ground truths as 

quickly as possible with a pair of alternate hypotheses in tow. I summarize the 

approach in Figure 3.5, which does not involve any revolutionary ideas or techniques 

that have not been shown already in this dissertation. The power of the idea is solely 

that it is an iterative closed-loop strategy: every piece of data informs our next 

experiment, so that we might, with sweat and luck, converge upon something 

interesting or useful. In brief, by controlling the spatial and temporal allocation of beads 

on our microwell chip, we can rapidly present organoids with a variety of morphogen 

combinations and sequences and observe the resulting outcomes. Bead microwells 

could be position randomly at first with a uniform prior expectation on where they 



 131 

should be, or they could be intelligently placed to test specific hypotheses. Regardless, 

after some amount of time and some combination of morphogen gradients, we observe 

and score the resulting organoid phenotype however we choose to measure it. Perhaps 

it is by some distinct morphological structure that appears, or by the expression of a key 

factor that can be quickly detected. In either case, if we can reproduce the experiment 

across enough chips with enough organoids with minimal systematic errors between 

samples, we now have a framework for statistical modeling of developmental 

phenotypes, using the power of organoid systems to generate them quickly and 

cheaply.  

The data will be large and noisy, to be sure, but with enough signal perhaps we 

can begin to cut swaths in this morphogen parameter space and identify broad alternate 

models that explain our data6. The power of a statistical approach then is, without any 

inherent assumptions about the underlying mechanics of the system, the inverse 

models we develop suggest the best possible forward models to rule them out. In more 

technical language, through a Bayesian approach new data will produce new posterior 

distributions, given our possible prior assumptions. And those posteriors can be used to 

design the next set of experiments that best distinguish our possible priors. Perhaps the 

key experiment is to determine whether it is the activator or the inhibitor that is 

diffusing faster than the other, or perhaps it is a matter of whether this organoid 

measures the absolute value or the gradient of a particular morphogen when initiating 

some process. Perhaps the experiment is to determine whether the receptor for a 

morphogen is localized. The power of such an approach is that we do not need to 

decide for now, until we have collected the sufficient data to necessitate the eventual in 

vivo experiment, to demonstrate the hypothesis means something in a living, 

developing embryo.  
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Figure 3.5 (following page): Iterative strategy for rapid inference of morphogen 
conditions producing an organoid phenotype. (a) Through use of magnetic heparin 
agarose beads, morphogen gradients can be repeatedly administered to organoids 
and later removed using a magnet, enabling complex temporal control of morphogen 
presentation. Such temporal control will be necessary for more advanced organoid 
models that require specific sequences or combinations of morphogen signals to 
produce the required cell fates.  (b) Example of an iterative strategy to infer the 
morphogen conditions that optimize the probability of an organoid displaying a 
phenotype of interest. Differentiating hundreds of organoids with hundreds of beads 
on a single PDMS chip, across dozens of chips, quickly provides a large amount of 
data within the spatial, temporal, and combinatorial parameter space of morphogen 
signals. An iterative Bayesian strategy updating a prior expectation through repeated 
experiments would provide a possible framework to explore this large parameter in 
an unbiased manner and converge toward the optimal organoid conditions for a 
phenotype. While perhaps naïve and ambitious, this approach would identify new 
hypotheses faster than traditional approaches changing organoid reagents one at a 
time based on educated guesses informed by the stem cell and developmental 
biology literature. This approach could be strengthened further by application of that 
same biological knowledge to constrain the parameter space to be explored.  
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Figure 3.5 (continued): 
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 To conclude this dissertation, I admit that I am not sure whether this exact 

method will work. There are always pitfalls and limitations, and like any good graduate 

student I have seen too many of my ideas fail to rely too much on any one to succeed. 

Still, I feel a strange confidence in the fact that engineering approaches have something 

to offer the developmental biologist, today more than ever. The molecular and genetic 

revolution has brought with it huge amounts of data that, while important, have not 

always revealed their secrets. But the advent of organoids and in vitro studies of 

development feels like, in my eyes, a return to the time of classic embryologists when 

scientists had the freedom to “play around” in a system. Engineering gives us as 

scientists the power to move things around and see what happens with a youthful 

curiosity. In that sense, I’ve come over time to think of the original embryologists like 

Mangold and Spemann and Nieuwkoop as true engineers themselves. Their tools were 

simpler: the scalpel, the forceps, the hair loop. But they built amazing things with them; 

they learned how to build eyes, limbs, and brains, all from a little ball of frog cells. I do 

not know the exact tools we will find most useful in the future, and I do not know what 

questions we will be able to answer about the mysteries of development. But I do know 

that I am excited to get back into the lab and try and find out. 

 

3.4. Methods 

3.4.1. Design and fabrication of 2-layer stamp with water channels 

All microfluidic stamps used were generated by soft lithography using 

polydimethylsiloxane (PDMS). PDMS base was mixed with curing agent at a 10:1 ratio 

for all devices. This mix was desiccated in a vacuum desiccator for 30 minutes to 
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remove air bubbles, poured in a premade mode with silicon wafer and then cured in an 

oven at 80 °C for 2 hours.  

The 2-layer stamp was designed with three layers. The most negative layer 

defined vascularized channels 300 µm in width, while the most positive layer, located 

between the vascularized water channels, contained 150 µm diameter circles or 150 µm 

x 150 µm squares. To generate the silicon wafer made for the PDMS device, a 3’’ silicon 

wafer was coated with a 50 µm SU-8-3050 photoresist film by spin coating, which was 

subsequently baked until dry. The SU-8 layer was polymerized via photolithography by 

UV light exposure to polymerize the SU-8 layer through an initial photomask. After a 

post-exposure baking step, another layer of 50 µm SU8-3050 photoresist was coated 

onto the once-etched silicon wafer by spin coating. The wafer features were aligned 

with a second photomask using a microscope, then exposed to UV light again to 

polymerize another new layer of SU-8 onto the first polymerized layer. Propylene 

glycol methyl ether acetate (PGMEA) was used as a development agent to remove all 

unexposed SU-8 on both layers from the wafer altogether. The silicon wafer was then 

placed in a silane-only desiccator with 2 drops of silane on a glass slide and left in 

vacuum overnight. After the silicon master is fabricated and silanized, two-layer PDMS 

stamps were created by pouring PDMS into the mode, desiccating, curing, and gently 

peeling PDMS from the master.  

 

3.4.2. Preparation of substrate with clock arrangement of wells 

The “clock” chips for cell culture and bead deposition contained groups of 12 

circular features with 150 µm diameter arranged in clock structures. It was designed 

together with the 2-layer stamp so that circle/square positive features from the stamps 
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were aligned in the center of the clock structures on the substrate. This surface was 

designed as a single layer PDMS device, generated by a conventional photolithography 

technique. In brief, silicon wafers were coated in SU-8, baked, exposed to UV light with 

a photomask, post-exposure baked, developed in PGMEA, and silanized overnight 

before being used as a positive master to cast the PDMS device.  

To make the PDMS layer thinner on the chip, the wafer was placed in a plastic 

dish, submerged in mixed PDMS, and desiccated; glass slide was lightly placed onto the 

PDMS before the substrate is cured in an oven. The weight of the glass slide gently 

spread the PDMS layer underneath, creating a thinner layer of PDMS on the master 

from gravity alone. The thin PDMS layer was then peeled off the master and the glass 

slide for subsequent use.  

 

3.4.3. Preparation of substrate surface with walls 

To keep the chip flat in the well, the PDMS substrate was bonded to a plasma activated 

22 mm x 22 mm glass coverslip. Two walls were created around the chip by plasma 

bonding two 3 mm x 22 mm x 1 mm pieces of flat PDMS on the edge of the coverslip. 

These two edges create a small chamber when a coverslip is placed on them; this step 

was crucial to prevent drying of the hydrophobic PDMS chip after aspiration during 

media changes on the chip since the coverslip on top of the walls provides a hydrophilic 

surface. Any drying of the PDMS substrate during later cell culture instantly killed any 

stem cells adhered to the substrate. 

 

3.4.4. Humified microcontact printing 
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First, 100 µL of Matrigel (Corning) was prepared at 5x the concentration used for 

2D cell culture and kept at 4 °C , mixed with 5 µg/ml Alexa Fluor conjugated Bovine 

Serum (Thermofisher). The Matrigel solution was pipetted onto the surface of flat 

PDMS stamps. A plasma activated coverslip was placed on top of the Matrigel solution, 

and the stamp was left at room temperature overnight. Afterward, the stamp was 

washed in MilliQ water and left to air dry for 30 s. The plasma activated 2-layer stamp 

was gently pressed onto the flat stamps for 30 s for dry inking of Matrigel. The 

Matrigel-patterned 2-layer stamps were then quickly aligned with the clock well 

substrate and pressed down with a 20 g weight. Immediately afterward, the 

vascularized water channels were be filled with 3 mL MilliQ water prewarmed to 37 °C, 

and the chip was further incubated at 37 °C for 15 min. After incubation, the remaining 

water was aspirated and the 2-layer stamp and weight were carefully removed to 

prevent sliding between the stamp and substrate. For cell deposition, 3 mL of warm 

mTeSR(+) media (STEMCELL) supplemented with 1x penicillin-streptomycin (Pen-

Strep, Sigma-Aldritch) and 25 µL Rock Inhibitor (Stemgent) was added to cover and 

submerge the chip completely. H1 human embryonic stem cells were passaged onto the 

chip using Accutase (Innovative Stem Cell Technologies) following the methods 

described in Chapter 2.4. The media was switched to 3 mL mTeSR(+)  + 1x Pen-Strep 

one day after culturing and changed daily. 

 

3.4.5. Organoid folding 

After two days of cell culture on the substrate, a gentle wash with mTeSR(+) 

media + Pen-Strep was performed to wash away any unattached dead cells. During all 

media changes and washes, a coverslip was placed onto the substrate (resting on the 
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outside walls) to avoid any drying of the substrate surface. The dish was placed on ice 

for one minute. Organoid folding medium was prepared cold by mixing 2.5 mL 

mTeSR(+) media with 1x Pen-Strep and 75 µL/mL Matrigel (about 20x concentration 

used for 2D cell culture). Media was then added to the substrate well on ice, and 

coverslip was removed, and the dish was immediately moved back to the incubator. 

Monolayer organoids folded into spheres with a single lumen were observed 24-48 

hours after addition of the organoid folding medium. 

 

3.4.6. Preparation of beads coated with morphogen 

Heparin-agarose beads (Sigma) or magnetic heparin-agarose beads (BeaverBio) 

were washed three times with PBS. Between each wash, the beads were centrifuged in a 

microcentrifuge tube and the supernatant was aspirated. Beads were then transferred to 

a tube of PBS with 10 µg/mL BMP4 and 125 ng/mL fluorescent conjugated BSA and 

rotated at 4 °C overnight.  

 

3.4.7. Beads deposition 

Before beads were deposited into wells, beads were washed 3x in PBS (with brief 

centrifugation and supernatant aspiration between each wash). Afterward beads were 

resuspended into a small volume of PBS (20 uL beads in 200 µL PBS for six chips). 

Beads deposition is done by one of two different processes. For random bead 

deposition, 5 µL of the bead solution was added per well. The dish was shaken gently 

by hand for about 10 s to ensure an even distribution of beads, and then washed three 

times to removed untrapped beads. The first two washes were done with cold DPBS, 

and the third was done with E6 media pre-chilled to 4 °C. Finally, 2.5 mL of cold E6 
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with 1x Pen-Strep and 75 µL/mL Matrigel was added to each well and the plate was 

returned to the incubator to start differentiation.  

For manual bead injection, we pulled a glass capillary tube and polished the tip 

with sandpaper into a 100 µm diameter. With a pressure-induced injection machine, we 

precisely injected beads into specific wells near organoids under microscopy. As before, 

the chip was washed one time with E6 media prechilled to 4 °C, submerged in  2.5 mL 

E6 media with 1x Pen-Strep and 75 µL/mL Matrigel, and returned to the incubator to 

start differentiation.  

 

3.4.8. Remaining methods 

All remaining methods were performed as described in Chapter 2.4. 
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