


 
 

ABSTRACT 

Wnt/ß-catenin Signaling Dynamics in Human Cells 

by 

Joseph Kyle Massey 

 

Many biological processes are coordinated by intercellular signaling, and all 

intercellular signaling pathways have been implicated in multiple roles throughout 

an organism’s lifetime. While the core molecular components of each signaling 

pathway are known, little is known about the dynamics of signal transduction, or 

how these dynamics might vary in different biological contexts. The Wnt/β-catenin 

signal pathway is crucial to all stages of life. It controls early morphogenetic events 

in embryos, maintains stem cell niches in adults, and is dysregulated in many types 

of cancer. In this work, the dynamics of signaling are probed by monitoring nuclear 

accumulation of β-catenin, the primary transducer of canonical Wnt signals, using 

quantitative live cell imaging. It is shown that β-catenin signaling responds 

adaptively to constant Wnt signaling in pluripotent stem cells, and that these 

dynamics become sustained upon differentiation. Varying dynamics were also 

observed in the response to Wnt in commonly used mammalian cell lines. Signal 

attenuation in pluripotent cells is observed even at saturating doses, where ligand 

stability does not affect the dynamics. TGFβ superfamily ligands Activin and BMP, 

which coordinate with Wnt signaling to pattern the embryo, increase the β-catenin 

response in a manner independent of their ability to induce new Wnt ligand 

production.  Additionally, the effect of a variety of other variables on signaling 



 
 

dynamics, including rate and duration of Wnt addition, feedback through 

downstream Wnt and TGFß ligands, and cell density was examined. These results 

reveal how variables external to the pathway, including differentiation status and 

cross-talk with other pathways, dramatically alter Wnt/β-catenin dynamics.
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Chapter 1 

Introduction 

A human adult is 30 trillion specialized cells, organized. A developmental 

program, regulated in part by key intercellular signaling pathways, brings about the 

cell proliferation, specialization, and morphogenesis that allows a single cell to give 

rise to the adult. There are only a handful of signaling pathways, and as such, they 

are reused throughout development to control divergent processes in various 

contexts. 

While many of the components that make up each signaling pathway are 

known, less is known about the dynamics of signal transduction. Thus far, each 

pathway examined has shown complex dynamics which play an important role in 

affecting how a cell responds to signals (Atay and Skotheim, 2014; Heemskerk et 

al., 2019; Inoue et al., 2016; Ribes and Briscoe, 2009; Warmflash et al., 2012a). 

However, only a few cell lines are represented in each of these studies and it is 

not clear the extent which the dynamics observed are unique to the cell type 

observed or if they can be generally extrapolated across other biological contexts.  
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This work focuses on the dynamics of the Wnt/ß-catenin pathway. While 

Wnt/ß-catenin signaling is crucial in all stages of life, and is conserved in all 

metazoan clades (Holstein, 2012), little is known about the dynamics of signal 

transduction or whether it varies with context. In this work, the relationship between 

the pathway’s signal inducer, Wnt, and its transducer and primary effector, ß-

catenin, was determined across a variety of contexts. Wnt/ß-catenin dynamics 

were transient and adaptive in the pluripotent state but became sustained during 

differentiation. This switch was found to rely on the activity of other key signaling 

pathways: TGFß and BMP. Additionally, dynamics varied significantly across 

many commonly used cell lines. The results reveal how variables external to the 

pathway dramatically alter Wnt/ß-catenin dynamics, and strongly suggest 

dynamics should be studied in the context of interest, and not models chosen for 

experimental convenience. Finally, this work constitutes a significant technical 

resource for researchers studying Wnt signaling, as the effect of a variety of other 

variables on signaling dynamics, including rate and duration of Wnt addition, 

feedback through downstream Wnt and TGFß ligands, and cell density was 

examined, and the sensitivity of target-genes to the observed dynamics was 

explored. 

What follows is an introduction to early mammalian development with 

special attention given to gastrulation and the three primary signals that control it. 

Among the topics covered are the competing models that relate signaling to cell 

differentiation, how human gastrulation differs from the mouse, why testing certain 

signaling dynamics hypothesis is difficult in vivo, and how human embryonic stem 
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cells (hESCs) allow us to overcome many of these issues, as well as outstanding 

questions and limitations of previous work.  

1.1. Early Mammalian Development 

1.1.1. Overview 

Embryonic development begins with a single cell zygote (the fertilized egg).  

The zygote undergoes several cell divisions in a process called cleavage. 

Mammalian embryos are termed a blastocyst when these cells organize and 

differentiate into three tissues: trophectoderm (TE), primitive endoderm (PE), and 

the epiblast. The blastocyst implants into the uterine wall on the 7th day post-

fertilization in humans, and gastrulation begins on the 14th day. 

All the cells in the body trace from the epiblast lineage, while the PE and TE 

give rise to extra-embryonic lineages, such as the yolk sac and placenta, 

respectively (Arnold and Robertson, 2009; Tzouanacou et al., 2009). (Recent 

evidence in the mouse suggests that some PE cells become intermixed with 

epiblast lineages in the gut, challenging the strict notion that all cells in the body 

are of epiblast lineage (Kwon et al., 2008). However, it is not yet clear if the 

intermixed PE cells are functionally different from their epiblast derived 

counterparts, thus the notion that the epiblast can give rise to all cells in the body 

has not yet been challenged.) Because an epiblast cell has the potential to become 

any cell in the body, it is said to be pluripotent.   
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1.1.2. Gastrulation 

Gastrulation is a crucial process in metazoan development which occurs 

just after blastocyst formation. It transforms the epiblast from a sheet of pluripotent 

cells into an embryo with an emerging body plan (Arnold and Robertson, 2009; 

Solnica-Krezel and Sepich, 2011; Stower and Bertocchini, 2017; Williams and 

Solnica-Krezel, 2017). Therefore, gastrulation encompasses the morphogenetic 

movements that structure the early embryo; the differentiation of pluripotent cells 

into the three lineage-restricted germ layers; and the specification of the anterior-

posterior and dorsal-ventral axis.  

1.1.2.1. Gastrulation Overview 

In mammals, Gastrulation begins in the epiblast with the formation of a 

temporary structure termed the primitive streak (PS).  The PS forms in the posterior 

region of the embryo, where epiblast cells undergo an epithelial to mesenchymal 

transition (EMT) and migrate internally. As cells begin to migrate, the region of the 

streak extends anteriorly, recruiting more cells. The first cells that migrate through 

the PS will become mesoderm, while later cells will become endoderm. Non-

migrating cells will become ectoderm. Ultimately what began as a single layer of 

epiblast cells now has 3 layers of distinct lineage-restricted cell-types, the germ 

layers.  
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1.1.2.2. Signaling in Gastrulation 

The PS is induced by signaling interactions between embryonic and extra-

embryonic tissues, most notably, a paracrine signaling cascade of BMP, Nodal, 

and Wnt signals (Figure 1) (Arnold and Robertson, 2009; Ben-Haim et al., 2006; 

Brennan et al., 2001).  Embryos containing loss of function mutations in key 

ligands, receptors, or transducers in these pathways do not gastrulate (van 

Amerongen and Berns, 2006; Conlon et al., 1994; Liu et al., 1999; Mishina et al., 

1995; Winnier et al., 1995), whereas loss of expressed pathway inhibitors often 

results in an expansion of the PS domain and associated lineages (Arnold and 

Robertson, 2009; Mukhopadhyay et al., 2001; Perea-Gomez et al., 2002; Piccolo 

et al., 1999; Thomas and Beddington, 1996).  

PS formation requires a positive feedback loop involving BMP signals from 

the TE and Wnt and Nodal signals from the epiblast (Arnold and Robertson, 2009; 

Ben-Haim et al., 2006). Induction of PS begins when the TGFß superfamily ligand 

BMP4, secreted from the TE, binds its membrane bound receptors in the proximal 

epiblast cells, leading to phosphorylation of cytoplasmic Smad-family transcription 

factors (TFs) which trimerize and localize to the nucleus and activate target genes, 

including WNT3 (Figure 1)(Arnold and Robertson, 2009; Ben-Haim et al., 2006; 

Hill, 2016). WNT3 paracrine signaling in turn activates expression of the TGFß 

ligand Nodal whose transcriptional targets include BMP4 in the TE. In this way 

secreted BMP, Nodal, and Wnt ligands reinforce each other (Arnold and 

Robertson, 2009; Ben-Haim et al., 2006). To ensure PS formation is restricted to 

the posterior epiblast, inhibitors for all three pathways are expressed and secreted 
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at the opposite side of the embryo in the PE derived anterior visceral endoderm 

(AVE) (Arnold and Robertson, 2009; Mukhopadhyay et al., 2001; Perea-Gomez et 

al., 2002; Piccolo et al., 1999; Thomas and Beddington, 1996). Thus, it is 

commonly assumed that the epiblast is patterned by an extracellular activity 

gradient of Nodal and Wnt signaling (i.e., a morphogen gradient). 

Evidence for a Nodal and Wnt activity gradient in gastrulating embryos is 

indirect, largely consisting of either mRNA expression via whole-mount in situ 

hybridization or reporters for the promoter activity of pathway activators and 

inhibitors (Arnold and Robertson, 2009; Brennan et al., 2001; Papanayotou et al., 

2014), or from synthetic transcriptional reporters where pathway response 

elements drive expression of a fluorescent protein (Ferrer-Vaquer et al., 2010; 

Mummery et al., 2008; Shao et al., 2017). In each case, the Wnt and Nodal 

gradients must be inferred. To further complicate the morphogen gradient’s 

dynamics, Nodal and Wnt each induce their own inhibitors (González-Sancho et 

al., 2005; Katoh and Katoh, 2006),  and each of have been proposed to form an 

activator-inhibitor Turing system (Gierer and Meinhardt, 1972; Turing, 1952) during 

gastrulation and other contexts (Etoc et al., 2016; Ramanathan et al., 2012; Sick 

et al., 2006). (The Turing activator-inhibitor system is discussed in section 1.3) 
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Figure 1 Simplified diagram of the 3 primary signaling pathways that control 

gastrulation.  Extracellular paracrine signals are transduced to the nucleus by a primary 

signal transduction and transcription factor complex. Wnt, Nodal, and BMP signals are 

transduced by ß-catenin, Smad2-Smad4, and Smad1-Smad4, respectively. Transcriptional 

targets of these pathways include differentiation regulators, and also additional signaling 

ligands, some of which are shown. 

1.1.2.3. How human and murine development differ 

The mouse is an excellent model organism for a variety of reasons: 

compared to other mammals, it has a short time from fertilization to sexual maturity 

and reasonably straightforward genetics tools, and due to its widespread adoption,  

new experimental tools are constantly being developed (Hadjantonakis et al., 

2003; Piliszek et al., 2011). However, while many developmental processes are 

conserved in humans, there are many differences in developmental timing and 

morphology (Stower and Bertocchini, 2017). Some examples include: [1] Mouse 

gestation only takes 20 days to complete. [2] The mechanism whereby the epiblast 
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separates from the ICM and epithelializes is different, as is the resulting epiblast 

shape and its orientation to the extraembryonic tissue (Sheng, 2015). By 

extension, the shape of the potential morphogen gradients must be different 

(Sheng, 2015) [3] Mice embryos implant in the uterine walls as blastocysts, while 

portions of the human blastocyst are still emerging upon implantation (Shahbazi et 

al., 2016). [4] The amnion and extra embryonic mesoderm arise post PS formation 

in the mouse, but they are present in the human prior to the onset of gastrulation 

(Enders et al., 1986; Luckett, Patrick (Creighton university, 1975). [5] The onset of 

gastrulation occurs on the 6th dpf in mice, versus 14th day in humans ((Arnold and 

Robertson, 2009; Gilbert, 2014). [6] In humans X-chromosome inactivation occurs 

only once, while in mice it occurs twice due to an additional transient instance prior 

to blastocyst formation (Boroviak and Nichols, 2017; Okamoto et al., 2011). [7] In 

some cases, tissue-exclusive fate-marker proteins are not conserved from mouse 

to human, so new markers must be identified (Blakeley et al., 2015; Deglincerti et 

al., 2016a).  

1.2. Embryonic Stem Cells as Models of Development 

1.2.1. Advantages of Cell Culture 

Experiments using in vitro cell-culture complement in vivo models like the 

mouse in several key ways:  

First, virtually any aspect of the cell’s environment can be controlled, 

including cell-densities, the stiffness of the growth surface  (Przybyla et al., 2016), 
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the size and shape of cell colonies (Morgani et al., 2017; Warmflash et al., 2014), 

and the type and abundance of exogenous signals. The signaling environment can 

be modulated temporally and spatially. Temporal perturbations are relatively 

straight-forward as both the identity and quantity of media components can be 

changed in real time by simple media manipulations (Goentoro and Kirschner, 

2009; Sorre et al., 2014), while spatial control techniques include the use of ligand-

coated beads (Green et al., 1992), gels with molecular gradients (Keenan and 

Folch, 2008), and optogenetics (Mitchell et al., 2018; Wilson et al., 2017).  

Second, new cell-lines containing transgenes or targeted mutations can be 

generated relatively quickly, and new CRISPR/Cas technology enables 

endogenous gene editing that is more efficient, easily multiplexed, and cost-

effective than prior techniques (Cong et al., 2013; Jinek et al., 2013; Mali et al., 

2013). Potential gene edits include replacing a specific amino-acid, introducing a 

loss-of-function mutation, or tagging a protein with a fluorescent label (i.e., 

fluorescent knock-in).  

Third, in vitro cultured cells are highly amenable to microscopy.  Expression 

patterns of key proteins of interest can be visualized using immunofluorescent 

antibody staining, or by creating a fusion protein of the gene of interest with a 

fluorescent protein via CRISPR-mediated knock-in.  The latter can be imaged in a 

time-lapse movie, where its level and cellular localization can be tracked in 

individual cells responding to various stimuli. 
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Finally, comparisons between human cell cultures and cell cultures from 

model organisms allows for determining which aspects of development are 

conserved, versus those that are species-specific. This is especially important for 

early human development, since ethical concerns limit the research that can be 

done with human embryos.  Thus, human embryonic stem cells may be the only 

avenue to study certain aspects of human development for the foreseeable future.  

1.2.2. ESCs Are Pluripotent Cells 

Embryonic stem cells were derived from the ICM of an embryo, first from 

mouse (Martin, 1981), and later from human (Thomson, 1998). Once derived, 

given the appropriate conditions, these cells can proliferate in the pluripotent state 

virtually indefinitely. Like most cell-lines, they are amenable to long term storage 

as they can survive cryogenic freeze-thaw cycles. Most importantly, they are 

pluripotent – they possess the potential to differentiate to all somatic cell types. 

The discovery that differentiated somatic cells can be induced to return to 

the pluripotent state (Takahashi and Yamanaka, 2006) has brought about 

significant effort towards developing their clinical use in regenerative medicine, 

tissue engineering, drug screening, and disease modeling (Shi et al., 2017; 

Yamanaka, 2012). These cells are termed induced pluripotent stem cells (iPSCs). 

They are highly similar to ESCs in terms of morphology, transcriptomes, their 

ability to differentiate to the three germ layers, and their ability to form teratomas 

(Choi et al., 2015; Narsinh et al., 2011). While iPSCs are not a major focus of this 

work, they are effectively governed by the same mechanisms as ESCs.  
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1.2.3. Self-Organization in ESC Experimental Models 

ESCs possess two main traits which make them important for research. The 

first is as a source of cell types that could have clinical significance, such as in 

regenerative medicine or for drug screening.  The second is the focus of this 

section: their ability to organize themselves into morphologies and fate-patterns 

that mimic in vivo processes. 

ESCs, given appropriate conditions, will self-organize into structures 

reminiscent of what is seen in embryos. As in the embryo, these structures arise 

by activating programs that affect cell movement, differentiation and growth. 

Because this occurs in vitro, the contributions of both cell-intrinsic and extrinsic 

factors can be systematically dissected. Potential cell-intrinsic variables easily 

perturbed include the cells’ genotype, history, activation/inhibition status of 

signaling pathways, or the expression level of proteins. In contrast, potential 

extrinsic variables might be the makeup of the culture media (such as the type and 

amount of exogenous signaling molecules or inhibitors), the presence of 

extracellular-matrix proteins, or the stiffness of a growth surface. The potential of 

ESCs to self-organize has been hinted at by more than three decades of 

experiments, however, only relatively recently have protocols been developed that 

allow for its significant exploitation. 

The first indication that ESCs retained their ability to self-organize came 

from embryoid body (EBs) experiments. EBs are ESCs grown as aggregates, 

usually in suspension culture, which are allowed to differentiate, either 
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spontaneously via the withdrawal of pluripotency maintenance conditions 

(Doetschman et al., 1985), or by the addition of exogenous signaling ligand such 

as Wnt3a (ten Berge et al., 2008). EBs exhibit aspects of the embryo around the 

time of gastrulation, such as cavity formation and a polarized primitive-streak like 

region (Coucouvanis and Martin, 1995), though patterning is minimal, and there is 

significant variability between EBs.  

When ESCs are differentiated to neural progenitor cells (NPGs), 

disaggregated, and then re-seeded, a subset of cells will self-organize into 

structures called rosettes (Elkabetz et al., 2008), though they do not pattern cell-

fates. These rosettes exhibit features similar to the developing neural tube. Finally, 

they can form not only from ESC derivatives, but also from disaggregated neural 

plate cells from an E8.25 stage mouse embryo, suggesting rosette formation is not 

merely an artifact of in vitro differentiation to NPGs. 

Organoid culture is a more striking example of self-organization than EBs 

or neural rosettes, as here cells significantly reorganize their morphology often 

while differentiating into multiple cell types (Simunovic and Brivanlou, 2017; Turner 

et al., 2016).  For instance, Eiraku et al discovered conditions that promoted the 

apical-basal polarization and arrangement of four types of cortical neurons derived 

from ESCs (Eiraku et al., 2008). These cell-types are self-patterned from 

homogenous ESC aggregates, arise in the same order as they do in vivo, and their 

rostral-caudal regional identity can be modulated with additional exogenous 

factors. Since then, protocols for generating organoids with increasingly complex 

architecture have been developed. Some of these include:  optic-cup (Eiraku et 
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al., 2011), cerebral (Lancaster et al., 2013), kidney (Becroft et al., 2013), liver 

(Aoyama et al., 2013), neural tube (Meinhardt et al., 2014), lung (Dye et al., 2015), 

and cardiac (Huebsch et al., 2015). 

By far the most consistently reproducible example of self-organized 

patterning occurs when geometrically defined colonies of human ESCs undergo a 

gastrulation-like process in micropatterns (Warmflash et al., 2014). These 

micropatterned “gastruloids” radially pattern to the gastrula-stage germ layers after 

42 hours. The pattern results from the BMP signal along with secondary Wnt and 

Nodal signals induced in the same signaling cascade that occurs in the mouse 

embryo (Chhabra et al., 2018; Heemskerk et al., 2019; Warmflash et al., 2014). 

These patterns are significantly more quantitatively reproducible than anything 

observed previously. Subsequently, the technique has been adapted for 

ectodermal patterning, showing that geometric control is likely a useful parameter 

for optimizing other self-organizing models (Britton et al., 2019). 

Finally, the most embryo-like self-organized structures to-date are ETX-

embryos, which are the result of the aggregation of mouse ESCs with TE-like and 

PE-like cell-lines (Sozen et al., 2018). Here the three cell types associate and 

reorganize themselves into morphologies and patterns that are remarkably like 

stage-matched mouse embryos, including a symmetry-breaking PS-like region, 

markers for all three germ layers, and a pro-amniotic cavity. However, the relative 

abundance of each cell-line in each aggregate is not well controlled, likely 

contributing to the high degree of variability observed across all aggregates (only 

1 out of 5 contain each feature in the correct orientation).  
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1.3. Morphogen Dynamics 

1.3.1. Morphogens: Turing and Meinhardt 

The term morphogen was coined by the mathematician Alan Turing (Turing, 

1952). Turing proposed that a morphogen is a substance that induces form, and 

mathematically showed several ways that symmetry might be broken in an initially 

homogenous system (such as how stripes might arise on a zebra) with reaction-

diffusion being the most famous. At the time, Turing’s ideas were largely dismissed 

by his contemporary biologists (Green and Sharpe, 2015) until Alfred Gierer and 

Hans Meinhardt revisited and expanded on his ideas twenty years later (Gierer 

and Meinhardt, 1972). 

In Turing’s activator-inhibitor system, an activator induces itself but also 

induces its own inhibitor. Critically, the inhibitor must diffuse faster than the 

activator so that at sufficient distance it will overcome the activator’s self-induction 

and dominate. The resulting pattern has a fixed period and alternates between 

high activator and high inhibitor. The initial symmetry breaking can arise from minor 

stochastic fluctuations which are then amplified and reinforced by the activator and 

inhibitor. 

1.3.2. Morphogens: Wolpert, Positional Information, and French Flags 

A few years prior to Gierer and Meinhardt revisiting activator-inhibitor, Lewis 

Wolpert proposed that proper development requires a coordinate system that cells 

must use to interpret their position in the embryo for proper patterning (Wolpert, 
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1969). Wolpert proposed that “positional information” could be provided to the cells 

by concentration gradients of diffusible morphogens. As an analogy, he proposed 

patterning a French flag, where the cells closed to the morphogen source become 

blue, cells at intermediate distance become white, and the cells furthest away 

become red. According to Wolpert, there would be distinct concentration 

thresholds that specify the domains if each color. 

While “positional-information” is often considered a competing hypothesis 

with reaction-diffusion, it has been pointed out that reaction-diffusion explains how 

symmetry breaking and gradients might be formed, whereas Wolpert’s method of 

patterning the French flag is about gradient interpretation, not formation (Green 

and Sharpe, 2015). 

1.3.3. Concentration-Dependent Effects 

Biology textbooks often only include Wolpert’s model, likely for two reasons: 

it can easily be explained with analogy, and the discovery of molecules that meet 

Wolpert’s definition of morphogens, that is, they specify cell-fates in a 

concentration-dependent manner. These include Bicoid, Dorsal, TGFß family 

members (e.g., Activin, Nodal, BMP), Wnts, FGFs and Hedgehog proteins (Bier 

and De Robertis, 2015; Rogers and Schier, 2011; Wartlick et al., 2009). 

While these studies show that the morphogen concentration is an important 

parameter in embryonic patterning, they do not explain which aspect of the 

morphogen concentration is important. For instance, besides the morphogen’s 

level, how it changes with time, how its level integrates with duration, or for pulsatile 
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signals, the number and frequency of pulses, could each play a role (Heemskerk 

and Warmflash, 2016; Sagner and Briscoe, 2017). For example, it has been shown 

that during neural tube patterning, both the level and duration of the hedgehog 

signal informs the cell-fate decision (Dessaud et al., 2007; Ribes and Briscoe, 

2009). Another example is the TGFß pathway which is sensitive to the rate of 

ligand increase (Heemskerk et al., 2019; Sorre et al., 2014; Warmflash et al., 

2012b). 

1.3.4. Other Considerations 

Morphogen gradients are dynamic and signaling pathways begin to respond 

prior to the gradient reaching steady state. Furthermore, development involves 

dramatic morphogenetic rearrangements that occur simultaneously with patterning 

by multiple signaling pathways. Given these cellular movements and the rapid 

changes in expression patterns of all these ligands, it is clear that cells will 

experience rapidly changing levels of all these morphogens, yet Wolpert’s French 

flag model does not consider time. Furthermore, not every gradient can reach 

steady state, and whether ligand diffusion can reliably form patterns has also been 

questioned (Lander, 2007), thus a number of alternate delivery mechanisms have 

been proposed, including cytonemes (Sanders et al., 2013), exosomes (Beckett et 

al., 2013; Greco et al., 2001), and migration or displacement of morphogen 

producing cells (Pfeiffer et al., 2000).  
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1.4. Canonical Wnt Signaling Pathway 

1.4.1. An introduction to canonical signaling 

Wnt/ß-catenin signaling is found in all metazoans and is critical for proper 

morphogenesis and patterning of tissues and cell-types (Hikasa and Sokol, 2013; 

Wiese et al., 2018). It plays a key role in maintaining homeostasis and regulating 

stem cell niches (Schepers and Clevers, 2012; Stamos et al., 2014a). Mutations in 

Wnt/ß-catenin pathway components are frequently found in human cancers 

(Nusse and Clevers, 2017; Polakis, 2012), and ß-catenin accumulation in the 

nucleus is a biomarker for prognosis (García-Martínez et al., 2012; He et al., 2015; 

Valkenburg et al., 2013).  
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Figure 2. Core Components of the Wnt/ß-catenin Pathway.  In the absence of 

Wnt ligands, ß-catenin is constantly targeted for proteosomal degredation by a 

destruction complex consiting of AXIN, APC, and GSK3ß. Paracrine and autocrine Wnt 

signaling involves Wnt binding to cell surcace receptors Frizzled (FZD) and LRP5/6, and 

subesequent inhibition of the destruction complex. ß-catenin accumulates and enters the 

nucleus where it associates with DNA-binding proteins TCF/LEF and modulates 

transcription of target genes involved in differentiation and cell growth, but also other 

signaling molecules including Wnts. Wnt secretion requires processing by Porcupine 

PORCN in the endoplasmic reticulum. Two commonly used small molecules are shown: 

IWP2, which inhibits signaling via PORCN inhibition, and CHIR which activates signaling 

via GSK3ß inhibition. 
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The Wnt gene was independently identified in the fly and the mouse as 

Wingless and Int-1, respectively (Nusse and Varmus, 1982; Sharma, 1973). The 

original Wingless mutation turned out to not be in the protein’s coding sequence, 

and instead was a deletion in a regulatory region that is required during wing 

development (Jenny and Basler, 2014).  It was not until later that a true Wingless 

loss of function mutation was identified in a segment polarity screen (Nüsslein-

Volhard and Wieschaus, 1980). In the mouse, Int-1 was found to be activated by 

adjacent integration of a tumor-inducing virus’ DNA (Nusse and Varmus, 1982). 

Later Wingless and Int-1 were discovered to be homologues and the gene family 

was renamed “Wnt”, a portmanteau of Wingless and Int (Nusse et al., 1991; 

Rijsewijk et al., 1987).  

Canonical wnt signal transduction, by definition, is transduced via the 

transcription factor ß-catenin. Thus, the terms “canonical wnt signaling” and wnt/ß-

catenin signaling” are synonymous. Whether signaling is transduced via the 

canonical or non-canonical pathway depends on which co-receptors are recruited, 

with LRP5/6 involved in canonical signaling and ROR1/2 involved in noncanonical 

signaling (Niehrs, 2012).  

1.4.2. The Core Pathway 

Wnt family ligands bind a cell-surface receptor complex consisting of 

Frizzled (FZD) and LRP5/6 (See Figure) (Langton et al., 2016; Macdonald and He, 

2016; Niehrs, 2012; Willert et al., 2003). WNT-receptor binding leads to inhibition 

of the ß-catenin destruction complex, which is comprised of multiple scaffolds and 
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kinases, including APC, AXIN, GSK3ß and CK1 (Stamos and Weis, 2013), 

allowing ß-catenin accumulation and translocation to the nucleus. In the nucleus, 

ß-catenin complexes with TCF/LEF to regulate target genes in a context-specific 

manner (Ramakrishnan and Cadigan, 2017). In addition to being the primary 

effector of canonical Wnt signaling, ß-catenin also has a role stabilizing adherens 

junctions at the cell membrane. 

Wnts are the only known secreted proteins that are post-translationally 

palmitoleoylated. (Langton et al., 2016). This lipidation is facilitated by Porcupine 

(PORCN) in the endoplasmic reticulum prior to secretion and is essential for both 

Wnt secretion and its binding to the FZD receptor (Langton et al., 2016). Inhibition 

of Wnt signaling can be achieved with the small molecule IWP-2, which specifically 

inhibits PORCN and therefore Wnt secretion (Chen et al., 2009).  

The core pathway was initially mapped in drosophila, primarily using genetic 

screens with epistasis analysis (Jenny and Basler, 2014; Nusse and Clevers, 

2017; Wiese et al., 2018). For instance, the ß-catenin homolog Armadillo was 

decreased in Wingless mutants, but increased in GSK3 mutants (Peifer et al., 

1994; Siegfried et al., 1992). Since the double knockout phenocopied the GSK3 

single knockout, GSK3 was presumed to be downstream of Wingless. Similar 

experiments were used to order the other pathway components, including 

Porcupine (van den Heuvel et al., 1993), Frizzled (Bhanot et al., 1996, 1999), LRP 

(Wehrli et al., 2000), Dishevelled (Noordermeer et al., 1994), Axin (Zeng et al., 

1997), and Lef-1 (Brunner et al., 1997).  
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1.4.2.1. Mechanisms of Wnt Dispersal 

Like other morphogens, Wnts were originally assumed to disperse from 

their source by diffusion in the extracellular space (Bejsovec and Martinez Arias, 

1991; Neumann and Cohen, 1997; Zecca et al., 1996). However, Wnt lipidation 

results in hydrophobicity which makes diffusion difficult in an aqueous space 

(Willert et al., 2003). Thus, exosomes, cytonemes, and the covering up of the lipid 

moiety by cofactors have all been hypothesized to facilitate Wnt trafficking 

(Langton et al., 2016).  

Furthermore, two studies have suggested that the range of Wnt activity from 

the secreting cell may be very short. In the first of these, patterning was found to 

be mostly normal in flies where the endogenous Wingless had been replaced with 

a membrane-tethered form (Alexandre et al., 2013). In the other study, the Wnt3 

gradient was visualized using immunofluorescent staining for endogenously HA-

tagged WNT3 in minigut organoids (Farin et al., 2016). The HA-WNT3 was shown 

to be fully functional as homozygous mice developed normally. They found that 

spreading of HA-WNT3: was never more than 1-2 diameters into WNT3 knockout 

cells, required direct cell contact, and depended on WNT3 association with 

Frizzled. The authors concluded WNT3 remains membrane-tethered via Frizzled, 

and that gradient formation is a product of its spreading across membranes with 

additional dilution from cell division.  

Recently, Pani and Goldstein used functional fluorescently tagged 

endogenous Wnt to definitively show that significant extracellular spreading is 
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required for formation of a long-range gradient in C. elegans (Pani and Goldstein, 

2018). Wnt spreading was not cell-contact dependent, and spreading was 

essential for normal development as limiting dispersion using a nanobody-based 

morphotrap caused the distal cells to phenocopy the Wnt loss of function mutant. 

How Wnts disperse extracellularly is an intense field of study, and different 

mechanisms may be active in different contexts. 

1.4.2.2. Wnt/ß-catenin pathway is regulated at every level 

A cornucopia of regulators of the Wnt/ß-catenin pathway have been 

discovered. The WIF (Wnt inhibitory factor) and SFRP (Secreted Frizzled Related 

Protein) families of secreted inhibitors regulate Wnt signaling by binding Wnt 

ligands directly, while DKKs (Dickkopf) and SOST (sclerostin) block Wnt signaling 

by binding LRP5/6 (Malinauskas and Jones, 2014). ZNRF3/RNF43 are ubiquitin 

ligases that target Frizzled for degradation, and are themselves negatively 

regulated by the R-spondin family of Wnt agonists (Malinauskas and Jones, 2014). 

In the cytosol, ß-catenin undergoes phosphorylation-dependent ubiquitination 

mediated by GSK3, APC, and Axin (Nusse and Clevers, 2017), while 

phosphatases (such as PP2A) and deubiquitinases (such as USP4, USP7, 

USP47) have been proposed to act as a counter-balance (Ma et al., 2014; Shi et 

al., 2015; Stamos and Weis, 2013; Taniguchi et al., 2015; Yun et al., 2015; Zhang 

et al., 2009). In the nucleus, the ß-catenin target gene transcription requires its 

association with the TCF/LEF family of transcription factors, and several regulatory 

mechanisms have been proposed (Ramakrishnan and Cadigan, 2017; Shang et 

al., 2017). For example, Groucho proteins compete with ß-catenin for TCF/LEF 
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binding; and TRIB2 expression leads to TCF degradation (Xu et al., 2014). 

Additionally, which target genes respond to ß-catenin is highly context-dependent 

(Ramakrishnan and Cadigan, 2017).  

1.4.3. Wnt/ß-catenin Signaling in Gastrulation and ESCs 

Whereas in Drosophila there are 7 Wnt homologs (with Wingless as the 

most famous), in humans there are 19 Wnt family members (Swarup and 

Verheyen, 2012). Those most commonly associated with the canonical pathway 

are: Wnt1, Wnt2, Wnt3, Wnt3a, Wnt8a, Wnt8b, Wnt10a, and Wnt10b (Wiese et al., 

2018). However, while these Wnts tend towards activating the canonical pathway, 

there are some exceptions, and which pathway is activated ultimately depends on 

which co-receptors are expressed (Niehrs, 2012).  

Wnt3 and Wnt3a have the earliest loss of function phenotypes in the mouse, 

resulting in severe gastrulation and mesodermal differentiation defects (van 

Amerongen and Berns, 2006; Ikeya and Takada, 2001; Liu et al., 1999; Takada et 

al., 1994; Yoshikawa et al., 1997). Likewise gastrulation fails in embryos containing 

loss of function mutations in both of the canonical co-receptors: LRP5 and LRP6 

(Kelly et al., 2004); the gene that codes for ß-catenin: CTNNB1 (Haegel et al., 

1995; Huelsken et al., 2000); or a protein required for Wnt processing and function: 

Porcupine (Biechele et al., 2011).  

In ESCs, Wnt/ß-catenin signaling is generally thought to differentiate 

hESCs to PS fates (Davidson et al., 2012; Singh et al., 2012), and the anterior-

posterior identity of mesoderm can be specified in vitro by the degree of TGFß 
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versus Wnt pathway activation (Mendjan et al., 2014). In micropatterned BMP-

initiated gastruloids inhibition of Wnt secretion with IWP2 results in complete loss 

of PS-fates (Chhabra et al., 2018). Additionally, exogenous Wnt alone can initiate 

PS-specification in Wnt-treated gastruloids (Martyn et al., 2017, 2018). 

Despite the overwhelming in vivo and in vitro evidence implicating Wnt/ß-

catenin in PS differentiation, some have proposed that it can also maintain the 

pluripotent state in ESCs (ten Berge et al., 2011; Hao et al., 2006; Sato et al., 2004; 

Singla et al., 2006). Consistent with this, Wnt/ß-catenin improves the effectiveness 

of two different pluripotency induction protocols (Lluis et al., 2008; Marson et al., 

2008). This claim is not without controversy, as pluripotency maintenance is 

directly opposed to differentiation (Miki et al., 2011). It has been proposed that Wnt 

switches from a pluripotency maintenance pathway to a differentiation pathway 

that corresponds with a switch from the “naïve” to the “primed” pluripotency state 

(Warmflash et al., 2012c).  

1.4.4. Wnt/ß-catenin Signaling Dynamics 

The dynamics of nuclear ß-catenin accumulation in response to Wnt remain 

an open question. Previous studies primarily relied either on immunoblotting or 

transcriptional reporters and have suggested that Wnt leads to a stable increase 

in nuclear ß-catenin (Goentoro and Kirschner, 2009; Hernandez et al., 2012; Kim 

et al., 2013). However, fine temporal resolution is impractical with immunoblotting, 

and impossible with transcriptional reporters, and neither provide single-cell data. 

Furthermore, the sheer abundance of pathway regulators, which are differentially 
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expressed in various contexts, suggest that the dynamics of ß-catenin signaling 

may vary in different biological contexts, though this has not been directly tested. 

Goentoro et al propose a model where cells do not respond to absolute 

levels of ß-catenin signaling, but instead respond to the fold change in ß-catenin 

pre- and post-Wnt addition (Goentoro and Kirschner, 2009). In this study, total ß-

catenin levels were raised (GSK3ß inhibition with LiCl) or lowered (Axin1 

overexpression) in the RKO colon cancer cell line prior to application of Wnt 

conditioned media. They found that fold-change of ß-catenin upon Wnt treatment 

remained constant until ß-catenin was decreased by more than half or increased 

by more than 3 times. Additionally, development was unaffected by LiCl treatment 

in frog embryos containing up to twice normal ß-catenin levels. Transcription of 

frog Wnt targets Siamois and Xnr3 was also unaffected in this range. Interestingly, 

the fold-change was robust only to destruction complex perturbation, whereas it 

was never robust to ß-catenin overexpression. Additionally, in RKO cells the 

activity of a synthetic transcriptional reporter driven by TCF/LEF response 

elements correlated to absolute ß-catenin, not fold-change, and they did not 

measure endogenous Wnt targets in these cells. The authors claim that reading ß-

catenin fold change provides robustness to cellular variability, but is this the 

mechanism of robustness, or is it a consequence? Furthermore, exposing cells to 

a single large increase of Wnt does not accurately reflect what occurs in vivo where 

cells experience a dynamic increase in Wnt as it begins to be produced. How does 

the cell define the fold change when signaling is dynamic (i.e., at what point does 

it compute the fold change)? Finally, RKO cells do not contain a membrane-bound 
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pool of ß-catenin, as they contain an E-cadherin mutation which prevents ß-catenin 

binding, thus it is unclear how representative the dynamics are in these cells for 

other contexts. 

A more recent study claimed that Wnt-target gene activation correlates with 

to the rate of ß-catenin accumulation and not its absolute level (Kafri et al., 2016a), 

though further investigation is required to demonstrate a causal link. In this study 

both transcription dynamics and ß-catenin dynamics were monitored using 

HEK293 cells containing either ectopically expressed YFP-ß-catenin or 

endogenously MS2-tagged CCND1. Upon WNT3A treatment YFP-ß-catenin 

accumulates in the nucleus until it reaches a new steady state. Instead of CCND1-

MS2 active transcription increasing to a new steady state that corresponded to the 

higher level of YFP-ß-catenin, it was transient. The dynamics of the active 

transcription resembled the dynamics of the YFP-ß-catenin derivative. Correlation 

of dynamics is seen at the population level since the authors were not able to 

simultaneously observe transcription and ß-catenin accumulation in the same cell. 

However, they observed a variety of qualitatively different YFP-ß-catenin dynamics 

in individual cells, including some cells that reached equilibrium more quickly. In 

fixed cells ß-catenin levels correlated with total CCND1-MS2 mRNA, but not with 

nascent mRNA. They conclude that the cells with low nascent mRNA are the cells 

where ß-catenin is no longer increasing, thus they are no longer actively 

transcribing CCND1-MS2.  

Kafri et al claim that transcription driven by ß-catenin accumulation rate is 

consistent with it being driven by its fold-change (Goentoro and Kirschner, 2009). 
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This seems counter-intuitive as the fold-change can be the same while the 

accumulation rate is different. To illustrate this, consider a scenario where ß-

catenin fold-change of two cells is 2, but one cell began with 1 ß-catenin molecule, 

while the other began with 100. The first cell only has to accumulate 1 molecule, 

while the second has to accumulate 200. Finally, how representative CCND1-MS2 

transcription dynamics are of other Wnt targets remains to be seen and it is 

possible that different targets will be more sensitive to different aspects of ß-

catenin dynamics.  
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Chapter 2 

A GFP-ß-catenin fusion protein reports 

endogenous Wnt signaling dynamics 

Parts of this chapter was adapted from published work (Massey et al., 

2019). 

While numerous regulators of the Wnt/ß-catenin pathway have been 

identified (Langton et al., 2016; Malinauskas and Jones, 2014; Stamos et al., 

2014b), less is known about WNT/ß-catenin signaling dynamics. Because of the 

variety of contexts in which it plays crucial roles, and the diversity of potential 

regulators, it is impossible to understand ß-catenin dynamics in any particular 

setting without making explicit measurements. Here we created a fusion of GFP 

and ß-catenin at the endogenous locus and utilized quantitative microscopy to 

measure signaling dynamics.   

2.1. Gene editing strategy and considerations 

In order to measure Wnt/ß-catenin signaling dynamics in single cells, we 

used CRISPR-Cas9 gene editing (Arbab et al., 2015; Cong et al., 2013; Jinek et 
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al., 2013; Mali et al., 2013) to insert GFP at the N-terminus of endogenous ß-

catenin in hESCs (Figure 3 B,C). To facilitate computational nuclear identification 

and analysis, these cells additionally express RFP-H2B incorporated into the 

genome with the ePiggyBac transposable element system (Nemashkalo et al., 

2017). 

2.2. Construction and validation of reporter cell-line 

GFP-ß-catenin localization was confirmed with immunofluorescent antibody 

staining of ß-catenin (Figure 4A), and correct expression of the GFP-ß-catenin 

fusion without any other expression of GFP was confirmed by Western blotting 

(Figure 4 B).  GFP-ß-catenin accumulated in the nucleus in response to exogenous 

WNT3A (Figure 3C), and the transcriptional dynamics of β-catenin target genes in 

response to WNT3A were highly similar in unmodified and modified hESCs (Figure 

4C). As a stringent test of the potential of these cells, spatial patterning and 

differentiation were unaffected in a micropatterned gastruloid protocol (Deglincerti 

et al., 2016b; Warmflash et al., 2014) (Figure 3D,E). 
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Figure 3 A CRISPR-Cas mediated GFP-knock-in labels endogenous β-

catenin and does not disturb signaling or differentiation.  (A) Simplified 

canonical Wnt/β-catenin pathway. Pharmacological small molecules used in this study are 

shown in red. (B) Schematic of resulting mRNA of labeled ß-catenin allele after CRISPR-

cas mediated PuroR-T2A-GFP knock-in. The puromycin resistance protein (PuroR) 

facilitates selection of labeled cells. T2A is a self-cleaving peptide which allows PuroR to 

be separated from GFP-ß-catenin. (C) Confocal microscopy images of live hESCs with GFP-

labeled β-catenin and the nuclear marker H2B-RFP. Left image is prior to exogenous 

WNT3A addition. Right image shows nuclear GFP-β-catenin accumulation after 4 hours of 

WNT3A treatment. (D) A representative image of an 800 micron diameter micropatterned 

hESC colony stained with DAPI (magenta) and Brachyury (cyan) using 

immunocytochemistry after 42 hours of treatment with exogenous BMP4. (E) 

Quantification of BRA expression in the hESC cell-line and the labeled reporter cell-line, 

respectively (N = 20 for unlabeled cells and N=11 for reporter cells). 
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Figure 4 Validation of CRISPR knock-in and WNT-ß-catenin target gene 

transcription dynamics in reporter hESCs.  (A) hESCs containing GFP-labelled ß-

catenin were treated with 100ng/ml WNT3A for indicated durations. ß-catenin was 

visualized using immunofluorescent antibody staining and GFP-ß-catenin is shown for 

comparison. These images are from the dataset quantified in Figure 5C. (B) Western-blot 

stained for anti-βcatenin or anti-GFP along with anti-β-Actin showing the 88 kDa β-catenin 

in parent and reporter cells, along with the 115 kDa GFP-β-catenin in reporter cells. (C) 

Induction of β-catenin target-genes measured by qRT-PCR in the parent and reporter cell 

line. Scale bar is 20 µm. 
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Chapter 3 

Wnt/ß-catenin signaling dynamics are 

modulated by context 

Parts of this chapter was adapted from published work (Massey et al., 

2019).  

Here it is shown that nuclear ß-catenin dynamics are not intrinsic to the 

pathway, and depend on pluripotency and differentiation status. 

3.1. ß-catenin signaling adapts to Wnt signals in pluripotent 

cells 

In hESCs treated with exogenous WNT3A, GFP-ß-catenin initially rapidly 

accumulates in both the nucleus and cell membrane (Figure 5 A,B). However, 

while the increase in membrane GFP-β-catenin is sustained, the nuclear GFP-β-

catenin begins to decline approximately 4 hours after WNT3A addition (i.e., hESCs 

adapt to constant Wnt signals). Peak signaling is dose dependent and occurs 

earlier at lower doses. Adaptation is complete at sufficiently low doses of WNT3A, 

and at saturating WNT3A (doses above 300ng/ml) cells adapt to approximately 
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40% of peak signal. A recently developed, commercially available iPSC line with a 

GFP-ß-catenin fusion (Allen Institute) had identical dynamics (Figure 6). Signaling 

dynamics were verified in unmodified hESCs using immunofluorescent antibody 

staining for ß-catenin (Figure 5 C).  

 

Figure 5 WNT/β-catenin signaling is partially adaptive in stem cells, and 

adaptation is controlled upstream of GSK3ß.  (A) Representative images from 

time-lapse imaging of GFP-ß-catenin labeled hESCs treated with 100ng/ml WNT3A at 0, 

3, and 15 hours. (B) Quantification of nuclear and membrane (insert) levels of GFP-ß-

catenin in hESCs treated with varied concentrations (ng/ml) of WNT3A. (C) Quantification 

of ß-catenin dynamics by either GFP or immunofluorescence in the reporter cell line 

compared with immunofluorescence in the parental line. Error bars in all graphs indicate 

SEM of ≥ 644 cells. In this and all other figures, nuclei are computationally identified using 

a nuclear label (RFP-H2B if live-cells, DAPI if not). The mean intensity of the indicated 

marker (GFP-ß-catenin, anti-ß-catenin) is normalized against the intensity of the nuclear 

label. Unless otherwise specified, “Mean nuclear ßcat” is always defined as the ratio over 
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the negative control for that experiment. Membrane (a.u.) is the mean pixel intensity of 

computationally identified membranes across at least 8 images per condition after 

background subtraction. We note that the values shown for nucleus and membrane are 

not directly comparable as only the former are normalized. Scale bar is 20µm. 

 

Figure 6 IPSCs adapt to WNT.  Quantification of time-lapse imaging of induced 

pluripotent stem cells containing GFP-labeled endogenous ß-catenin treated with 

indicated doses of WNT3A similar to Figure 5. Error bars indicate SEM of ≥ 132 cells. 

3.2. β-Catenin Signaling Dynamics Are Context-Specific and 

Sustained in a PS Differentiation Protocol.  

We next asked how the response to Wnts might vary across cell types. 

Immunofluorescent imaging using an antibody for β-catenin revealed a variety of 

dynamics in response to WNT3A across different mammalian cell lines (Figure 7 

A), including both adaptive and sustained profiles, demonstrating that adaptation 

is not a universal feature of Wnt signaling and that WNT/β-catenin dynamics can 

change with context and cell fate.  
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Since the in vivo equivalent of hESCs is epiblast cells, which differentiate to 

PS fates in response to WNT, we examined β-catenin dynamics in hESCs 

differentiated to the PS-like cell fate. Therefore, we adapted a previously published 

protocol (Loh et al., 2016) to differentiate hESCs to PS. In this protocol, hESCs 

were stimulated with Activin, BMP4, and 1μM CHIR99021 for 24h. The identity of 

these cells was confirmed by immunofluorescent staining showing down-

regulation of E-cadherin and SOX2 and up-regulation of the PS-marker Brachyury 

(Figure 8). Interestingly, the differentiation protocol induced a sustained β-catenin 

signaling profile (Figure 7B). This finding was surprising, as the dose of 

CHIR99021 is insufficient to induce detectable nuclear β-catenin when presented 

in isolation (Figure 13E). The PS cells were refractory to exogenous Wnt, as 

adding WNT3A after 24 h of PS differentiation produced no response over the 

mock-treated control (Figure 7C). 
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Figure 7 Signaling is sustained during differentiation to primitive-streak 

fates, and the dynamic response to exogenous Wnts varies in other cell 

types.  (A) Quantification of anti-β-catenin by immunofluorescent imaging in the cells 

lines indicated in the legend. (B-C) Quantification of time-lapse movies of GFP-ß-catenin 

containing hESCs. (B) Treated with or without primitive-streak differentiation media. (C) 

Response to exogenous WNT3A in pluripotent hESCs (left) vs cells differentiated for 24 

hours to primitive-streak-like fate (right). Error bars in all graphs indicate SEM of ≥ 267 

cells. 
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Figure 8 Verification of primitive-streak markers in PS-like differentiated 

cells.  (A) Representative images of hESCs maintained in the pluripotent state (top) or 

treated with primitive streak differentiating media (bottom) for 24 hours and stained for 

DAPI, anti-E-cadherin, anti-SOX2, and anti-Brachyury via immunocytochemistry. (B) 

Quantification of experiment in A. For ECAD, left, error bars represent SEM of 25 images. 

For SOX2 and BRA histograms represent a minimum of 7x10^3 cells 
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Chapter 4 

Wnt/ß-catenin adaptation in 

pluripotent cells 

Parts of this chapter is adapted from published work (Massey et al., 2019). 

Here the effect of Wnt ligand decay on signaling adaptation is investigated, 

and evidence is provided that narrows down where negative regulators act in the 

Wnt/ß-catenin pathway to facilitate adaptation. 

4.1. Signaling attenuation is not merely ligand decay 

Post-translational palmitoleoation increases hydrophobicity of Wnt proteins 

and is thought to make them prone to aggregation and increase difficulty of 

purification (Willert, 2008; Willert et al., 2003). Additionally, recombinant Wnt is 

likely not as potent as its endogenous counterpart, as exogenous doses used in 

vitro are very high (often more than 200ng/ml) when compared to other 

morphogens (Activin and BMP4 both saturate Smad signaling at 3ng/ml 

(Heemskerk et al., 2019)). This has lead other researchers to question the stability 
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of recombinant Wnts in culture media (Fuerer et al., 2010; Morrell et al., 2008; 

Tuÿsüz et al., 2017).  

However, if the observed adaptation to Wnt signals was due to WNT3A 

instability in culture-media, the time to adapt to WNT3A should be dose dependent 

and become very long at doses well above saturation, which is not the case (Figure 

5). Additionally, at saturating WNT3A, conditioned media taken from WNT3A-

treated hESCs retains its ability to activate signaling in previously unstimulated 

cells over the entire course of adaptation (Figure 9), proving that adaptation at this 

dose is not due to Wnt instability. Finally, a commercially available “WNT-stabilizer” 

(amsbio, 2017), had no effect on the adaptation of hESCs (Figure 10 B). However, 

this stabilizer caused cells to quickly aggregate (Figure 10A) and increased their 

nuclear area (Figure 10C), which likely indicates biological effects beyond simply 

stabilizing recombinant Wnt.  

We next aimed to investigate whether sub-saturating doses of exogenous 

WNT3A lose potency over time. Therefore, we compared the ability of media 

containing saturating and sub-saturating doses of WNT3A to activate ß-catenin 

after it had been exposed to cells. We treated cells with varying doses of WNT3A 

for 8 hours, by which time they had begun to adapt, and then swapped the media 

from these cells with that of previously untreated cells while measuring the 

resulting signaling in each group (Figure 11A, Figure 9). The response was greatly 

decreased in the second group of cells only when sub-saturating WNT3A was 

used. Thus, the media undergoes a net decrease in Wnt/ß-catenin activating 

potential, but only when a sub-saturating dose of Wnt is used. In a complimentary 
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experiment, we periodically replaced WNT3A-containing media with fresh media 

containing the same dose of WNT3A (thus replacing inactivated Wnt and 

potentially removing secreted regulators). At subsaturated doses, replenishing the 

WNT3A lead to a more sustained response, while cells treated with high WNT3A 

continued to adapt despite having their exogenous WNT3A constantly replenished 

(Figure 11B). This evidence demonstrates that a net decrease in Wnt-activating 

potential occurs, but this only affects signaling dynamics resulting from sub-

saturating levels of WNT3A. 
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Figure 9 Conditioned media with saturating WNT3A retains potential to 

activate signaling over entire period of adaptation. Quantification of time-lapse 

microscopy showing mean nuclear GFP-β-catenin trajectories in hESCs. Cells were treated 

with 1000ng/ml WNT3A and then media was swapped in between the indicated wells 

after 6, 10, or 17 hours. 

 

Figure 10 WNT-stabilizer affects cell morphology but hESCs still adapt.  (A) 

Representative images of cells treated with/without Wnt with/without WNT-stabilizer 

reagent from AMSBIO. GFP-ß-catenin is green, RFP-H2B is magenta. (B-C) Quantification 

of nuclear ß-catenin (B) and nuclear area (C) from time-lapse movies of GFP-ß-catenin 

containing hESCs treated with (red) or without (black) WNT-stabilizer at the indicated 

concentrations of WNT3A from either R&D systems or AMSBIO. Recombinant WNT3A 

from R&D Systems is used in all other experiments. 
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Figure 11 Adaptation to saturating Wnt is not due to ligand decay.  (A) 

Quantification of ß-catenin dynamics with live cell imaging. At 0h, cells were either left 

untreated (blue and black curves) or treated with 100ng/ml WNT3A (left) or 1000ng/ml 
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WNT3A (right) (red and green curves). After 8 hours, media was either swapped between 

a treated (green) and untreated (black) well or not (red and blue). The experiments on 

the left and right panels were performed simultaneously so that a single no treatment 

control (blue) was used and is reproduced in each graph. (B) Cells were treated with 

indicated concentrations of WNT3A. They were then either left unperturbed (red) or had 

their media replaced with fresh media containing an identical concentration of WNT3A 

(black) at the indicated time-points (dashed gray line; every 2 hours for initial 12 hours). 

Error bars in all graphs indicate SEM of ≥ 494 cells. 

 

Wnt activity loss at subsaturated doses could be due to biological effects 

including secretion of Wnt inhibitors (such as DKKs, SFRPs, WIFs, and Notum) 

into the culture media, or the degradation of Wnt ligands by the receiving cells. 

Alternatively, Wnt activity could be reduced by cell-independent ligand decay or 

binding to the culture vessel. To test these hypotheses, we performed conditioned 

media experiments in which the cell numbers and culture vessel used for 

conditioning were varied. To prevent endogenous Wnts from playing a role, IWP2 

(a small molecule inhibitor of Wnt secretion) was included in all conditions. If loss 

is due to cell-dependent ligand decay or secretion of extracellular inhibitors, we 

would expect that conditioned media prepared with higher cell densities would 

have the greatest loss in potency. Additionally, the difference in loss of potency of 

conditioned media prepared with and without cells would indicate the amount of 

cell-independent potency loss.  

We found that the loss of potency in conditioned media obtained from our 

standard seeding density (50,000 cells/cm2) was similar to the loss of potency that 
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occurred when no cells were present (Figure 12A), while, paradoxically, high cell 

densities (400,000 cells/cm2)  actually had less potency loss (Figure 12B). We 

hypothesized that higher cell densities could effectively lower the surface area of 

the culture vessel and prevent ligand binding. Consistent with this idea, 

conditioned media prepared in a low-retention Eppendorf tube had the lowest loss 

of potency. Thus, a major factor in loss of potency in media transfer experiments 

is binding to the culture vessel, however, the relevance of this to the adaptation 

seen at low doses without media transfer is difficult to ascertain. It may be that 

ligands bound to the culture vessel are permanently inaccessible to the cells, 

alternatively, the bound population may remain in equilibrium with that in the 

media, and thus the effect of binding during adaptation in a single culture dish may 

be less than that seen in transfer experiments. In any event, adaptation of Wnt 

signaling at sub-saturating doses is likely primarily due to some combination of the 

recombinant WNT3A’s half-life in culture media, its binding to the culture vessel, 

and the same media-independent mechanisms seen with higher doses. Since the 

media better retains its potency when it is conditioned with cells, the secretion of 

easily removed secreted Wnt-inhibitors or cell-dependent ligand decay is unlikely 

to play a significant role. The increased potency from higher cell density is likely 

due to lowering the culture vessel’s surface area, and thus the amount of WNT3A 

lost to plastic binding. The secretion of Wnt-stabilizing proteins, or inhibitors not 

transferred with media, may also play a role (Mihara et al., 2016).  
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Figure 12 Decay of Wnt activity at sub-saturating doses.  (A) Quantification of 

nuclear ß-catenin as ratio over mock treated cells measured by quantitative microscopy 

of GFP- -catenin hESCs. Conditioned media (CM) was prepared as follows: media 

containing 3µM IWP2 with or without 100ng/ml WNT3A was placed in a culture plate with 

or without 50,000 cells/cm2 in a cell culture incubator at 37C with 5% CO2 for the 

indicated amount of time, and was then transferred to fresh cells for 3.5 hours. Cells were 

fixed and imaged. Errorbars indicate standard deviation of 3 experiments. (B) 

Quantification of time-lapse microscopy showing mean nuclear GFP-ß-catenin 

trajectories in hESCs treated with CM. CM contained IWP2 and was incubated for 8 hours 

in either the identical culture plate as all other experiments, at the cell seeding density as 

indicated (cells/cm2) or in a low retention tube. “Wnt CM” indicates 100ng/ml WNT3A 

was incorporated from the beginning of CM preparation, and “fresh WNT” indicates 

100ng/ml WNT3A was added after CM preparation. Each CM was then placed on cells at 

time = 0 at standard seeding densities (50,000 cells/cm2) during timelapse imaging. 

Errorbars indicate SEM of ≥ 202 cells. 

4.2. Signaling attenuation is controlled at or upstream of 

GSK3ß 

Pathway activation using the small molecule GSK3ß inhibitor, CHIR99021 

(commonly used as a Wnt substitute in differentiation protocols) (Loh et al., 2016; 
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Mendjan et al., 2014; Pagliuca et al., 2014; Rezania et al., 2014), resulted in non-

adaptive dose-dependent increases of nuclear ß-catenin (Figure 13). Sustained 

signaling in response to CHIR99021 demonstrates that the mechanisms that 

control adaptation must act upstream of GSK3ß. This result also highlights that 

while small molecule inhibitors of GSK3ß are potent activators of ß-catenin 

signaling, they induce very different dynamics than Wnt ligands.  

  

Figure 13 Pharmacological GSK3ß inhibition induces sustained ß-catenin 

signaling.  GFP-ß-catenin labeled hESCs treated with varied concentrations (µM) of 

CHIR99021, a pharmacological GSKβ inhibitor. 

4.2.1. Wnt Target Genes Have Various Response Profiles.  

We next asked how Wnt target gene activation dynamics might correlate 

with those of β-catenin. While some genes were transiently activated in response 

to WNT3A (e.g., DKK4, DKK1, AXIN2), others were sustained (e.g., EOMES, 

LEF1) (Figure 14A). It is possible that transcription of the nonadaptive genes is 
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maintained by mechanisms independent of β-catenin. For example, the Wnt 

targets NODAL and BRACHYURY are also regulated by Nodal signaling, and thus 

we used the small molecule SB431542, a specific inhibitor for the Nodal receptor, 

to decouple the Wnt response from the downstream induced Nodal response. 

Interestingly, NODAL induction by Wnt is adaptive when its self-activation is 

inhibited (Figure 14B). In addition to regulation independent of the Wnt pathway, 

some nonadaptive Wnt targets may be sufficiently sensitive to nuclear β-catenin 

such that the β-catenin level following adaptation is sufficient to saturate their 

response. To test whether transiently induced target genes result from the 

dynamics of β-catenin, we compared the dynamics of transcription in WNT3A-

treated versus CHIR99021-treated cells. Induction of transcriptional targets with 

adaptive dynamics became sustained when CHIR99021 was used (Figure 15), 

indicating that sustaining nuclear β-catenin is sufficient to maintain the 

transcription of these targets. 

 

Figure 14 Wnt Target genes have varied response profiles.  (A-B) qRT-PCR in 

hESCs treated with (A) 300ng/ml WNT3A or (B) 300ng/ml WNT3A with or without the 

small molecule TGFß pathway inhibitor SB431542 (10µM) for the indicated duration. 
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Figure 15 Transcript induction becomes more sustained with high 

CHIR99021. hESCs treated for indicated time with treatments specified in legend. mRNA 

induction is measured with qRT-PCR. 
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Chapter 5 

Modulating Wnt/ß-catenin dynamics 

in pluripotent cells 

Parts of this chapter is adapted from published work (Massey et al., 2019). 

Here the effects of various parameters on ß-catenin dynamics are 

investigated, including cell-density; Y27632 presence, a small molecule ROCK 

inhibitor commonly used in stem-cell culture; various ligand dynamics, such as the 

rate of increase and duration of the Wnt ligand; exogenous recombinant DKK1, an 

LRP5/6 inhibitor; and E-cadherin, which ß-catenin binds proximally to adherins 

junctions. Additionally, the expression of Wnt/ß-catenin pathway inhibitors 

potentially involved in signaling adaptation is measured using qPCR. 

5.1. Effect of cell density on Wnt/ß-catenin dynamics 

Increasing cell density increased the total GFP-ß-catenin in cells (Figure 

16A), it did not affect the fold change in nuclear ß-catenin in response to stimulation 

(Figure 16B), nor were dynamics affected by ROCK inhibition with the small 

molecule Y-27632 (RI) (Figure 17). 
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Figure 16 Total ß-catenin increases with cell-density but fold-change 

response to Wnt is conserved.  A) GFP-ß-catenin labeled hESCs at indicated seeding 

densities with or without WNT3A, represented as ratio to 50,000cells/cm2. This is seeding 

density for all other experiments. (B) Same data as in A, but represented as ratio to mean 

signaling prior to Wnt addition at that density. 
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Figure 17 RI does not affect WNT/ß-catenin signaling in hESCs.  Quantification 

of GFP-ß-catenin in time-lapse movies of hESCs treated with indicated concentrations of 

WNT3A with ROCK inhibitor Y27632 (10µM; red) or DMSO (black). Error bars are SEM of 

cell means. In this experiment only, a strategy for increasing measurement sensitivity was 

used, and is responsible for the increased amplitude seen here. See supplemental 

discussion for a description of methods, and for why this approach was not used 

elsewhere. 

5.2. Effect of autocrine Wnt induction on Wnt/ß-catenin 

dynamics 

5.2.1. Inhibition of endogenous Wnts 

To assay possible effects of endogenous Wnt ligands induced by the 

exogenously supplied WNT3A, cells were treated with a small molecule inhibitor 

of Wnt secretion, IWP2 (Chen et al., 2009), along with either a high or intermediate 

dose of exogenous WNT3A (Figure 18). Inhibition of Wnt secretion lowered the 

final adapted level only at intermediate doses, indicating that additional Wnt 

ligands are induced, but the high dose of WNT3A alone is capable of completely 

saturating the response, and is not additive with endogenous Wnt signaling.  
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Figure 18 Endogenous Wnts maintain a low level of signaling following 

adaptation at intermediate concentrations of exogenous WNT3A. 

Quantification of time-lapse movies of GFP-ß-catenin containing hESCs treated with 

WNT3A at indicated concentrations with (red) or without (black) endogenous Wnt 

secretion inhibitor, IWP2 (3µM). Error bars in all graphs indicate SEM of ≥ 519 cells. 

5.2.2. Expression of canonical Wnt ligands 

Because IWP2 effects the signaling response to low doses of Wnt, qPCR 

was used to identify which canonical Wnt ligands are induced in response to the 

WNT3A signal, but also to the TGFß signals Activin (a substitute for Nodal) and 

BMP4, which are also active in the PS during gastrulation (Figure 19). Consistent 

with their implication in gastrulation by mouse knockout phenotypes (van 

Amerongen and Berns, 2006), WNT3, WNT3A, and WNT8A were each induced 

by all three signals. Additionally, WNT1, and WNT10B were induced by Wnt but 

not TGFß signals. In the future it will be interesting to determine if there is a 

species-specific function that they fill in human cells during gastrulation.  
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5.3. Effect of Wnt duration on ß-catenin dynamics 

To assay how sensitive the Wnt pathway is to the duration of Wnt ligand, a 

comparison was made between cells treated with WNT3A for the duration of the 

experiment, and cells where the WNT3A was removed after 30 minutes or 2 hours 

(Figure 20). Interestingly, a mere 30 minutes of Wnt signaling is sufficient to 

saturate the response when a high dose of Wnt was used (1000ng/ml) while the 

response was attenuated at lower doses when exposure to the Wnt ligand was 

Figure 19. Canonical Wnt-family ligands induced by Wnt3a, Activin, or BMP4. 

Transcript induction was measured by qPCR in hESCs after 6 hours of indicated treatment.
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transient. One possibility is that the higher level of Wnt saturates the receptors, 

and Wnt-receptor binding reversal may not occur, thus the maximum response to 

Wnt would be irreversible once all receptors were occupied. Similarly, if Wnt-

receptor endocytosis is occurring (of which multiple mechanisms have been 

reported (González-Sancho et al., 2005; Hao et al., 2012; Koo et al., 2012; 

Macdonald and He, 2016; Malinauskas and Jones, 2014; Niehrs, 2012)), the high 

dose would have all receptors activated and internalized quickly, while at lower 

doses this would occur more slowly due to a lower fraction of receptors bound at 

any given time. Alternatively, the higher dose of Wnt results in a greater pool of 

culture vessel bound Wnt, and if this pool remained in equilibrium with the media, 

it could serve as a source of Wnt ligands even after the media was replaced during 

Wnt removal. 
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Figure 20 At saturating doses of WNT3A, WNT3A withdrawal has minimal 

effect on nuclear bCat trajectories.  Top is a legend detailing the WNT3A 

presentation scheme along with each scheme’s indicated plot color (left in schematic). 

Dark bars correspond to time where media contains WNT3A. Plots represent 

quantification of time-lapse microscopy for each scheme. 

5.4. Effect of rate of Wnt presentation on ß-catenin dynamics 

Previous work with the TGFß and Shh pathways has shown that ligand 

presentation dynamics can alter the signaling response and change cell fate 

decisions (Balaskas et al., 2012; Dessaud et al., 2007; Heemskerk et al., 2019; 

Sorre et al., 2014; Warmflash et al., 2012b). Hence, we tested whether hESCs are 

sensitive to Wnt dynamics. A hallmark of signaling adaptation is sensitivity to the 

rate of ligand presentation (i.e., the time derivative of the ligand concentration). We 

therefore hypothesized that administering Wnt sufficiently slowly would attenuate 

the response. Indeed, the signaling response was lower in hESCs where the 

WNT3A was administered gradually (Figure 21). However, given that cells are 

sensitive to Wnt concentration over more than two orders of magnitude (see Figure 

5), it is impractical to increase to saturating doses with a sufficiently small step 

size. Our experiments involved ten steps of ligand increase, and, at higher final 

doses of WNT, the rate of ligand increase was sufficient to saturate the response 

(Figure 21B). In the future it might be possible to attenuate the response to higher 

doses by slowly administering Wnt over more extended periods with automated 

fluidic systems, thus more precisely probing the parameter space where hESCs 

are sensitive to ligand derivatives.  



 56 

 

Figure 21. Levels of nuclear ß-catenin are sensitive to ligand dynamics.  

Quantification of time-lapsemovies of nuclear GFP-ß-catenin (black) in hESCs exposed to 

different ligand presentation schemes (red). Exogenous WNT3A is added all at once (step) 

or in smaller increments over time (ramp) where cumulative WNT3A is the same in step 

and ramps.Total dose of Wnt was either 10 ng/ml (A) or 300 ng/ml (B). Error bars in all 

graphs indicate SEM of ≥ 653 cells 
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5.5. Exogenous DKK1 sustains ß-catenin at low Wnt 

Exogenous recombinant DKK1 is often used to inhibit canonical Wnt 

signaling. DKK1 is thought to inhibit Wnt signaling by blocking Wnt binding to the 

LRP5/6 receptor (González-Sancho et al., 2005). Thus we measured the effect of 

WNT3A concurrent treatment with DKK1 and found that while DKK1 attenuated 

peak signaling in response to 30ng/ml WNT3A and higher doses, the overall 

signaling trajectory became sustained (Figure 22). Furthermore, very low levels of 

WNT3A actually showed more signaling for a longer duration when DKK1 was 

administered with WNT3A versus WNT3A alone, indicating that DKK1 becomes a 

facilitator of Wnt signaling at low doses. This result brings into question the 

presumption that DKK1 addition always lowers Wnt signaling, and future work is 

warranted to determine whether DKK1 facilitates low levels of Wnt signaling in 

vivo. 

 

Figure 22. Exogenous DKK1 increases signaling from low levels of WNT. 

Quantification of time-lapse imaging where WNT3A is added at indicated concentration 

along with indicated amount of DKK1 (ng/ml). 
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5.6. Effect of E-cadherin knock-out on ß-catenin dynamics and 

patterning 

ß-catenin binds e-cadherin proximal to the membrane, and downregulation 

of e-cadherin during epithelial to mesenchymal transitions during PS development 

has been proposed to free ß-catenin for signaling in the nucleus (Ciruna and 

Rossant, 2001; Howard et al., 2011). The sustained ß-catenin response in ESCs 

during PS-differentiation (Figure 7) seems to be consistent with this hypothesis, 

and e-cadherin is downregulated in these cells (Figure 8). Additionally, in contrast 

to pluripotent cells, RKO cells have a sustained response to Wnt signaling (Figure 

7A, (Goentoro and Kirschner, 2009)) and contain a loss of function mutation in e-

cadherin. Finally, in contrast with the nucleus, membrane ß-catenin increases 

stably, thus adaptation might be facilitated by nuclear ß-catenin trafficking to the 

membrane to bind e-cadherin (Figure 5). In light of this, we wondered if e-cadherin 

knockout in hESCs would be sufficient to convert the adaptive response to a 

sustained response.  

CDH1, the gene that codes e-cadherin, was mutated in ESCs using 

CRISPR/Cas followed by clonal selection, and loss of function was confirmed with 

immunofluorescent antibody staining for e-cadherin (Figure 23A). ESCs with 

unmodified wildtype CDH1 (WT) show strong e-cad staining at cellular 

membranes, while CDH1 loss of function cells (CDH1-/-) lack detectable e-

cadherin. Interestingly, while total and peak ß-catenin was decreased, the fold-
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change of pre and post-Wnt addition was conserved (Figure 23B, B’), as was the 

response to TGFß ligands Activin and BMP4 (Figure 23C, C’). Thus, loss of e-

cadherin was insufficient to convert the adaptive response to sustained, and 

despite significantly lowering total ß-catenin, the signaling dynamics in terms of 

fold-change is conserved. Interestingly LEF1 induction was lowered in these cells, 

while DKK4 dynamics were conserved (Figure 23D), indicating that transcription 

of specific Wnt targets are affected differently by e-cadherin knockout. This could 

indicate that they respond to different aspects of ß-catenin dynamics, such as 

absolute level for LEF1 and ß-catenin fold-change or accumulation rate for DKK4, 

though further investigation is required. 
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Figure 23. B-cat levels decrease in E-Cadherin knock-out cells, but fold-

change dynamics in response to WNT3A are maintained. (A) Immuno-

fluorescent staining of E-CAD in wildtype (WT) and CRISPR/cas mediated CDH1-/- (a.k.a., 

E-CAD) knockout cells. (B,C) Response to WNT3A, Activin, or BMP4 normalized to mock-

treated wildtype cells. (B`, C’) Data from B or C, but instead normalized to bCat levels pre-

treatment. (D) qRT-PCR of two WNT-target genes in WT and CDH1-/- cells in response to 

300ng/ml WNT3A. 
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5.7. Induction of Wnt pathway inhibitors 

qPCR was used to determine which Wnt inhibitors are active in ES cells in 

response to the 3 primary gastrulation signals, Wnt, Nodal/Activin, and BMP. 

Because the TGFß ligands Activin and BMP might have different effects when 

combined with the Wnt ligand, they were also measured in combination. Wnt 

activated Axin2, DKK1, and DKK4, implicating these genes as potential negative 

feedback mechanisms during adaptation to Wnt signals, while TGFß ligands 

repressed Axin2, DKK4, and DKK2, indicating possible mechanisms for Wnt 

signaling to increase with TGFß signals.  Thus future efforts should assay the 

functional significance of modulating Axin2, DKK1, DKK2, and DKK4 expression 

downstream of these signals, particularly in regards to affecting Wnt/ß-catenin 

dynamics.  
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Figure 24 Induction of Wnt-pathway inhibitors’ mRNA by WNT3A, Activin,  

and BMP4.  Fold change mRNA determined via qRT-PCR.Cells were treated as indicated 

for 6 hours.  
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Chapter 6 

ß-catenin dynamics induced by 

TGFß/BMP ligands in pluripotent cells 

Parts of this chapter is adapted from published work (Massey et al., 2019). 

Given the sustained induction of nuclear β-catenin in the PS-differentiation 

protocol, we sought to identify how Activin and BMP (both are components of PS-

induction media) might individually contribute toward β-catenin signaling. 

6.1. TGFß ligands induce ß-catenin signaling, but with a delay 

We found that both Activin alone and BMP alone can induce sustained β-

catenin signaling (Fig. 6 A and B). β-catenin activation with Activin and BMP was 

delayed compared with β-catenin activation with WNT3A (Fig. 2B) and SMAD 

activation with Activin or BMP (Heemskerk et al., 2019), implying that β-catenin 

signaling is a downstream effect of the Activin and BMP signals. Since both BMP 

and Activin can induce the production of new Wnt ligands (Arnold and Robertson, 

2009), we used IWP2 or recombinant DKK1 (an inhibitor of the canonical Wnt 

coreceptor LRP6) to inhibit the activity of Wnts induced downstream of Activin or 
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BMP. We found that IWP2 completely blocked the increase in nuclear β-catenin in 

response to Activin, indicating that Activin requires the presence of endogenous 

Wnts to activate β-catenin signaling. However, even a combination of IWP2 and 

DKK1 only partially blocked the increase in nuclear β-catenin in response to BMP, 

and by the end of this experiment, nuclear β-catenin levels had risen to 

approximately 30% of the levels achievable with exogenously added WNT3A in 

the same experiment. This suggests, surprisingly, that while part of the β-catenin 

response to BMP is attributable to new synthesis and secretion of Wnt ligands, 

another part of the response is Wnt-ligand independent. 

6.2. Activin and BMP synergize with WNT3A without a 

requirement for Wnt Ligand Induction 

We next asked how the presence of Activin or BMP might affect the 

response to exogenous Wnt signals. When intermediate WNT3A (30 ng/mL) is 

added to cells at the same time as Activin (Fig. 6C)orBMP4(Fig. 6E)along with 

IWP2, the initial response is similar to the WNT3A response alone. After 7 h, 

signaling continues to adapt in WNT3A-only-treated cells but begins to increase in 

WNT3A+Activin- and WNT3A+BMP-treated cells. The effect of Activin or BMP4 is 

only partly dependent on the induction of endogenous WNTs, since signaling 

increases despite the presence of IWP2. The total signaling after 20 h of Activin or 

BMP cotreatment with Wnt was more than the sum of their individual effects (Fig. 

6 D and F). 
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Activin and BMP no longer affect β-catenin when WNT3A saturates the 

response (300 ng/mL WNT3A; Fig. 6 C and E). In addition, there was little 

difference when either Activin or BMP was added 10 h before exogenous WNT3A 

rather than simul- taneously (SI Appendix, Fig. S11). This demonstrates that 

neither Activin nor BMP requires induction of endogenous Wnts to increase β-

catenin signaling. However, while Activin still requires synergy with another source 

of Wnts to increase β-catenin sig- naling, BMP increases β-catenin signaling even 

when all other sources of Wnts have been removed. 
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Figure 25 TGFß-ligands ACTIVIN and BMP4 increase ß-catenin signaling 

independent of WNT-ligand induction.  IWP2 (3µM) is a small molecule inhibitor of 

endogenous Wnt secretion and DKK1 (200ng/ml) is a protein that blocks canonical Wnt 

signaling at LRP5/6 receptor. (A,B,C,E) Quantification of time-lapse imaging of GFP-ß-

catenin labeled hESCs treated as indicated. All treatments are administered 

simultaneously. (D,F) Nuclear ß-catenin over baseline after 20 hours from indicated 

treatments showing TGFß-ligand synergy with Wnt independent of WNT-secretion. Data 

is reproduced from A, C, and E. In all graphs, Activin A and BMP4 doses were 30ng/ml and 

10ng/ml, respectively, and error bars represent SEM of ≥ 511 cells. 

 

Figure 26. Effect of Activin and BMP pretreatment on response to exogenous 

WNT3A.  Quantification of nuclear ß-catenin from live cell imaging of cells treated with 

either Activin or BMP 10 hours (t = -10) before treatment with WNT3A (t = 0). IWP2 was 
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maintained in the media for all conditions throughout the experiment. Error bars in all 

graphs indicate SEM of ≥ 171 cells. 

6.3. Endogenous TGFß ligands maintain signaling plateau after 

stimulation with exogenous WNT3A 

Since exogenous Activin and BMP increased ß-catenin signaling, we asked 

whether endogenous TGFß signals downstream of Wnt were contributing to the 

response. hESCs were treated with WNT3A with and without inhibiting the TGFß 

pathway using small molecule inhibitors SB43152 and LDN193189. These small 

molecules lowered the signaling during during adaptation, indicating that 

endogenous TGFß ligands play a role in setting the level of ß-catenin in the 

nucleus during adaptation to the Wnt signal. The initial peak signaling is likely 

driven entirely by the exogenous WNT3A since it is unaffected by by inhibition of 

both the endogenous Wnt (see Figure 18) and TGFß ligands. 
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Figure 27 Effect of TGFß/BMP pathway inhibition on Wnt induced ß-catenin 

signaling. Quantification of nuclear bCat in time-lapse movie where hESCs containing 

GFP-ß-catenin were exposed to WNT3A with or without the addition of TGFb and BMP 

pathway inhibitors SB431542 and LDN193189. 

6.4. Inhibition of endogenous TGFß ligands lowers ß-catenin 

levels in two differentiated cell lines, but does not switch 

dynamics to adaptive. 

Since TGFß ligands are sufficient for sustained ß-catenin signaling in ESCs, 

we asked whether they were necessary for sustained ß-catenin signaling in 

HEK293 and RKO cells. Inhibition of TGFß receptors using SB431542 and 
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LDN193189 did not result in a switch to an adaptive response to WNT3A in these 

cells, though overall ß-catenin signaling was lowered (Figure 28).  

 

Figure 28 TGFb/BMP pathway inhibition is insufficient to convert sustained 

WNT/bCat dynamics to adaptive.  Quantification of nuclear bCat in time-series 

immuno-fluorescent imaging experiment where two-non adapting cell-lines were 

exposed to WNT3A with or without the addition of TGFb and BMP pathway inhibitors 

SB431542 and LDN193189. 
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Chapter 7 

Conclusions and Future Directions 

Parts of this discussion is adapted from published work (Massey et al., 

2019). 

This work shows that β-catenin signaling responds adaptively to constant 

Wnt signaling in pluripotent stem cells, and that these dynamics change 

dramatically with cell context. At saturating doses of WNT3A, adaptation is partial, 

cell-autonomous, and controlled at or upstream of GSK3β. This is in contrast to 

TGFβ signaling, which our lab previously showed to be adaptive in pluripotent cells 

(Heemskerk et al., 2019), where adaptation is near complete even at saturating 

doses. Finally, these results show that TGFβ signaling and BMP signaling increase 

β-catenin signaling independent of their ability to induce Wnt ligands. Our GFP-β-

catenin knock-in labeling strategy is quantitative, allows measurement with high 

temporal resolution, conserves spatial information, and, in contrast to β-catenin 

fluorescent protein overexpression reporters (Kafri et al., 2016b), maintains 

pathway stoichiometry.  
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In the future, we will be able to combine this approach with self-patterning 

differentiation assays; such as the organoids, gastruloids, and embryoids 

discussed in 1.2.3 and various reviews (Siggia and Warmflash, 2018; Simunovic 

and Brivanlou, 2017); providing us with the signaling trajectories required for each 

cell fate. This approach is not limited to development and likely can be used just 

as effectively for dissecting signaling in models of diseased tissue.  

A more fine-grained investigation of the mechanisms that control Wnt 

adaptation and Wnt/TGFβ/BMP pathway crosstalk is needed. This thesis shows 

that adaptation is controlled at or upstream of GSK3β, but the possible role of the 

known pathway inhibitors remains unclear. The requirement for 

production/repression of inhibitors downstream of the Wnt signal can be tested by 

knockout (particularly those known to be activated by Wnt or repressed by 

Activin/BMP4 shown in Figure 14 such as Axin2, DKK1, DKK4).  Additionally, it will 

be interesting to determine if any adaptation mechanisms require a certain 

threshold of Wnt signaling to be induced. More generally, future investigation is 

needed to understand how the dynamics of the pathway are tuned to achieve 

divergent functions depending on the context. 

It is becoming increasingly appreciated that signaling pathways respond to 

stimulation with complex dynamics of signal transduction that influence how 

ligands are interpreted. For example, in hESCs, the SMAD4 response to BMP4 

ligand is stable (Heemskerk et al., 2019; Nemashkalo et al., 2017; Yoney et al., 

2018), while its response to Nodal is adaptive (Heemskerk et al., 2019; Yoney et 

al., 2018). Adaptive signaling has also been observed in other pathways, including 
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EGF (Cohen-Saidon et al., 2009), NF-κB (Hoffmann et al., 2002; Nelson et al., 

2004), and SHH (Dessaud et al., 2007). Pioneering work on ERK signaling in PC12 

cells has shown that ERK signals can be either transient or sustained, depending 

on whether they are stimulated with EGF or with NGF (Von Kriegsheim et al., 2009; 

Santos et al., 2007; Sasagawa et al., 2005), but whether pathway dynamics are 

typically intrinsic to a particular ligand and pathway or vary depending on the 

context remains unclear. The work in this thesis demonstrates that Wnt/β-catenin 

signaling dynamics vary dramatically even in response to the same ligand, as we 

observed a range of adaptive and sustained responses depending on the stage of 

differentiation or the cell type. It will be interesting to revisit the dynamics of the 

pathways described above to determine whether context-dependence is a 

common feature of signal transduction.  

Previously, Goentoro et al. reported that total β-catenin levels were stably 

increased in a rectal carcinoma cell line (RKO) that contains a mutation in E-

cadherin that prevents β-catenin localization to the membrane (Goentoro and 

Kirschner, 2009). This mutation facilitates biochemical analysis; however, whether 

these dynamics are representative of other cell types was unclear. More recently, 

Kafri et al. measured β-catenin dynamics in HEK293 cells by overexpressing a 

YFP-β-catenin reporter (Kafri et al., 2016b). While the β-catenin dynamics for RKO 

and HEK293 cells that we measured here are consistent with those studies, 

examination of a larger number of cell lines and treatments showed that these 

dynamics are highly context-dependent (Figure 7). In addition, RKO cells were an 

outlier, in that in all cell lines tested, they exhibited the greatest fold change in 
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nuclear β-catenin from pre- to post-WNT3A treatment, which when combined with 

potential indirect effects of known mutations in RAF and PI3K pathways (Ahmed 

et al., 2013; Berg et al., 2017) calls into question the use of RKO cells as a general 

Wnt model. Our results highlight the importance of studying β-catenin dynamics 

specifically in the context of interest, and caution against extrapolating between 

cell lines, organisms, or different differentiation states.  

Why baseline nuclear β-catenin increases with cell density is unclear 

(Figure 16). As hESCs are known to produce endogenous Wnts (Blauwkamp et 

al., 2012; Jiang et al., 2013), it might be that the higher baseline is simply a 

consequence of endogenous Wnt secretion, though if this were the case, there 

must be a mechanism preventing complete adaptation to low levels of endogenous 

Wnt. Alternatively, adherens junctions may be stabilized and total β-catenin levels 

at the membrane increased at higher densities, thereby increasing both total and 

nuclear β-catenin. This is consistent with the effects on Wnt-induced mesoderm 

differentiation observed by modulating the stiffness of the culture surface (Przybyla 

et al., 2016). In addition, it is interesting that the fold change in nuclear β-catenin 

on addition of Wnt was conserved despite the variations in total β-catenin caused 

by cell density (Figure 16) and e-cadherin knockout (Figure 23). Additionally, 

different Wnt targets showed varied dynamics (Figure 14), and, for some targets, 

these dynamics varied when ß-catenin was adaptive or sustained (Figure 15), or 

when absolute levels were decreased (Figure 23). Future work should probe the 

functional significance of how various aspects of ß-catenin dynamics affect 
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transcription of different target genes, how this is regulated, and whether it 

changes in different cell types.  

This work has revealed that additional β-catenin signaling can be provided 

from TGFβ and BMP ligands through a variety of mechanisms, including induction 

of new Wnt ligands, sensitization of cells to exposure to Wnt ligands, and, for BMP, 

a mechanism that is completely Wnt ligand-independent (Figure 25,Figure 

26,Figure 27). The mechanism of this ligand-independent β-catenin signaling by 

BMP is unclear, and future experiments should aim to identify the functional 

biochemical mechanisms for pathway cross-talk in pluripotent cells and evaluate 

how they might be modulated in other contexts 

During gastrulation, BMP signaling from the trophectoderm induces Wnt 

signaling in the PS (Arnold and Robertson, 2009). The Wnt signal induces the 

TGFβ pathway ligand Nodal, which in turn activates BMP signaling. In this way, 

these signals are thought to reinforce each other and pattern the gastrula. It will be 

interesting to see if Activin/BMP’s induction of β-catenin signaling outside of ligand 

induction is important in the context of gastrulation. One hypothesis is that TGFβ- 

or BMP-mediated stabilization of Wnt dynamics might be required to drive certain 

PS fates, and so differentiation to these fates would occur only in regions of the 

embryo in which both signals are present. If true, it would be interesting to 

determine whether this synergy between pathways is independent of the induction 

of new Wnt ligands by Nodal or BMP.  
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Since Wnt/β-catenin signaling controls a variety of processes in different 

contexts, it will be interesting to see whether certain dynamic properties are 

associated with distinct roles. For instance, does providing positional information 

during gastrulation require an adaptive response to Wnts? Are Wnt/β-catenin 

dynamics adaptive in similar contexts, such as anterior-posterior patterning of the 

neural tube? Adaptive signaling dynamics sensitizes cells to the derivative of 

ligand concentration, and it has been suggested and others that in certain contexts, 

more positional information can be gained by responding to ligand derivatives 

compared with concentration alone (Heemskerk and Warmflash, 2016; Kutejova 

et al., 2009; Sagner and Briscoe, 2017; Siggia and Warmflash, 2018). In contrast, 

are there scenarios in which adaptation would be at odds with the role of the Wnt 

pathway? For instance, Wnt adaptation appears to be incompatible with the 

requirements for Wnt in maintaining homeostasis in intestinal crypts. In these 

crypts, constant Wnt signaling maintains the stemness of highly proliferative 

multipotent cells (Mah et al., 2016; Schepers and Clevers, 2012). These cells 

differentiate when they move away from the Wnt signal. If cells had adapted to the 

Wnt signal, they would be unable to determine when the signal was lost. Would 

adaptation not lead to the loss of stem cells in the crypt? It seems that the dynamic 

requirements for maintaining a constant zone of stemness might differ from the 

requirements for patterning during gastrulation, and it will be interesting to compare 

Wnt/β-catenin dynamics between these contexts in the future. 
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Chapter 8 

Materials and Methods 

8.1. Cell Culture, Treatments, and Differentiation.  

8.1.1. Cell culture 

hESCs (ESI BIO; ESI017) and iPSCs (Coriell Institute; AICS-0058-067) 

were maintained in pluripotency maintenance culture as described previously 

(Nemashkalo et al., 2017). For all experiments with hESCs and iPSCs, cells were 

seeded into mTeSR1 medium (STEMCELL Technologies) containing rock inhibitor 

Y27672 (10μM; STEMCELL Technologies; 05875) at a density of 5 × 104 

cells/cm2 except when noted otherwise. The medium was changed the following 

morning approximately 2 hours before administering any treatments. Experiments 

with other cell lines were similar except for differences in seeding density and 

culture media. Seeding density was lowered by up to a factor of five for the largest 

cells, such as RKO and C2C12. DMEM (Corning; 10-017) with 10% FBS (Fisher 

Scientific; 16000044) culture medium was used for C2C12, RKO, HEK293, and 

MDCK cell lines. NOF151-hTERT cells were grown in a 1:1 mixture of MCDB 105 
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(Sigma-Aldrich; M6395) and 199 medium (Sigma- Aldrich; M0393) supplemented 

with 10% FBS and 1 ng/mL epidermal growth factor (R&D Systems; PRD236)  

8.1.2. Administering treatments 

When exogenous ligands or small molecules were administered to cells, 

they were prediluted in a volume equal to 20% of the final culture medium volume 

to facilitate rapid mixing. The following recombinant proteins and small molecules 

were used: Activin A (R&D Systems; 338-AC; 30 ng/mL), BMP4 (R&D Systems; 

314BP050; 10 ng/mL), CHIR99021 (MedChem Express; HY- 10182), DKK1 (R&D 

Systems; 5439-DK-010; 300 ng/mL), IWP2 (Stemgent; 04-0034; 3 μM), SB431542 

(STEMCELL Technologies; 72232; 10 μM), WNT3A (R&D Systems; 5036-WN), 

WNT3A packaged with WNT-stabilizer reagent (AMSBIO; AMS.rhW3aL-002-

stab), and Y-27632 (STEMCELL Technolo- gies; 72302; 10 μM)  

8.1.3. WNT3A ramps 

For the WNT3A ramps in Figure 21, WNT3A was administered every 2 h, 

so that the total administered Wnt after each step was as indicated. Ramp duration 

and time between steps were chosen based on experimental feasibility.  

8.1.4. PS differentiation conditions  

Differentiation conditions in Figure 7 are adapted from (Loh et al., 2016). 

Our modifications included using Gibco Essential 6 Medium (Fisher Scientific; 

A15165-01) as a base and decreasing the CHIR99021 dose to 1 μM. The other 

supplements were as described previously (61): 30 ng/mL Activin A, 20 ng/mL 
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FGF2 (Thermo Fisher Scientific; PHG6015), and 40 ng/mL BMP4. Ibidi μ-Slide 8 

Well plates (Ibidi; 80826) were used for live imaging experiments. Lowrentention 

Eppendorf tubes (SI Appendix, Fig. S7) were from Thermo Fisher Scientific 

(80826). 

8.2. Plasmids and Generation of GFP-β-Catenin Labeled 

hESCs  

To generate GFP-ß-catenin-labeled hESCs, we followed a previously 

published protocol (Arbab et al., 2015) for CRISPR-cas gene editing. Guide RNA 

expression was from a PCR-amplified gBlock (IDT) as described previously (Arbab 

et al., 2015) but containing the β-catenin targeting sequence, 

cgtggacaatggctactca, located close to the ATG start codon. The homology donor 

template DNA was prepared by PCR amplification of PuroR-T2A-GFP over two 

rounds. The primers in the first round contained 5′ overhangs that add part of the 

β-catenin homology arms. The second round of PCR was done using the PCR 

product of the first reaction as a template and primers containing the remaining 

homology arm sequence in their 5′ overhangs. Primer sequences are listed in 

Table 1. Cas9 expression plasmid, homology donor DNA, and guide RNA were 

conucleofected in hESCs using the P3 Primary Cell 4D-Nucleofector X Kit (Lonza; 

V4XP-3012), and positive transformants were selected with puromycin (2 μg/mL; 

Thermo Fisher Scientific; A1113803). The RFP-H2B construct has been described 

previously (Nemashkalo et al., 2017). GFP and RFP double- positive cells were 

obtained by fluorescence-activated cell sorting. 
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Table 1. Primers used for GFP-ß-catenin labeling 

PCR 
Reaction 

Forward Primer Reverse Primer 

Homology 
donor first 

PCR 

AGTATACCATACAACTGTT
TTGAAAATCCAGCGTGGA
CAgccaccatggccgagtacaag 

AAAGATTTAATGACACAAACC
TTGTGTTGCGAGTCCGGActtg

tacagctcgtccatgcc 

Homology 
donor 

second PCR 

ACTTTTGATTAACTTTTTTT
AGGGTATTTGAagtataccata

caactgttttgaaaatcc 

GCAACGAAGCAGAGCCCCAA
TTCAGTAACTaaagatttaatgacac

aaaccttgtgttgc 
  

gBlock 
amplification 

TGAGTATTACGGCATGTG
AGGGC  

TCAATGTATCTTATCATGTCT
GCTCGA 

 

Sequence of gBlocks for β-Catenin GuideRNA. AGTATTACGGCATGT- 

GAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCTG- 

TTAGAGAGATAATTGGAATTAATTTGACTGTAAACACAAAGATATTAGTAC- 

AAAATACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAA

- 

TTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGA- 

TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGcgtggacaatggcta- 

ctcaGTTTAAGAGCTATGCTGGAAACAGCATAGCAAGTTTAAATAAGGCTAG- 

TCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTGTTTTAGA

G- 

CTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTTTTAGCGCGTGCGCCA- 

ATTCTGCAGACAAATGGCTCTAGAGGTACGGCCGCTTCGAGCAGACATGA- 

TAAGATACATTGA 
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8.3. Imaging and Analysis. 

 Imaging was performed on an Olympus/Andor spinning disk confocal 

microscope using either a 20×, 0.75 NA air or a 40×, 1.25 NA silicone oil objective. 

Most of the images displayed in the figures were taken at 40×, while the majority 

of movies were quantified at 20×. Time-lapse imaging intervals were either 10 or 

15 min, and Z-stacks were acquired in three planes spaced 2.5-μm apart. Image 

analysis was performed using Ilastik (Sommer et al., 2011) (www.ilastik.org) and 

custom software written in MATLAB (MathWorks) and described previously 

(Warmflash et al., 2014). Analysis code is available from 

https://github.com/josephkm. In brief, maximum intensity projections were taken 

across Z-slices, and background was subtracted. Background was identified by 

minimum intensity projection across numerous images and was manually checked 

for consistency. Nuclear pixels were identified using Ilastik, and resulting masks 

were imported to MATLAB for segmentation of cells and image quantification. 

Nuclear intensities of each cell were normalized against that cell’s nuclear marker, 

and the mean and SEM of these cells were then normalized against the negative 

control for that experiment (typically a mock-treated control group). For live 

imaging datasets, a median filter in time over a window of 12 time steps was 

applied to the control condition before normalization, to avoid propagation of 

fluctuations from the control to the experimental condition. The control traced in 

each figure shows the control condition normalized to its own median filter to allow 

observation of the variability in this condition. 
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8.4. Immunofluorescent Staining, Western Blots, and qRT-PCR 

8.4.1. Immunofluorescent Antibody Staining. 

 Cells were fixed with 4% PFA and stained as described previously 

(Nemashkalo et al., 2017). Antibodies and dilutions used are listed in Table 2. 

Table 2. Antibodies used 

Protein Species Dilution Vendor Catalog 

number 

β-catenin Mouse 1:200 BD 

Biosciences 

610154 

E-cadherin Mouse 1:200 Fisher 

Scientific 

3195S 

Brachyury Goat 1:300 Fisher 

Scientific 

AF2085 

Sox2 Rabbit 1:200 Fisher 

Scientific 

5024S 

 

8.4.2. Western Blot Analysis.  

Western blot analyses were performed using standard protocols using the 

following antibodies: β-catenin (mouse, 1:20,000 dilution; BD Biosciences; 

610154), GFP (rabbit, 1:1,000; Cell Signaling Technology; 2956S), peroxidase-β-

actin (1:50,000; Sigma-Aldrich; A3854), peroxidase-rabbit- IgG (1:2,500; Jackson 

ImmunoResearch; 711–035-152), and peroxidase-mouse- IgG (1:5,000; Jackson 

ImmunoResearch; 711–035-150). 
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8.4.3. Quantitative RT-PCR.  

 Quantitative RT-PCR (qRT-PCR) was performed following the 

manufacturer’s instructions. In briefly, the RNAqueous-Micro Total RNA Isolation 

Kit (Thermo Fisher Scientific; AM1931) was used to prepare RNA, and the 

SuperScript VILO cDNA Synthesis Kit (Thermo Fisher Scientific; 11754-050) was 

used to prepare cDNA. PCR reactions were done in a StepOnePlus Real-Time 

PCR System (Thermo Fisher Scientific) using Power SYBR Green PCR Master 

Mix (Thermo Fisher Scientific; 4367659). ATP5O was used to normalize all genes. 

Primer sequences are listed in Table 3. Primers created for this study were 

designed using the qPrimerDepot bank now located at 

https://pga.mgh.harvard.edu/primerbank/. 

Table 3. RT-qPCR primers used in this study 

Gene Name Forward Primer Reverse Primer Source Reference 

AXIN2 CTGGTGCAAAGAC

ATAGCCA     

AGTGTGAGGTCC

ACGGAAAC     

primerdepot.nci.nih.gov 

LEF1 TGGATCTCTTTCT

CCACCCA     

CACTGTAAGTGA

TGAGGGGG     

primerdepot.nci.nih.gov 

DKK1 GATCATAGCACCT

TGGATGGG 

GGCACAGTCTGA

TGACCGG 

(González-Sancho et al., 2005) 

DKK4 TCTGGTATTGCAG

TCCGTGT 

GGAGCTCTGGTC

CTGGACTT 

primerdepot.nci.nih.gov 

NODAL ATGCCAGATCCTC

TTGTTGG 

AGACATCATCCG

CAGCCTAC 

(Heemskerk et al., 2019) 

BRACHYU

RY 

TGCTTCCCTGAGA

CCCAGTT 

GATCACTTCTTTC

CTTTGCATCAAG 

(Heemskerk et al., 2019) 

EOMES CACATTGTAGTGG

GCAGTGG 

CGCCACCAAACT

GAGATGAT 

(Heemskerk et al., 2019) 

ATP5O ACTCGGGTTTGAC

CTACAGC 

GGTACTGAAGCA

TCGCACCT 

(Heemskerk et al., 2019) 

 

https://pga.mgh.harvard.edu/primerbank/
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