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Abstract 

Human pluripotent stem cells (hPSCs) were utilized to gain insight into the Wnt pathway, a 

developmentally important signaling pathway and to generate vocal fold epithelia, a hard to 

derive tissue for in vitro barrier characterization studies. Additionally, phenotypic changes 

occurring within epithelial cancer cells on culture on a superhydrophobic surface were 

characterized. 

hPSCs treated with a Wnt agonist (CHIR) differentiated into mesendodermal precursors 

completely within 50 hours of treatment, but primarily between 20 and 30 hours of treatment. 

Significant differences in the levels of phosphorylated β-catenin were observed throughout the 

differentiation process. PKA phosphorylated β-catenin increased significantly after 20 hours of 

CHIR treatment and was spatially and temporally correlated with Brachyury expression. 

Inhibition of PKA along with CHIR led to the attenuation of Brachyury expression. These insights 
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were used to develop a new layout for the Wnt pathway focused on site-specific β-catenin 

phosphorylation. A mathematical framework for this differentiation was also developed.  

Vocal fold epithelial barrier characterization has historically been difficult due to the limited 

viability of ex vivo tissue. Previous hPSC derived tissues were unable to create a confluent cell 

layer for the accurate characterization of barrier properties. To address these challenges a vocal 

fold epithelia differentiation protocol was developed for the scalable differentiation on 

Transwell® inserts and for barrier characterization. The trans-epithelial electrical resistance of 

the differentiated tissue observed on these inserts was 2556 ± 126 Ω cm2 and the minimum 

permeability of Sodium Fluorescein through the differentiated tissue was 8.14 ± 1.95 nm/s. The 

electrical resistance of 4.5 cm2 and 1.12 cm2 inserts were statistically insignificant from each 

other (p-value=0.83), indicating the scalability of the protocol. 

It was observed that epithelial cancer cells grown on a water resistant superhydrophobic 

substrate were up to 80% viable at high densities. Cells grown on this substrate for 12 hours or 

longer did not adhere to polystyrene unlike cells grown on adherent surfaces or surfaces 

functionalized to have low cellular attachment. This phenotypic change was also observed with 

cells grown on a shaken superhydrophobic surface. 
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1111 IntroductionIntroductionIntroductionIntroduction    

The advent of embryonic stem cell technology, first in mice in 1981[1], and later in human 

systems [2] opened up new areas for research. Embryonic stem cell lines are developed through 

the harvest of the inner cell mass of the blastocyst followed by culture in controlled conditions. 

The fertilized egg or zygote, starts division soon after formation, to form a structure called the 

morula, which is a densely packed ball consisting of about 100 cells. The cells in the morula 

further divide into the trophectoderm, a hollow spherical layer of cells and the inner cell mass. 

The trophectoderm forms extra-embryonic tissue like the placenta, while the inner cell mass, 

post implantation forms the human body. Embryonic stem cell lines are derivatives of the inner 

cell mass, and are capable of differentiating into any cell type in the human body and unlimited 

self-renewal in vitro [3]. They are maintained in the pluripotent state (defined as being capable 

of forming any cell type in the human body) through the use of specific media and extracellular 

matrix [4-7].  

Once the inner cell mass is extracted, the blastocyst from which it came from no longer remains 

viable for implantation and cannot be carried out to term. This imbues human embryonic stem 

research with several ethical challenges [8-10]. Further investigation into the mechanisms 

regarding the maintenance of pluripotency led to the development of embryonic stem cell like 

cells (that are pluripotent) from autologous (non-embryonic) sources, and do not involve the 

destruction of the embryo. These cells are called human induced pluripotent stem cells[11]. 

These cells along with human embryonic stem cells are classified as human pluripotent stem cells 

(hPSCs). 
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hPSCs can be differentiated in vitro into many therapeutically relevant cell types by mimicking 

chemical cues and certain mechanical cues present during in vivo  development[12]. Typically 

hPSC derived therapy for regenerative medicine is suggested for certain slow growing or non-

proliferative tissues like heart muscle or cells of the nervous system [13, 14]. However, lately 

hPSCs have been used as model systems to study development [15] and their pluripotency can 

be harnessed to study tissues that are hard to access, like the blood brain barrier [16]. Harnessing 

the potential of hPSC technology, however requires the understanding of in vivo development. 

After the formation of the inner cell mass and trophectoderm, the blastocyst begins the process 

of implantation. The trophectoderm begins implanting onto the uterine wall, and the inner cell 

mass begins to form a disc like structure called the blastula. The blastula has three layers, which 

eventually differentiate from each other forming three types of tissue, the outer ectoderm, the 

inner endoderm and the mesoderm sandwiched between the ectoderm and endoderm. The 

ectoderm gives rise to derivatives of the skin and the nervous system, the endoderm gives rise 

to the digestive, respiratory, excretory and reproductive systems, while the mesoderm 

differentiates into bone, cartilage, muscle, fat and blood (connective tissues). A gradient in Wnt 

signaling across the blastula begins the differentiation of its layers into ectoderm, mesoderm and 

endoderm [17-19].  

Similarly, in vitro, it has been observed that on the activation of Wnt signaling in hPSCs there is 

differentiation towards mesodermal fates [20-22]. Previous work done in the Palecek lab has also 

indicated that Wnt signaling activation leads to cardiac progenitor differentiation [23]. However, 

none of these studies look at the components of the Wnt signaling pathway within hPSCs. 



3 

 

 

 

Activation methods that have shown to be active in cancer cells are used on hPSCs, without 

investigating the components of the Wnt pathway [24]. In chapter 2 of this thesis, I investigate 

the components of Wnt pathway in hPSCs during pluripotency and differentiation. 

The Wnt pathway is a highly conserved protein signaling pathway present in cells and implicated 

in both differentiation and cancer phenotypes of mammalian cells [25]. The protein β-catenin is 

produced at a high rate and moves to the cell membrane to form a structure called an adherens 

junction with E-cadherin. It then dissociates from this structure to enter the cytoplasm. Here, in 

the inactive state of Wnt signaling, β-catenin is phosphorylated by (Caesin Kinase) CK1α at 

Thr41/Ser45 and tagged for entry into the destruction complex. The destruction complex consists 

of several proteins, among which (Glycogen Synthase Kinase) GSK3β phosphorylates the 

Phospho-β-catenin Thr41/Ser45 at Ser33/Ser37/Thr41. This Phospho-β-catenin 

Ser33/Ser37/Thr41 is degraded by the cell, hence the β-catenin is destroyed by the destruction 

complex [26]. In the active state of the Wnt pathway, the destruction complex does not form, 

leading to cytoplasmic and then nuclear accumulation of β-catenin, and eventually, the 

transcription of Wnt responsive genes. Transcriptional activation of β-catenin occurs through 

phosphorylation at Ser552 and Ser675 by Akt and (Protein Kinase) PKA, and PKA only.  

The dynamics of all of these phosphorylation states of β-catenin are not known through 

pluripotency and differentiation of hPSCs. Furthermore, the presence of several kinases implies 

that there may be additional control points for the Wnt pathway in hPSC differentiation through 

chemical inhibition. hPSCs are a unique system for evaluating these dynamics and control 

strategies due to their binary response to Wnt signaling (activation leads to differentiation and 
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inhibition can be used to maintain pluripotency[27]). Chapter 2 harnesses these properties to 

investigate the dynamics of β-catenin phosphorylation in hPSCs and uncover a new point of 

control of the Wnt pathway in hPSCs. In addition chapter 2 provides a new layout and 

mathematical framework for analyzing the Wnt pathway. 

In addition to providing a source of tissues for replacement therapy in regenerative medicine, 

hPSCs can also be used to generate tissues that are hard to access and study in vitro. Tissues 

forming tight barriers within the body are difficult to study ex vivo. The barrier properties of these 

tissues are maintained through energy dependent mechanisms [28-31]. On isolation of these 

tissue from animal cadavers, there is some loss of energy-dependent barrier properties [32]. The 

use of hPSCs to generate these tissues entirely in vitro can provide a better system for studying 

barrier characteristics, as there is no cell death due to isolation techniques. The vocal fold 

epithelium is one such system that can be more easily studied using hPSC technology [28]. 

The vocal fold epithelium consists of four to six layers of tightly packed cells that lie over the 

muscular tissue of the vocal cords and over a collagen layer that provides structural integrity to 

the vocal folds called the lamina propria. This stratified layer of cells provide a barrier against 

chemical injury of the vocal fold muscle [28]. Given the constant exposure of the vocal folds to 

chemical agents present in air, an impairment to the vocal fold epithelial barrier leads to loss of 

vocal function [33]. However, extraction of vocal fold epithelium from animals leads to some 

destruction of the epithelia and only limited information can be obtained through the study of 

ex vivo human vocal folds [28]. 
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In order to study this system, Thibeault and coworkers had developed a system for the in vitro 

differentiation for vocal fold epithelia [34]. In this model hPSC derived epithelial progenitors are 

seeded onto a collagen gel enmeshed with vocal fold fibroblast cells and grown at an air liquid 

interface to initiate stratification. The hPSC derived vocal fold epithelia thus formed resemble in 

vivo vocal fold epithelia with respect to morphology and protein marker expression. 

Barrier measurement in vitro typically involves placing the barrier forming tissue on an insert and 

using it to separate two chambers containing media [35]. In the absence of a cellular barrier, ions 

can flow freely between the two chambers (leading to low electrical resistance), and dyes can 

flow easily between the chambers (leading to high permeability). However, when attempting to 

perform these assays on the collagen gel based hPSC derived vocal fold epithelial tissue it was 

observed that due to the shrinking nature of the collagen gel, the tissue does not form a confluent 

layer on the inserts that they are cultivated on. This impedes barrier measurement as ions and 

dyes can pass through the segments of the inserts lacking cells and make the system appear to 

have a reduced barrier phenotype. Differentiating the vocal fold epithelial tissue on the insert 

was thought to be able to tackle these problems. Chapter 3 outlines the development of a 

strategy for vocal fold epithelia differentiation on inserts and barrier characterization of these 

tissues. 

Vocal fold epithelia are barrier forming cells, whose adherence to a surface defines their 

properties. Many other cell types have these properties, including several types of cancer cells 

[36]. In chapter 4, an investigation is performed into the change in adherence characteristics of 

epithelial cancer cells when placed on a superhydrophobic surface. A superhydrophobic surface 
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is one in which the contact angle of water exceeds 150°, this implies that water forms spherical 

beads on the surface rather than spreading onto it [37]. On these surfaces, a combination of 

micro and nano scale topography, along with surface functionalization creates a surface that 

causes the stabilization of an air layer between the water droplet and the surface [38]. Therefore, 

cells that are within a media droplet are unable to access a surface for attachment and spreading. 

Chapter 4 summarizes some of the changes that occur due to this form of cell culture of epithelial 

cancer cells. 

1.11.11.11.1 Outline of the thesisOutline of the thesisOutline of the thesisOutline of the thesis    

Chapter 1 introduces the three projects documented in this thesis. It introduces the key gaps in 

knowledge addressed in each of the chapters.  

Chapter 2 is an investigation linking the components of the Wnt signaling pathway in hPSCs to 

the process of hPSC differentiation. It introduces a new control point for the Wnt pathway and a 

new layout and framework for mathematical analysis of the pathway. 

Chapter 3 documents the development of a protocol for the differentiation of vocal fold epithelia 

on to Transwell® inserts. It further characterizes the carrier phenotype of these differentiated 

cells. 

Chapter 4 charts phenotypic changes observed in epithelial cancer cells when placed on a 

superhydrophobic substrate. It documents the viability of the plated cells, their morphology and 

phenotypic differences in behavior between these cells and those grown on low attachment 

surfaces. 
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Chapter 5 summarizes results and future recommendations of these works. 
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2222 Modulation of Wnt induced human pluripotent stem cell differentiation Modulation of Wnt induced human pluripotent stem cell differentiation Modulation of Wnt induced human pluripotent stem cell differentiation Modulation of Wnt induced human pluripotent stem cell differentiation 

by Protein Kinase Aby Protein Kinase Aby Protein Kinase Aby Protein Kinase A    

2.12.12.12.1 IntroductionIntroductionIntroductionIntroduction    

2.1.12.1.12.1.12.1.1 Human Pluripotent Stem CellsHuman Pluripotent Stem CellsHuman Pluripotent Stem CellsHuman Pluripotent Stem Cells    

Human pluripotent stem cells or hPSCs consist of two distinct cell types, human embryonic stem 

cells (hESCs) and human induced pluripotent stem cells (hiPSCs). hPSCs are pluripotent cells that 

are capable of forming any cell type in the human body. Human embryonic stem cells are derived 

from the pre-implantation embryo and are capable of unlimited proliferation in vitro while 

remaining undifferentiated. Cells with these properties were first derived by Thomson et al [1] 

from human embryos. Since their derivation, these cells have been used to model diseases [2, 3] 

and form viable tissue for transplantation in vitro [4]. However, the derivation of these cells 

results in the destruction of an embryo, thus prompting several bioethical concerns [5].  

Embryonic stem cells come from a limited number of embryos and therapeutically cannot be 

autologous (non-foreign) to a transplantation recipient. This implies that there is a high 

probability of immune rejection in cases where hESCs are used to generate transplantable tissue. 

However, hiPSCs can be derived from cells from a patient’s own body, thus reducing the risk of 

immune rejection. This technology makes development of transplantable tissue from hiPSCs a 

clinically viable alternative to hESCs. Additionally, there are fewer ethical considerations when 

harvesting adult body tissues than when harvesting pre-implantation embryos. 
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Induced pluripotent stem cells were first created by integrating four transcription factors (Oct4, 

Sox2, Klf4 and c-Myc) [6] into somatic cells to generate cells having an embryonic stem cell-like 

phenotype[6]. The transcription factors were packaged into a lentiviral vector which integrated 

into the chromosomes of the recipient somatic cells [7]. The major limitation of hiPSCs then was 

the need for chromosomal alteration and the use of lentivirus. However, both of these limitations 

have been overcome.  

hiPSCs have now been derived without chromosomal integration[8] and viral vectors[9]. Hence 

tissues developed through the use of hiPSCs are viable for transplantation [10-12]. Jacob et al 

[12] have already demonstrated the potential for disease treatment by using autologous induced 

pluripotent stem cells to cure a mouse model for sickle cell anemia. These cells have also been 

used in the modeling of human diseases. 

In cardiovascular medicine, for example, hiPSC technology has also been used to create several 

disease models for cardiac arrhythmic diseases [13, 14]. Moretti et al [13] collected dermal 

fibroblasts from Long QT syndrome patients, derived hiPSCs from these fibroblasts and then 

differentiated them into cardiomyocytes and captured action potentials characteristic to Long 

QT syndrome from these differentiated cells. This study demonstrated the possibility of creating 

viable functional tissue from an autologous source in humans. A similar study generated smooth 

muscle cells by differentiating hiPSCs derived from human aortic smooth muscle cells [15]. Thus 

functional cardiomyocytes and vascular cells (smooth muscle) can be derived from hiPSCs. The 

principle behind the use of hiPSC technology is that differentiation into cardiovascular lineages 

in vitro closely mimics the in vivo development of the heart. The potential underlying hiPSC 
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technology has been outlined in Figure 2.1[16]. However, the maintenance of pluripotency is a 

key requirement for the realization of the therapeutic potential of hPSCs. 

2.1.22.1.22.1.22.1.2 Maintenance of hPSC pluripotencyMaintenance of hPSC pluripotencyMaintenance of hPSC pluripotencyMaintenance of hPSC pluripotency    

Mouse pluripotent stem cells were first established by Martin et al [17] through isolation of the 

inner cell mass of the blastocyst and culture along with mouse embryonic fibroblast feeder layers. 

The media used in this case was DMEM/F12 supplemented with 20% fetal bovine serum (FBS). 

Thomson, about 17 years later attempted an analogous process in Wisconsin with human 

embryos and succeeded in creating human embryonic stem cell lines. Since then, the Thomson 

group has been dedicated towards the development of simpler and defined systems for stem cell 

maintenance. 

The hPSC culture medium was then made defined by the use of KnockOut Serum replacer in place 

of fetal bovine serum for the maintenance of cells [18]. This system was later improved through 

the invention of mTeSR1 [19], a 64 component medium capable of maintaining hPSCs on 

Matrigel, a extracellular basement protein secreted by mouse sarcoma cells. More importantly, 

the development of mTeSR1 implied that there was no requirement for fresh mouse embryonic 

fibroblasts for the maintenance of hPSCs. However, mTeSR1 contained albumin, an animal 

derived component, which was susceptible to batch to batch variability. 

Finally, through a pair-wise elimination of components in mTeSR1 to test elucidate components 

required for the maintenance of pluripotency, a new medium, termed E8, consisting of 8 

components was developed [20]. In addition, it was shown that E8 and vitronectin, as an 
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extracellular matrix protein, are fully sufficient to derive and maintain hPSCs. It is this medium 

that I use in this study to maintain hPSCs. 

Furthering the cause of simple, defined systems for the maintenance of pluripotency, the 

dissociation of hPSCs into single cells for the purpose of defined cell seeding was difficult for 

several years due to the epithelial nature of hPSCs [21]. Disruption of the epithelial structures 

caused programmed cell death. By inhibiting this disruption, hPSCs can be dissociated into single 

cells and plated in a defined manner. This disruption is inhibited using an inhibitor of the ROCK 

(Rho associated coiled-coil containing protein kinase) pathway, Y27632, which prevents the 

phosphorylation of phosphomyosin and thus prevents cell death due to cytoskeletal structure 

disruption. This compound was used in both this study and to develop precise conditions for vocal 

fold epithelia differentiation. 

2.1.32.1.32.1.32.1.3 Differentiation of hPSCsDifferentiation of hPSCsDifferentiation of hPSCsDifferentiation of hPSCs    

Adult or somatic cells are stable; they are capable of undergoing multiple divisions without any 

change in their phenotype. This helps maintain the structure and function of the tissues of the 

human body. However, stem cells are defined by their pluripotency, i.e. their ability to 

differentiate into any cell type in the body. Given this difference, Waddington [22] created the 

analogy of an epigenetic landscape shown in Figure 2.2[22].  

The hPSC state is represented by the green ball, and the terminally differentiated somatic cell 

state is represented by the blue ball. While the green ball is free to roll down any of the grooves 

on the landscape and acquire any terminally differentiated phenotype, represented by the 

notches in the foreground; the blue ball cannot easily go over the hills in the foreground and 
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occupy another notch. hiPSC technology represents the blue ball backtracking its path and 

occupying the spot occupied by the green ball. 

hPSCs can be directed to differentiate into a particular lineage or type of somatic cell. The 

differentiation is achieved through the activation of cellular signaling pathways through the 

addition of signaling proteins and small chemical activators [23, 24]. The control of these signaling 

pathways can be used to optimally control the differentiation fate of the hPSCs. The timed 

activation and deactivation of these signaling pathways in vivo leads to the embryonic 

development of specific organs and tissues within the mammalian body. Differentiation of hPSCs 

is achieved in vitro in many systems through mimicking of in vivo development events. The Wnt 

signaling pathway is an important signaling pathway in several developmental events.  

2.1.42.1.42.1.42.1.4 The Wnt pathwayThe Wnt pathwayThe Wnt pathwayThe Wnt pathway    

Canonical Wnt signaling is an evolutionarily conserved signaling pathway that is responsible for 

directing many developmental events, including heart formation and segmentation of the 

embryo, the first step leading to the development of vertebrae [25-27]. The signaling pathway is 

controlled by the location of β-catenin within the cell. In the absence of Wnt signaling, β-catenin 

is found in the cell membrane rather than the cytoplasm or the nucleus of the cell. A destruction 

complex consisting of the proteins, Axin, GSK3 and APC, tag the β-catenin present for degradation 

within the cytoplasm. This prevents β-catenin from entering the nucleus and transcribing Wnt 

responsive genes. However when Wnt signaling is active, the destruction complex cannot be 

formed and β-catenin is stabilized within the cytoplasm and can migrate to the nucleus. Within 

the nucleus, β-catenin forms a complex with TCF/LEF transcription factors and starts transcribing 
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Wnt responsive genes [28, 29]. Wnt activation may be achieved through the addition of a 

canonical Wnt ligand, Wnt-3a or through the addition of a GSK3 inhibitor, CHIR99021 [30]. The 

addition of the GSK3 inhibitor prevents the destruction complex from tagging β-catenin to be 

destroyed. This causes the accumulation of β-catenin within the cytoplasm, creating a situation 

analogous to the activation of Wnt signaling. A schematic of the pathway is shown in Figure 2.3. 

The regulation of β-catenin between the membrane cytoplasm and the nucleus occurs through 

several site-specific phosphorylation events. 

2.1.52.1.52.1.52.1.5 SiteSiteSiteSite----specific phosphorylation of βspecific phosphorylation of βspecific phosphorylation of βspecific phosphorylation of β----catenincatenincatenincatenin    

The protein β-catenin is produced by the cell at high rate compared to other proteins in the cell 

[31]. This rate of production is correlated with a high degradation rate. After translation, β-

catenin migrates towards the cell membrane to form an adherence junction complex with E-

cadherin [32-34]. However some of the β-catenin may be phosphorylated at Thr41 and Ser45 by 

CK1α [35] as a precursor to phosphorylation by GSK3β.  This phosphorylation tags β-catenin for 

entry into the destruction complex. A prominent cancer cell line SW480, was discovered to have 

a base pair deletion that removed Ser45, consequently, in this cell line, there is limited 

destruction of β-catenin and a high proliferative capacity (due to the continuous activation of 

Wnt responsive genes) generating a cancerous phenotype [25, 29, 35]. 

Once phosphorylated at Thr41/Ser45, the β-catenin interacts with the destruction complex, a 

protein agglomerate consisting of CK1α, GSK3β, Axin and APC as components. Here Axin and APC 

act as scaffolds for the kinases CK1α and GSK3β [25]. The Thr41/Ser45 phosphorylated β-catenin 

is primed for phosphorylation by GSK3β at Ser33, Ser37 and Thr41 [34]. This phosphorylated state 
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of β-catenin, Phospho-Ser33/Ser37/Thr41 β-catenin is tagged for ubiquitination and destruction 

within the cell. 

However, β-catenin can also be phosphorylated nearer the C-terminus into two transcriptionally 

active states. Protein kinase A (PKA) phosphorylates β-catenin at Ser675 and at Ser552 [36, 37], 

while Akt1 phosphorylates β-catenin solely at Ser552 38]. Both of these phosphorylated states, 

Phospho-Ser552 β-catenin and Phospho-Ser675 β-catenin are capable of entering the nucleus 

and binding with transcription factor scaffolding proteins. In addition, mutating these sites has 

shown not to affect the destruction complex dynamics of β-catenin [4, 36]. Through this study I 

considered the two phosphorylation states differently and monitored their effects on hPSC 

differentiation. 

2.1.62.1.62.1.62.1.6 Wnt signaling in hPSC regulationWnt signaling in hPSC regulationWnt signaling in hPSC regulationWnt signaling in hPSC regulation    

Studies involving hPSCs and Wnt signaling have identified a role for Wnt signaling in both self-

renewal [37] and differentiation [38] in vitro. Since in vitro differentiation is a recapitulation of in 

vivo development [4], the first few steps of development are described.  

The zygote starts dividing post fertilization, and eventually forms a multicellular spherical 

structure called the morula. The cells in the morula then differentiate to form the blastocyst 

consisting of an outer hollow spherical cell layer called the trophectoderm and the inner cell mass 

from which human embryonic stem cells are derived. Implantation into the uterine wall happens 

at this stage. The trophectoderm attaches onto the uterine wall and the inner cell mass forms a 

disc like structure called the blastula.  



18 

 

 

 

The process of gastrulation which is the next step in development begins with the middle layer 

of the blastula forming a streak and migrating through this streak to penetrate the outer layer of 

cells. This streak is the primitive streak and defines the body axis for the developing animal, the 

spinal column develops along this streak. The three cell layers now start the process of 

differentiation into the three germ layers, called ectoderm, mesoderm and endoderm. The 

ectoderm differentiates into components of skin and nervous tissue; the mesoderm 

differentiates into components of the musculoskeletal system and the circulatory system; and 

the endoderm differentiates into components of the digestive, respiratory and endocrine 

systems. This structure consisting of the three germ layers is called the gastrula.  

In multiple animal models, Wnt signaling via β-catenin has been shown to induce mesoderm 

formation through body axis duplication in the primitive streak stage [39-43]. The detection of 

primitive streak cells is accomplished by testing for the presence of the marker Brachyury [44-

47]. A diagram indicating the developmental potential of Brachyury positive mesoderm and 

endoderm precursor cells highlights the importance of Wnt signaling in development and 

differentiation. Figure 2.4 indicates that Brachyury positive cells are a precursor for all cell types 

not derived from the ectoderm. 

Wnt signaling activation had been used to maintain hPSC pluripotency in several studies [48-50]. 

The assumption that Wnt signaling promotes pluripotency in hPSCs is based on its unambiguous 

role in the maintenance of pluripotency in mouse embryonic stem cells [50, 51]. However, this 

analogy has not been fully applicable to human pluripotent stem cells. Cheng and coworkers [52] 

reported that Wnt proteins are not sufficient for maintenance of pluripotency of hPSCs.  
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Furthermore, Dalton and coworkers [53] established that Wnt inhibition is required for hPSC 

pluripotency and that interplay between the PI3K/Akt pathway and the Smad pathway 

determines the maintenance of pluripotency of hPSCs. Moon and coworkers [54] have shown 

that the downregulation of the pluripotency marker Oct4 and the increase in β-catenin and 

canonical Wnt signaling are correlated. They also show that the inhibition of the Wnt pathway 

shows no detrimental effects on the maintenance of pluripotency in hPSCs. Finally work done in 

our lab by Lance Lian [55] showed that continuous treatment of hPSCs with a specific GSK3 

inhibitor caused the hPSCs to show elevated Wnt activity correlated with the expression of Isl1, 

a cardiac progenitor marker. This study details the processes by which Wnt signaling leads to 

hPSC differentiation. 

2.1.72.1.72.1.72.1.7 AimAimAimAim    of the current studyof the current studyof the current studyof the current study    

The current study correlated the phosphorylation states of β-catenin during the process of 

mesendodermal (precursors of mesoderm and endoderm) differentiation of human pluripotent 

stem cells. Treating hPSCs with a Wnt agonist, a GSK3 inhibitor, causes the differentiation of 

hPSCs. However, it was not known how the phosphorylation of β-catenin is affected during this 

process. Wnt reporter studies indicated the upregulation of Wnt signaling, but direct 

measurements of β-catenin have not been done. In addition, little was known about the 

dynamics of β-catenin during the maintenance of a pluripotent state. This study addressed these 

gaps in knowledge. In addition, we discovered the effects of altering Wnt signaling, in conjunction 

with PKA signaling. We defined a mechanism for the changes observed and formulated a 

mathematical modeling framework for the Wnt induced differentiation of hPSCs. 
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2.22.22.22.2 ResultsResultsResultsResults    

2.2.12.2.12.2.12.2.1 GSK3 inhibition leads to differentiation of hPSCs in 50 hGSK3 inhibition leads to differentiation of hPSCs in 50 hGSK3 inhibition leads to differentiation of hPSCs in 50 hGSK3 inhibition leads to differentiation of hPSCs in 50 hoursoursoursours    

In order to measure the kinetics of hPSC differentiation in the presence of GSK3 inhibitor 

CHIR99021, hPSCs cultured in E8 were seeded at 40,000 cells/cm2 with ROCK inhibitor Y27632 

and allowed to expand for 60 hours, after removal of ROCK inhibitor 24 hours after seeding. In 

60 hours the density approached 150k cells/cm2. At this time the cells were treated with either 

4 µM CHIR or DMSO and allowed to grow for 50 hours. Cells were analyzed every 10 hours of 

growth. 

Figure 2.5 shows immunostaining results for 0 hours, 30 hours and 50 hours after the addition of 

CHIR to E8 media. At the zero hour time point, top row, there was no Brachyury present, and all 

of the cells were Nanog positive indicating that the cells were pluripotent after 3 days of 

expansion. At the 30 hour time point, a majority of the cells expressed both Brachyury and Nanog, 

indicating that the process of differentiation was taking place during this time. However, by 50 

hours, it was evident that all of the cells had differentiated, leading to a Brachyury positive 

population and no Nanog positive cells. 

Since the differentiation had fully initiated by 30 hours of culture, we focused on the transition 

between 20 and 30 hours with both DMSO and CHIR treatment. Figure 2.6 shows the 

immunostaining images of the cells between 20 hours post CHIR addition and 30 hours post CHIR 

addition. Images indicating the control, DMSO condition are also included. In both panels A and 

B (20 hours after CHIR addition, A being DMSO treated and B being CHIR treated), it was observed 

that the cells stained positively for Nanog. In panel B, it was evident that there was lower staining 
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for Nanog, since the nuclear stain was also visible. However, in panel C (30 hours after DMSO 

addition) and panel D (30 hours after CHIR addition), the stark difference between the two states 

was plainly evident. DMSO treated cells continued to stain positively for Nanog, but CHIR treated 

cells stained sporadically for Nanog, and much more strongly for Brachyury, indicating that the 

differentiation occured between 20 and 30 hours. Figure 2.7 shows flow cytometry dot plots for 

Brachyury for all conditions tested, indicating the differentiation occurred between 20 and 30 

hours after CHIR addition. 

Looking through the top row in Figure 2.7, at 20 hours there was elevation in the Brachyury 

staining strength, but by 30 hours all of the cells stained positively for Brachyury. There was little 

change in the median intensity for the CHIR treated cells from 30 through 50 hours. What was 

also evident in this figure, was that the differentiation was not sporadic in nature. There was no 

separation of Brachyury positive and Brachyury negative populations through the differentiation 

process. The presence of the DMSO control flow plots indicated that the lack of separate 

Brachyury positive and negative populations was not due to staining characteristics of the 

antibody. Had it been due to non-specific staining, then the DMSO population would also have 

shown a shift in intensity (y-axis). Through the differentiation, there was a loss of Nanog positive 

cells, predictably between 20 and 40 hours as seen from Figure 2.8. There was an increase in 

Brachyury positive cells and a correlated decrease in Nanog positive cells during the same time.  

This was also evident in the quantitative western blotting results shown in Figure 2.9. In panel 

(A), there was predictably only Brachyury seen in the CHIR treated samples, shown in grey. There 

was one blot showing Brachyury present at 30 hours in the DMSO control, but this was attributed 
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to being a staining artifact, rather than a true signal, the overwhelming data from flow cytometry 

presented in Figure 2.7 supported the low expression of Brachyury in the DMSO control.  

Figure 2.9B shows the results of Nanog western blotting. A modest increase in Nanog could be 

expected as low activation of Wnt signaling could increase the expression of pluripotency 

markers in hPSCs. However, no significant changes were seen in Nanog expression, based on the 

two tailed t-test data presented in Table 4. Predictably, there was no expression of Nanog after 

40 hours of CHIR treatment, while the DMSO control continued to express Nanog throughout the 

duration of the experiment. Since these phenotypic changes were solely brought about through 

treatment with a Wnt agonist, the dynamics of β-catenin and phosphorylated states of β-catenin 

were explored. 

Two way ANOVA tests for both Brachyury and Nanog were performed comparing the CHIR and 

DMSO treated conditions at each time point, and across time points for each condition. Table 1 

shows the p-value for Brachyury comparing the CHIR and DMSO treated cells. After 30 hours of 

treatment with CHIR, the cells showed significant Brachyury expression.  

Table 2 compared the CHIR treated condition across each of the time points. There was significant 

elevation after 10 hours of treatment. For Nanog, Table 5 indicated that significant reduction 

occurred 40 hours after the addition of CHIR, while Table 4 indicated that no significant changes 

occurred on DMSO treatment. 
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2.2.22.2.22.2.22.2.2 Levels of βLevels of βLevels of βLevels of β----catenin upon CHIR treatmentcatenin upon CHIR treatmentcatenin upon CHIR treatmentcatenin upon CHIR treatment    

It was expected that there would be an elevation in total β-catenin on the addition of CHIR, 

shown in Figure 2.10. The inhibition of destruction of β-catenin by GSK3β was expected to cause 

lower amount of β-catenin to be ubiquitinated and therefore raise the level of total β-catenin. 

However, quantitative western blotting showed no significant changes with CHIR or DMSO. Two 

way ANOVA tests for β-catenin were performed comparing the CHIR and DMSO treated 

conditions at each time point, and across time points for each condition. No statistically 

significant changes were observed on either CHIR or DMSO addition. Table 6, Table 7 and Table 

8 indicated these results. For all conditions, the p-value was greater than 0.2 comparing CHIR 

treatment to DMSO treatment, and the p-value was greater than 0.05 across all time points for 

DMSO treated cells and, the p-value was greater than 0.1 for all CHIR treated cells. This result, 

while unexpected, could be inferred from similar studies investigating density and β-catenin 

relationships. 

Oesch and coworkers [56] reported that there was increased sub-cellular localization of β-catenin 

in confluent cells, as opposed to sub-confluent cells. Their study also reported an increase in total 

β-catenin in the confluent cell system. Similar density-β-catenin relationships were also observed 

in rat bronchial cells by Steele et al [57]. Given that the experiment was initiated near the point 

of confluence, the levels of total β-catenin observed are more indicative of the high area density 

of the cells. However the insignificant differences between the total β-catenin level observed 

between the CHIR and DMSO control mask the more significant differences in the 

phosphorylated β-catenin dynamics. 
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2.2.32.2.32.2.32.2.3 Destruction complex dynamics change throughout differentiationDestruction complex dynamics change throughout differentiationDestruction complex dynamics change throughout differentiationDestruction complex dynamics change throughout differentiation    

Figure 2.11(A) shows the quantitative western blotting results for Phospho-Ser33/Ser37/Thr41 

β-catenin and panel (B) shows the results for Phospho-Thr41/Ser45 β-catenin. Two way ANOVA 

tests were performed on the Phospho-β-catenin Thr41/Ser45 and the Phosho-β-catenin 

Ser3/Ser37/Thr41 data comparing both the CHIR and the DMSO condition at each time point and 

across time points. Table 9 indicates that Phospho-β-catenin Thr41/Ser45 showed significant 

elevation after 20 hours of CHIR treatment. Table 12 indicates that Phosho-β-catenin 

Ser3/Ser37/Thr41 showed significant elevation after 10 hours of DMSO treatment, but on CHIR 

treatment there was no increase from the low level present at the beginning of the experiment. 

In the DMSO control, the levels of the Phospho-Ser33/Ser37/Thr41 β-catenin were significantly 

higher than the zero hour time point (p<0.01 for 40 and 50 hours post DMSO addition, Table 13). 

The GSK3β inhibitor was expected to inhibit this phosphorylation and reduce the amount of 

Phospho-Ser33/Ser37/Thr41 β-catenin being ubiquitinated. The insignificant changes observed 

on CHIR addition, p-value greater than 0.1 for all time points (Table 14) confirmed this hypothesis. 

However, the significantly (p-value less than 0.05, Table 9) elevated amounts of Phospho-

Thr41/Ser45 β-catenin were interesting as well. 

CHIR addition caused significant increase in Phospho-Thr41/Ser45 β-catenin over the DMSO 

control. Higher amounts of Phospho-Thr41/Ser45 β-catenin indicated that there was higher 

tagging of β-catenin for phosphorylation by GSK3β, therefore, upon the addition of CHIR, there 

was increased tagging of Phospho-Thr41/Ser45 β-catenin for phosphorylation, but as was evident 
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from panel (A), lesser phosphorylation itself. This surprising result could be rationalized through 

the analysis of the equilibrium dynamics of the β-catenin destruction pathway. 

In an elucidation of the scheme involved in β-catenin homeostasis, Kirschner and coworkers [31] 

demonstrated that a simple set of three equilibria could be used to explain the behavior of the 

destruction complex. Unphosphorylated β-catenin is in equilibrium with Phospho-Thr41/Ser45 

β-catenin which is in equilibrium with Phospho-Ser33/Ser37/Thr41 β-catenin, which is in 

equilibrium with ubiquitin tagged β-catenin. On the inhibition of GSK3β, the Phospho-

Ser33/Ser37/Thr41 β-catenin level decreases and thus pushes the Phospho-Ser33/Ser37/Thr41 

β-catenin – Phospho-Thr41/Ser45 β-catenin equilibrium in the backward direction, this causes 

the elevation of the Phospho-Thr41/Ser45 β-catenin species.  

Through both panels in Figure 2.11, it was seen that the fundamental changes in the destruction 

complex β-catenin levels were established qualitatively within the first 10 hours. This was in 

agreement with other studies of destruction loop dynamics. Outside of the destruction complex 

there were notable differences in phosphorylated β-catenin dynamics as well.  

2.2.42.2.42.2.42.2.4 Transcriptionally active βTranscriptionally active βTranscriptionally active βTranscriptionally active β----catenin dynamics show diffcatenin dynamics show diffcatenin dynamics show diffcatenin dynamics show differenceserenceserenceserences    

Figure 2.12 shows the dynamics of Phospho-Ser675 β-catenin in panel (A) and Phospho-Ser552 

β-catenin in panel B. Phospho-Ser675 β-catenin indicates β-catenin phosphorylated by PKA, while 

Phospho-Ser552 β-catenin indicates β-catenin phosphorylated by both PKA and Akt. Two way 

ANOVA tests were performed on the western blotting data for both Phospho-β-catenin Ser675 

and Phospho-β-catenin Ser552 comparing the CHIR and DMSO treated conditions at each time 

point and across time points respectively. Table 15 and Table 17 both indicated that the elevation 
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in Phospho-β-catenin Ser675 was statistically significant after 20 hours of treatment with CHIR 

(p-value less than 0.05, Table 17). For Phospho-β-catenin Ser552, Table 20 indicated statistically 

significant reduction (p-value less than 0.1, Table 20) following 30 hours of CHIR treatment. While 

the CHIR treated data sets for Phospho-β-catenin Ser552 were not significantly different from 

the 0 or 10 hour condition, comparing 20 hour, 30 hour, 40 hour and 50 hour CHIR treated 

conditions(Table 20) indicated statistically significant reduction happening across these time 

points. Changes in the DMSO treated condition were insignificant, as indicated in Table 19. 

Previous studies had indicated a role for PI3K signaling in the maintenance of pluripotency of 

hPSCs [53]. PI3K, or phosphoinositide-3-kinase is the principle kinase responsible for Akt 

activation. It was therefore expected that this kinase would not be correlated with the 

differentiation of hPSCs. The correlation of Phospho-Ser675 β-catenin to Brachyury was 

unexpected. 

The timing of the correlation indicated a transcriptional mechanism for the Phospho-Ser675 β-

catenin induced transcription of Brachyury (we hypothesized that phosphorylation at Ser675 was 

correlated to Brachyury transcription). Significant Phospho-Ser675 β-catenin elevation occurred 

within the first 20 hours of treatment, while significant (p<0.01, Table 1) Brachyury elevation was 

observed 30 hours post CHIR addition. This 10 hour time gap in elevation seemed to suggest that 

PKA induced phosphorylation of β-catenin was responsible for the differentiation of hPSCs. 

However, prior to testing that hypothesis, the correlation of Brachyury and Phospho-Ser675 β-

catenin was tested via immunostaining. 
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2.2.52.2.52.2.52.2.5 PhosphoPhosphoPhosphoPhospho----Ser675 βSer675 βSer675 βSer675 β----catenin is correlated to differentiating cellscatenin is correlated to differentiating cellscatenin is correlated to differentiating cellscatenin is correlated to differentiating cells    

Figure 2.13 shows immunostaining results for cells that have been treated with CHIR for 30 hours, 

panel (A) and cells that were treated with DMSO for 30 hours, panel (B). Brachyury is represented 

on the red channel, Phospho-Ser675 β-catenin is represented on the green channel, and nuclei 

are represented on the blue channel. On the inspection of panel (A), it was evident that there 

was co-localization of Phospho-Ser675 β-catenin and Brachyury, while Phospho-Ser675 β-catenin 

levels were low, and present only in the densest parts of the DMSO control. 

This co-localization appeared to confirm that there was correlation between Phospho-Ser675 β-

catenin and Brachyury and indicated a role for PKA in the differentiation of hPSCs. We have 

shown that PKA phosphorylated β-catenin is correlated with differentiated cells. However, if it 

was responsible for the differentiation, inhibition of PKA should inhibit the formation of 

Brachyury positive cells, and Brachyury levels measured via western blotting. To test this 

hypothesis, hPSCs were treated with several PKA inhibitors, in conjunction with CHIR, at several 

doses to check for Brachyury, Phospho-Ser675 β-catenin, Phospho-Ser552 β-catenin and total β-

catenin levels. 

2.2.62.2.62.2.62.2.6 PKA inhibition reduces Brachyury and total βPKA inhibition reduces Brachyury and total βPKA inhibition reduces Brachyury and total βPKA inhibition reduces Brachyury and total β----catenin levelscatenin levelscatenin levelscatenin levels    

The three PKA inhibitors used for this experiment were KT5720, Rp-CAMPs and H89 [58]. Three 

inhibitors were used as all three have cross reactivity with other cyclic-AMP kinases, including 

Akt. KT5720 is considered to be the most specific, having a PKA Ki about 30 times lower than the 

nearest interfering kinase. Whereas H89 is considered the most promiscuous amongst the 

protein kinase inhibitors used [59]. The concentrations of the kinase used were based on 
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preliminary testing to indicate what concentration was required to cause significant cell death. 

The maximum concentrations of KT5720, Rp-CAMPs and H89 used were 1 µM, 20 µM and 20 µM. 

The low, medium and high concentrations used were 20%, 50% and 100% of the maximum 

concentration represented. 

In addition, three other controls were used in this experiment. The first was the no CHIR, no 

inhibitor control, the second was the CHIR, no inhibitor control, and the third was the no CHIR, 

maximum inhibitor concentration control. The latter control was required to ascertain that the 

inhibitors were not causing significant cell death leading to density induced changes, and that 

the inhibitors themselves were not differentiating the hPSCs. 

Figure 2.14(A) shows the results of the western blot for Brachyury on the addition of the PKA 

inhibitors in conjunction with CHIR, after 30 hours of culture. The controls lacking CHIR treatment 

predictably showed no Brachyury, indicating that the PKA inhibitor by itself was not causing 

mesendodermal differentiation. The last control, with CHIR and without any inhibitors showed 

maximum Brachyury expression, indicating a positive control. At a high concentration, both 

KT5720 and H89 were capable of inhibiting differentiation. With Rp-CAMPs, there was some 

inhibition but not complete inhibition. Through this panel, qualitatively, it was evident that the 

H89, gray bar is most effective at inhibition of differentiation. KT5720 was also effective, but less 

so at lower concentrations.  

Figure 2.14(A) shows the results of the western blots for total β-catenin on the addition of the 

PKA inhibitors in conjunction with CHIR, after 30 hours of culture. Through the investigation of 

the first two groups of bars, it was evident that PKA inhibition was causing a decrease in β-catenin 
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levels. This could be due to some cell death occurring during inhibitor treatment, or could be due 

to the inhibition of other phosphorylated forms of β-catenin. 

2.2.72.2.72.2.72.2.7 PKA inhibition reduces transcriptionally active βPKA inhibition reduces transcriptionally active βPKA inhibition reduces transcriptionally active βPKA inhibition reduces transcriptionally active β----catenincatenincatenincatenin    

Figure 2.15 shows the western blotting results for Phospho-Ser552 β-catenin in panel (A) and 

Phospho-Ser675 β-catenin in panel (B). In both KT5720 had the most drastic effect on their 

concentrations and Rp-CAMPs has the least drastic effect. PKA is responsible for both the 

phosphorylation at Ser552 and Ser675, therefore it was expected that there is a reduction in both 

these species upon PKA inhibition.  

What was noteworthy was that there seemed to be concentration dependence for Phospho-

Ser552 β-catenin inhibition but limited concentration dependence for Phospho-Ser675 β-catenin 

inhibition. This trend, however, could not be spoken to with certainty, as the experiments were 

not performed with replicates that could provide an accurate estimate of the results. Moving 

forward, using just the high concentration used in these experiments could help elucidate the 

true effects of using these inhibitors to inhibit PKA. 

2.2.82.2.82.2.82.2.8 PKA inhibition attenuates differentiationPKA inhibition attenuates differentiationPKA inhibition attenuates differentiationPKA inhibition attenuates differentiation    

hPSCs were treated with 1µM KT5720 along with either CHIR or DMSO for 50 hours and the cells 

analyzed via immunostaining. Figure 2.16 shows that in either condition, there was no formation 

of Brachyury, which was expected on the addition of CHIR. For the DMSO + KT condition, 

Brachyury formation was not expected.  
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Therefore, the inhibition of PKA with the most specific inhibitor indicates that there was a 

reduction in the differentiated cells post CHIR addition. Hence, we have identified a control point 

for Wnt signaling in hPSCs downstream of GSK3β. In both cases, there are some cells that are not 

Nanog positive or Brachyury positive, there is a possibility that these cells either stained weakly 

for Nanog or were differentiating into non-mesendodermal cell types.   

2.2.92.2.92.2.92.2.9 Mechanism proposed to explain trendsMechanism proposed to explain trendsMechanism proposed to explain trendsMechanism proposed to explain trends    

Through the previous data, we established that the loss of Nanog, and gain of Brachyury 

expression occured over 50 hours after inducing differentiation with CHIR. The differentiation 

process was not stochastic, affecting almost all of the cells equally. The main differentiation 

appeared to occur 20 – 30 hours post CHIR addition. Phosphorylated β-catenin analysis indicated 

that Phospho-Ser675 β-catenin was correlated with Brachyury expression. This indicated a role 

for PKA in the differentiation of hPSCs, which was confirmed by inhibiting PKA, and then 

observing the loss of Brachyury expression. A model was constructed to explain these changes, 

shown as a schematic in Figure 2.17. 

Briefly β-catenin is synthesized by the cell and can then be phosphorylated by one of three 

kinases. CK1α phosphorylating it reversibly to Phospho-Thr41/Ser45 β-catenin, PKA 

phosphorylating it to Phospho-Ser675 β-catenin and both PKA and Akt phosphorylating it to 

Phospho-Ser552 β-catenin. The Phospho-Thr41/Ser45 β-catenin is then further reversibly 

phosphorylated by GSK3β to Phospho-Ser33/Ser37/Thr41 β-catenin, which is then ubiquitinated 

and destroyed. 
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However, with regards to Phospho-Ser675 β-catenin and Phospho-Ser552 β-catenin, there are 

several transcriptional events that can be triggered. Both were modeled to transcribe Brachyury 

and Nanog. In addition, there is synthesis of Nanog in hPSCs. A detailed mathematical model 

based on this reaction scheme could reveal greater insight into the phosphorylation dynamics of 

β-catenin in hPSCs. 

2.2.102.2.102.2.102.2.10 Mathematical modeling of hPSC Wnt differentiationMathematical modeling of hPSC Wnt differentiationMathematical modeling of hPSC Wnt differentiationMathematical modeling of hPSC Wnt differentiation    

2.2.10.1 Review of mathematical modeling of Wnt pathway 

The first model of the Wnt pathway, based on data from Xenopus laevis egg extracts was 

published in 2003 by Lee and Salic et al [60]. This model was used to verify the trend of β-catenin 

in egg extracts under conditions of no synthesis of β-catenin and addition of exogenous Axin. The 

biological data generated from this model was used in many other models of the Wnt pathway, 

reviewed by Wolf and coworkers [61]. This model described the core pathway and its reactions. 

Various other models investigated the characteristics and feedback loops of the pathway, 

without the addition of further biological data [62-68]. However the first models to integrate new 

biological data into the Wnt mathematical models came after 2010. 

Work by Tan et al [69] sought to measure the concentration of Wnt signaling components in 

mammalian cells. Lee and Salic [60] used their model to indicate that the low cytosolic 

concentration of Axin implied minimal destruction of β-catenin within the destruction complex. 

However, Tan et al [69] found that Axin concentrations in mammalian cells was high, and that 

findings from the original model needed to be reevaluated in the context of mammalian cells. 

Mazmondet et al [70] sought to answer the question what was the extent of stochastic 
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fluctuation in β-catenin in neural cells. Using a simple 3 equation system, they established that 

the Wnt pathway dynamics were more deterministic, rather than stochastic in nature.  

A major breakthrough in Wnt modeling came from the work of Kirschner and coworkers [31] 

showing that a simple 3 equilibrium system could explain β-catenin homeostasis dynamics in a 

variety of cancer cells under various conditions. Their experiments covered a duration lasting up 

to two hours of treatment with Wnt ligands and global phosphatases. 

Finally, reporting in PNAS, MacLean et al [71] analyzed several mathematical models of the Wnt 

pathway and adapted them to their own model. They used Bayesian methods to infer predictions 

without parameter estimation. Finally they used the model to indicate the presence of two 

possible steady states of cells, a stem state and a steady state. Their model however, did not 

support any new biological data apart from that provided by Lee and Salic[60], and while it 

explained the switching of states, it did not cover the dynamics during the switching itself. 

Therefore using the layout established in Figure 2.18 could provide a new method of analyzing 

the Wnt pathway focusing on the dynamics of the Wnt pathway parameters over an extended 

time period. By associating the Phospho-Ser552 β-catenin and Phospho-Ser675 β-catenin with 

Wnt transcriptional outputs, the model could also be adapted to different systems and cell types. 

2.2.10.2 Structure of the model 

The model consists of two synthesis and three degradation reactions along with 4 enzymatic 

reactions and 4 transcription events. The synthesis reactions indicates are the synthesis of β-

catenin and the synthesis of Nanog, both of which are constant rate, zero order reactions. The 



33 

 

 

 

degradation reactions are degradation of β-catenin, first order with respect to Phospho-

Ser33/Ser37/Thr41 β-catenin, degradation of Nanog, first order with respect to Nanog, and 

degradation of Brachyury, first order with respect to Brachyury. The four enzymatic reactions are 

catalyzed by CK1α, GSK3β, PKA and PKA and Akt; all of which were modeled on Michaelis-Menten 

kinetic reactions. 

The argument for modeling these reactions as Michaelis-Menten reactions, as opposed to mass 

action kinetics is to facilitate the use of inhibitors within the model. Site-specific inhibitors have 

not as yet been modeled as part of the Wnt pathway. Using inhibitors causes a reduction in the 

Km of the reaction and thus alters the kinetics. Equation 1 represents the standard Michaelis-

Menten kinetics equation, Equation 2 shows the alteration of the Michaelis-Menten constant on 

the addition of an inhibitor, and Equation 3, the Cheng-Prusoff equation shows a method for 

calculating the inhibitor association constant from the equivalent IC50. This structure allowed for 

using enzyme kinetics to model the Wnt pathway. 

The model was constructed in Cell Designer software [72], including the design of all of the rate 

expressions involved in the model. The output schematic from CellDesigner is shown in Figure 

2.17. Reaction re 1 whose rate expression is Equation 4 represents the synthesis of β-catenin 

within the cell. It is then phosphorylated by CK1α at Thr41/Ser45 in reaction re2 whose rate 

expression is Equation 5. The Phospho-β-catenin Thr41/Ser45 is then phosphorylated by GSK3β 

at Ser33/Ser37/Thr41 in re3 whose rate expression is Equation 6. The Phospho-β-catenin 

Ser33/Ser37/Thr41 is then destroyed in re4, whose rate expression is Equation 7. 
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The transcriptionally active phosphorylation events, are represented by re5 and re6 whose rate 

expressions are Equation 8 and Equation 9 respectively indicating the formation of Phospho-β-

catenin Ser552 and Phospho-β-catenin Ser675. The proportion of PKA phosphorylated β-catenin 

phosphorylated at Ser675 is indicated using a ratio term xPKA that varies between 0 and 1. The 

transcription of Brachyury through Phospho-β-catenin Ser675 and Phospho-β-catenin Ser552 is 

shown in re7 and re 10 whose rate expressions are Equation 10 and Equation 12. The 

transcription of Nanog through Phospho-β-catenin Ser675 and Phospho-β-catenin Ser552 is 

shown in re11 and re12, whose rate expressions are Equation 11 and Equation 13. Nanog 

synthesis is shown in re15 whose rate expression is Equation 15, and the destruction of Brachyury 

and Nanog happen in re13 and re14, whose rate expressions are Equation 14 and Equation 16. 

Parameter estimation and fitting was performed using the SloppyCell tool [73, 74].  SloppyCell 

tackles the problem that many biological models typically involve free parameters, which are 

poorly constrained. These parameters have sensitivities distributed across several decades. Using 

collective fits, the tool aims to make predictions based on the model data, rather than estimating 

parameters. However, when applied to this model of the Wnt pathway, even basic model fits for 

the DMSO control condition were lacking. 

2.2.10.3 Parameterization Challenges 

The parameters used in the model were adapted from Hernandez et al [31] for the destruction 

loop dynamics. Guesses were made for the remaining parameters from other literature sources 

[68, 69, 75].   
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Table 21 shows the parameters used for the initial guesses. Figure 2.19 shows the fit of the 

experimental simulation to the data for Nanog and β-catenin. The fit for Nanog was adequate, as 

it showed little to no variation in Nanog across the growth time. The fit for β-catenin showed a 

slight increase over baseline. The large error bars of the experimental data set made the fits 

difficult to evaluate. However, when analyzing the fits for Phospho-Thr41/Ser45 β-catenin and 

Phospho-Ser33/Ser37/Thr41 β-catenin, as shown in Figure 2.20, it was evident that the model 

was solely equilibrating over the simulation time, rather than reacting to the data set provided. 

In the fit for Phospho-Thr41/Ser45 β-catenin, labelled as Catenin-TS in the figure, it was seen that 

there was a general rise in the species, until it approached a new equilibrium value of about 1.5 

nM. Were the model initially equilibrated, and the species concentration adjusted to 1.5 nM, 

rather than the initial guess value of 0.4 nM, the SloppyCell tool would not have adjusted 

parameters to enable the trend to match experimental data. In the model fit graph for Phospho-

Ser33/Ser37/Thr41 β-catenin, labelled Catenin-SST in the figure, this was plainly evident. The 

initial set value for this concentration is about 0.3 nM, however, there was rapid equilibration in 

the first few time steps giving it an almost zero value. 

Figure 2.21 shows the parameter fit for Phospho-Ser675 β-catenin and Phospho-Ser552 β-

catenin. While the Phospho-Ser675 β-catenin agreed with experimental values, again the model 

failed entirely to fit Phospho-Ser552 β-catenin. Thus on the first run, the model fitting seemed to 

only work for certain species. 

In order to improve the simulation results, the model should be rewritten to parametrize the 

relative values, rather than the guessed absolute concentrations in this case. In addition density 
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changes must be integrated into the model, due to the effect that density has on the Wnt 

pathway. Without the density changes incorporated, the four enzymatic equilibria of the model 

all have equilibration times around 2 hours. The steady increase seen in the fit for Phospho-

Ser675 β-catenin is due to PKA Michaelis Menten constants being estimated far below their 

actual numbers. Density could be incorporated as a product of transcription of Phospho-Ser675 

β-catenin and Phospho-Ser552 β-catenin and as a factor controlling the rate of β-catenin 

destruction in the model. More work needs to be done to adequately parameterize the model 

and make predictions. 

2.32.32.32.3 ConclusionConclusionConclusionConclusion    

This study established that the Wnt induced differentiation of hPSCs, ceterus paribus, without 

changing the basal media took up to 50 hours, occurring between 20 and 30 hours. It established 

that the differentiation was not a stochastic event, and that all cells differentiated at around the 

same time. It established that there was significant elevation of PKA phosphorylated β-catenin, 

Phospho-Ser675 β-catenin during the differentiation event. This species was also correlated with 

the presence of Brachyury in cells. Finally, it also established that the inhibition of PKA led to the 

inhibition of differentiation in the cells via western blotting and immunochemistry. Therefore, it 

identified a novel control point for the Wnt signaling pathway in hPSCs downstream of the 

destruction loop.  

The observations regarding Brachyury, Nanog and PKA phosphorylated β-catenin were used to 

create a novel layout for the Wnt pathway in hPSCs. This layout, focused on the phosphorylation 

events rather than the destruction loop dynamics (in contrast to previous layouts of the Wnt 
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pathway). Newly produced β-catenin can be phosphorylated by any of three kinases, CK1α, PKA 

or Akt leading to either eventual destruction via GSK3β phosphorylation or two distinct 

transcriptional events. These transcriptional events lead either to the synthesis of Nanog or 

Brachyury. By altering the identity of the transcriptional products, the layout could be easily 

adapted to other systems in which Wnt has transcriptional roles. For example, Wnt induced 

epithelial to mesenchymal transition [76] could be studies by considering E-cadherin and N-

cadherin in place of Nanog and Brachyury. Similarly, Wnt induced neural crest cell differentiation 

[77] could also be studied using this layout. 

Finally, a mathematical framework was built on this layout. The framework utilized Michaelis-

Menten reaction rate laws for modeling the phosphorylation events, along with zeroth order 

synthesis reactions for β-catenin and Nanog, along with first order synthesis reactions for 

Brachyury and first order destruction reactions for GSK3β phosphorylated β-catenin, Nanog and 

Brachyury. Once parameterized adequately, the model can be used to perform in silico 

experiments involving combinations of kinase inhibitors to build complex control systems for the 

Wnt pathway. Substitutions of Nanog and Brachyury for other transcriptional targets could allow 

for detailed control analysis of the Wnt pathway and help identify other combinations of 

inhibitors to engineer a variety of Wnt responses.  

2.3.12.3.12.3.12.3.1 Qualitative improvement of the studyQualitative improvement of the studyQualitative improvement of the studyQualitative improvement of the study    

The correlation of Phospho-Ser675 β-catenin and Brachyury could be probed using flow 

cytometry effectively. By probing for Nanog, Brachyury, β-catenin and Phospho-Ser675 β-catenin 

simultaneously, several questions may be answered. Are there two populations of cells 
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expressing a high β-catenin concentration and a low β-catenin concentration? If so, are the low 

β-catenin cells Nanog positive, and the high β-catenin cells Brachyury positive? Alternatively, if 

there is uniform β-catenin across all of the cells, are the high Phospho-Ser675 β-catenin cells 

positive for Brachyury? These questions could be answered by probing for all 4 antigens 

simultaneously. 

Immunoprecipitation could help link the phosphorylated states to transcription factors in the 

nucleus. Transcription factors TCF3 and LEF1 are known to bind to β-catenin within the nucleus. 

TCF3 is also known to be a major regulator of pluripotency, therefore, it is possible that Phospho-

Ser552 β-catenin binds TCF3 and LEF1 binds Phospho-Ser675 β-catenin. This would increase the 

understanding of Wnt in hPSCs, and complete the mechanism from cell membrane to nucleus 

and translation. 

2.3.22.3.22.3.22.3.2 Quantitative improvement of the studyQuantitative improvement of the studyQuantitative improvement of the studyQuantitative improvement of the study    

The error bars on the Western blots need to be reduced. In addition, more work could be done 

towards equilibrating and parameterizing the model. The model could be initially equilibrated at 

two states, the zero hour state and the fifty hours with CHIR state. Density could be incorporated 

into the model, and a dependence of Brachyury on Nanog synthesis could be integrated. As the 

Brachyury concentration rises, the Nanog synthesis rate should diminish, rather than be a zeroth 

order reaction as it was for the generated graphs. Once parameterized, predictions for enzyme 

inhibitions can be made and tested across a variety of cell types and Wnt responsive proteins. 
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2.42.42.42.4 Materials and methodsMaterials and methodsMaterials and methodsMaterials and methods    

2.4.12.4.12.4.12.4.1 hPSC culture and differentiationhPSC culture and differentiationhPSC culture and differentiationhPSC culture and differentiation    

hPSCs were obtained as frozen vials and banked under feeder independent conditions in mTeSR1 

medium (STEMCELL Technologies, Vancouver, Canada). hPSCs were then thawed and cultured 

directly into E8 medium consisting of DMEM/F-12 (Life Technologies, Carlsbad, CA), 64 mg/l 

ascorbic acid (Sigma), 543 mg/l sodium bicarbonate (Sigma, St. Louis, MO), 14 µg/l sodium 

selenite (Sigma), 19.4 mg/l insulin (Sigma), 10.7 mg/l transferrin (Sigma), 100 µg/l FGF2 (Waisman 

Clinical Biomanufacturing Facility, University of Wisconsin-Madison), and 2 µg/l TGFβ1 

(Peprotech, Rocky Hill, NJ). pH of E8 medium was adjusted to 7.4 and osmolarity was adjusted to 

340 mOsm with NaCl. hPSCs were maintained on Matrigel (BD Biosciences, San Jose, CA). Cell line 

used in this study were H9 human embryonic stem cells (hESCs) (passages 25–35) 

2.4.22.4.22.4.22.4.2 ImmunostainingImmunostainingImmunostainingImmunostaining    

hESCs cultured in microwells or on Matrigel-coated glass coverslips were fixed in 4% 

paraformaldehyde (EMS) for 20 min at room temperature. Samples were blocked and 

permeabilized for 1 hour in blocking buffer, PBS (Invitrogen) containing 5% chick serum 

(Invitrogen) and 0.2% Triton X-100 (Sigma). Primary antibodies (Cell Signaling Technologies, 

Danvers, MA) were incubated overnight at 4°C in blocking buffer, and after subsequent washes 

in PBS cells were incubated in blocking buffer containing chicken anti-mouse Alexa 488 (1:500, 

Invitrogen) and donkey anti-goat Alexa 594 (1:500, Invitrogen) for 1 hour at room temperature. 

Following PBS washes, the cell nuclei were labeled with Hoechst (1:5000, Invitrogen) for 20 min. 
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Samples were imaged using a Bio-Rad Radiance 2100 Multiphoton Rainbow microscope (Bio-

Rad). 

2.4.32.4.32.4.32.4.3 Flow CytometryFlow CytometryFlow CytometryFlow Cytometry    

Cells were detached using 0.25% trypsin-EDTA (Invitrogen), fixed in 1% paraformaldehyde for 10 

min at 37°C, and permeabilized in ice-cold 90% methanol for 30 min. Primary antibodies 

(Brachyury, R&D Systems, Nanog, BD Biosciences) were incubated overnight in FACS buffer (PBS 

with 2%FBS and 0.1% Triton X-100). Following 2 PBS washes, cells were incubated with donkey 

anti-rabbit Alexa488 (1:1000, Invitrogen) and donkey anti-goat Alexa633 (1:1000, Invitrogen) for 

30 min at room temperature (for Oct4 flow only). After 2 PBS washes, samples were analyzed on 

a FACSCaliber flow cytometer (Becton Dickinson Immunocytometry Systems, BDIS) using 

CellQuest software. 

2.4.42.4.42.4.42.4.4 Western BlottingWestern BlottingWestern BlottingWestern Blotting    

Proteins were quantified using a BCA protein assay (Pierce), resolved on a 12% polyacrylamide 

gel and transferred to a nitrocellulose membrane. After blocking with 5% powdered milk in TBS 

+ 1% Tween-20 for 1 hour at room temperature, membranes were labeled with primary 

antibodies (Cell Signaling Technology. Danvers, MA) overnight at 4°C followed by horseradish 

peroxidase-conjugated secondary antibodies overnight at 4°C. Protein levels were detected via a 

SuperSignal West Pico Chemiluminescent Substrate (Pierce). Quantification performed using 

ImageJ software. 
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2.4.52.4.52.4.52.4.5 FiguresFiguresFiguresFigures    

 

Figure 2.1: Schematic showing the variety of sources for hPSCs [78]. 
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Figure 2.2: Waddington's epigenetic hypothesis. The green ball is a more multipotent state than 

the blue ball, which has already rolled down the epigenetic landscape to form somatic tissue. It 

is unlikely that the blue ball will roll up and back down to occupy any of the other slots at the 

bottom of the landscape [22]. 
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Figure 2.3: A schematic of the canonical Wnt pathway in its off and on state, adapted from Logan 

and Nusse [25]. 
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Figure 2.4: Schematic showing the terminal fates of Brachyury positive mesendodermal 

progenitors indicating the important role of Wnt signaling in development and differentiation[4]. 
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Figure 2.5: Immunostaining showing the differentiation of hPSCs on the addition of 2 µM of CHIR 

to cells in E8 over 0 hours, 30 hours and 50 hours. There is beginning Brachyury expression at 30 

hours, along with residual Nanog expression, however this disappears in the next 20 hours. Left 

panel indicates Hoechst staining of DNA, middle panel indicates Brachyury, stained with Alexa-

488 and right panel indicates Nanog stained with Alexa-594. Scale bar is 25 µm. 
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Figure 2.6: Immunostaining image showing cells 20 hours after addition of CHIR, (A) without CHIR 

and (B) with CHIR and 30 hours after addition of CHIR (C) without CHIR, and (D) with CHIR. Hoechst 

staining of DNA, middle panel indicates Brachyury, stained with Alexa-488 and right panel indicates 

Nanog stained with Alexa-594. Scale bar is 25 µm. 
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Figure 2.7: Flow cytometric analysis showing that the differentiation to Brachyury occurs 

uniformly and not sporadically, the entire population of cells migrates from a Brachyury negative 

to a Brachyury positive state. Similar changes are not observed for the –CHIR conditions. 

Brachyury-Alexa-633:FL4 is on the vertical axis.  

CHIR 
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Figure 2.8: Flow cytometric analysis showing percentage of cells that are either Nanog positive 

or Brachyury positive over time during the CHIR treatment duration 
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Figure 2.9: Western blotting data for Brachyury (A) and Nanog (B) during 50 hours with CHIR 

(gray) and without CHIR(black). n=3 
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Figure 2.10: Panel showing western blotting quantification for total β-catenin throughout the 

differentiation process. n=3  
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Figure 2.11: Panels showing the quantified amount of (A) Phospho-Ser33/Ser37/Thr41 β-catenin 

and (B) Phospho-Thr41/Ser45 β-catenin throughout 50 hours of culture and differentiation. N=3 
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Figure 2.12: Panels showing western blotting data for (A) Phospho-Ser675 β-catenin and (B) 

Phospho-Ser552 β-catenin over 50 hours of differentiation. n=3 
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Nuclei  Brachyury  Phospho-Ser675 β-catenin 

Figure 2.13: Colocalization of Phospho-Ser675 β-catenin and Brachyury in samples (A) treated 

with CHIR for 30 hours. Control (B) DMSO treatment have limited Phospho-Ser675 β-catenin 

expression, only in areas of high density. Scale bar is 100 µm. 
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Figure 2.14: Western blotting results on treatment of cells with CHIR and PKA inhibitors for (A) 

Brachyury and (B) β-catenin 
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Figure 2.15: Western blotting results on treatment of cells with CHIR and PKA inhibitors for (A) 

Phospho-Ser552 β-catenin and (B) Phospho-Ser675-β-catenin 
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Figure 2.16: Immunostaining results showing cells 30 hours after the addition of KT5720, with 

and without CHIR. In both cases Brachyury is not seen and many of the cells are Nanog positive. 

Scale bar is 100 µm. 
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Figure 2.17: Schematic created highlighting the mechanism proposed to explain the results 

discovered 
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Figure 2.18: Reaction scheme created in CellDesigner to model the mechanism of Wnt signaling 

in hPSCs 



59 

 

 

 

 

Figure 2.19: Parameter fit results for Nanog and total β-catenin for the DMSO control condition 
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Figure 2.20: Parameter estimation fitting for Phospho-Thr41/Ser45 β-catenin and Phospho-

Ser33/Ser37/Thr41 β-catenin for the DMSO control condition 
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Figure 2.21: Parameter estimation fitting for Phospho-Ser675 β-catenin and Phospho-Ser552 β-

catenin for the DMSO control condition 
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2.52.52.52.5 TablesTablesTablesTables    

Table 1: Results of two-way ANOVA test of Brachyury western blotting values between CHIR 

treated conditions and DMSO treated conditions for each time point 

10 hours  
20 hours 0.356 

30 hours 0.00624 

40 hours 0.00137 

50 hours 0 

 

Table 2: Results of two-way ANOVA test of Brachyury western blotting values between CHIR 

treated conditions across different time points. The column and row title indicate the time points 

being compared 

  0 hours 10 hours 20 hours 30 hours 40 hours 

10 hours           

20 hours 0.356 0.356       

30 hours 0.006243 0.00624 0.122     

40 hours 0.00137 0.00137 0.00464 0.0146   

50 hours     0.000107 0.000169 0.971 

 

Table 3: Results of two-way ANOVA test of Nanog western blotting values between CHIR treated 

conditions and DMSO treated conditions for each time point 

10 hours 0.482 

20 hours 0.585 

30 hours 0.861 

40 hours 0.229 

50 hours 0.324 
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Table 4: Results of two-way ANOVA test of Nanog western blotting values between DMSO treated 

conditions across different time points. The column and row title indicate the time points being 

compared 

  0 hours 10 hours 20 hours 30 hours 40 hours 

10 hours 0.0409     

20 hours 0.177 0.459    

30 hours 0.669 0.298 0.252   

40 hours 0.391 0.727 0.843 0.477  

50 hours 0.416 0.568 0.788 0.454 0.714 

 

Table 5: Results of two-way ANOVA test of Nanog western blotting values between CHIR treated 

conditions across different time points. The column and row title indicate the time points being 

compared 

  0 hours 10 hours 20 hours 30 hours 40 hours 

10 hours 0.266     

20 hours 0.164 0.559    

30 hours 0.687 0.292 0.236   

40 hours 6.83E-11 0.167 0.0435 0.0284  

50 hours 2.17E-13 0.166 0.0431 0.0278 0.587 

 

Table 6: Results of two-way ANOVA test of β-Catenin western blotting values between CHIR 

treated conditions and DMSO treated conditions for each time point 

10 hours 0.371 

20 hours 0.250 

30 hours 0.435 

40 hours 0.430 

50 hours 0.674 
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Table 7: Results of two-way ANOVA test of β-Catenin western blotting values between DMSO 

treated conditions across different time points. The column and row title indicate the time points 

being compared 

  0 hours 10 hours 20 hours 30 hours 40 hours 

10 hours 0.0695     

20 hours 0.350 0.552    

30 hours 0.309 0.328 0.320   

40 hours 0.301 0.348 0.329 0.552  

50 hours 0.395 0.403 0.400 0.614 0.475 

 

Table 8: Results of two-way ANOVA test of β-Catenin western blotting values between CHIR 

treated conditions across different time points. The column and row title indicate the time points 

being compared 

  0 hours 10 hours 20 hours 30 hours 40 hours 

10 hours 0.352     

20 hours 0.224 0.562    

30 hours 0.156 0.470 0.632   

40 hours 0.301 0.738 0.424 0.372  

50 hours 0.269 0.900 0.445 0.365 0.808 

 

Table 9: Results of two-way ANOVA test of Phospho-β-Catenin Thr41/Ser45 western blotting 

values between CHIR treated conditions and DMSO treated conditions for each time point 

10 hours 0.330 

20 hours 0.0286 

30 hours 0.198 

40 hours 0.283 

50 hours 0.000104 
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Table 10: Results of two-way ANOVA test of Phospho-β-Catenin Thr41/Ser45 western blotting 

values between DMSO treated conditions across different time points. The column and row title 

indicate the time points being compared 

  0 hours 10 hours 20 hours 30 hours 40 hours 

10 hours 0.785     

20 hours 0.429 0.518    

30 hours 0.0242 0.0624 0.451   

40 hours 0.0168 0.0312 0.174 0.0635  

50 hours 0.0633 0.171 0.920 0.0311 0.0231 

 

Table 11: Results of two-way ANOVA test of Phospho-β-Catenin Thr41/Ser45 western blotting 

values between CHIR treated conditions across different time points. The column and row title 

indicate the time points being compared 

  0 hours 10 hours 20 hours 30 hours 40 hours 

10 hours 0.313     

20 hours 0.014 0.257    

30 hours 0.124 0.549 0.539   

40 hours 0.193 0.366 0.679 0.528  

50 hours 0.00084 0.230 0.912 0.490 0.688 

 

Table 12: Results of two-way ANOVA test of Phospho-β-Catenin Ser33/Ser37/Thr41 western 

blotting values between CHIR treated conditions and DMSO treated conditions for each time 

point 

10 hours 0.712 

20 hours 0.974 

30 hours 0.570 

40 hours 0.841 

50 hours 0.661 
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Table 13: Results of two-way ANOVA test of Phospho-β-Catenin Ser33/Ser37/Thr41 western 

blotting values between DMSO treated conditions across different time points. The column and 

row title indicate the time points being compared 

  0 hours 10 hours 20 hours 30 hours 40 hours 

10 hours 0.0780     

20 hours 0.0263 0.664    

30 hours 0.0568 0.386 0.551   

40 hours 0.000977 0.537 0.934 0.541  

50 hours 0.000448 0.610 0.257 0.210 0.0251 

 

Table 14: Results of two-way ANOVA test of Phospho-β-Catenin Ser33/Ser37/Thr41 western 

blotting values between CHIR treated conditions across different time points. The column and 

row title indicate the time points being compared 

  0 hours 10 hours 20 hours 30 hours 40 hours 

10 hours 0.229     

20 hours 0.136 0.549    

30 hours 0.128 0.590 0.930   

40 hours 0.187 0.662 0.890 0.954  

50 hours 0.242 0.690 0.901 0.961 0.997 

 

Table 15: Results of two-way ANOVA test of Phospho-β-Catenin Ser675 western blotting values 

between CHIR treated conditions and DMSO treated conditions for each time point 

10 hours 0.567 

20 hours 0.216 

30 hours 0.164 

40 hours 0.231 

50 hours 0.0257 
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Table 16: Results of two-way ANOVA test of Phospho-β-Catenin Ser675 western blotting values 

between DMSO treated conditions across different time points. The column and row title indicate 

the time points being compared 

  0 hours 10 hours 20 hours 30 hours 40 hours 

10 hours 0.372     

20 hours 0.184 0.645    

30 hours 0.307 0.732 0.963   

40 hours 0.182 0.690 0.934 0.983  

50 hours 0.0592 0.304 0.565 0.591 0.497 

 

Table 17: Results of two-way ANOVA test of Phospho-β-Catenin Ser675 western blotting values 

between CHIR treated conditions across different time points. The column and row title indicate 

the time points being compared 

  0 hours 10 hours 20 hours 30 hours 40 hours 

10 hours 0.202     

20 hours 0.0235 0.330    

30 hours 0.0420 0.199 0.509   

40 hours 0.134 0.274 0.466 0.736  

50 hours 1.44E-05 0.0354 0.218 0.980 0.696 

 

Table 18: Results of two-way ANOVA test of Phospho-β-Catenin Ser552 western blotting values 

between CHIR treated conditions and DMSO treated conditions for each time point 

10 hours 0.431 

20 hours 0.0581 

30 hours 0.878 

40 hours 0.455 

50 hours 0.00435 
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Table 19: Results of two-way ANOVA test of Phospho-β-Catenin Ser552 western blotting values 

between DMSO treated conditions across different time points. The column and row title indicate 

the time points being compared 

  0 hours 10 hours 20 hours 30 hours 40 hours 

10 hours 0.358     

20 hours 0.453 0.607    

30 hours 0.460 0.736 0.641   

40 hours 0.801 0.304 0.417 0.497  

50 hours 0.740 0.0682 0.0578 0.359 0.337 

 

Table 20: Results of two-way ANOVA test of Phospho-β-Catenin Ser552 western blotting values 

between CHIR treated conditions across different time points. The column and row title indicate 

the time points being compared 

  0 hours 10 hours 20 hours 30 hours 40 hours 

10 hours 0.233     

20 hours 0.0788 0.239    

30 hours 0.2239 0.638 0.0879   

40 hours 0.483 0.269 0.0518 0.0894  

50 hours 0.226 0.610 0.0820 0.853 0.0651 
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Table 21: Parameters used for initial run for the Wnt signaling pathway in hPSC model 

Symbol Parameter Value Units 

k1 β-catenin synthesis rate 30 nmol hr-1 

KCK1 CK1α Michaelis Menten constant 300  

VCK1 CK1α theoretical maximum velocity 3080 nmol hr-1 

KGSK3 GSK3β Michaelis Menten constant 129  

VGSK3 GSK3β  Vmax value 9190 nmol hr-1 

k4 β-catenin degradation rate 60 hr-1 

KPKA PKA Michaelis Menten constant 215  

VPKA PKA theoretical maximum velocity 6130 nmol hr-1 

KAkt AkT Michaelis Menten constant 215  

VAkt AkT theoretical maximum velocity 6130 nmol hr-1 

k7 Ser675 transcription rate for Brachyury 37 hr-1 

k10 Ser552 rate of Brachyury Transcription 37 hr-1 

k11 Ser675 Transcription rate for Nanog 37 hr-1 

k12 Ser552 transcription rate of Nanog 37 hr-1 

k13 Brachyury destruction rate constant 2.60 hr-1 

k14 Nanog destruction rate 2.60 hr-1 

k15 Nanog synthesis rate 1.30 nmol hr-1 

xPKA Portion of PKA phosphorylated β-catenin phosphorylated at 
Ser675 

0.25  
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2.62.62.62.6 Equations Equations Equations Equations     

Equation 1: Michealis-Menten reaction equation 

�� =
�����

�� + �
 

Equation 2: Change in Km with inhibitor added 

�′� = ��(1 +
[�]

��
) 

Equation 3: Calculation of Ki from IC50 using expression by Brandt et al[79] 

�� =
����

(
�

��
+ 1)

 

Equation 4: Equation for reaction re1 indicating the zeroth order synthesis of β-catenin 

�1 = �1 

Equation 5: Equation for reaction re2, indicating the phosphorylation of β-catenin at Thr41/Ser45 

by CK1α. VCK1α and KCK1α, are the maximum velocity and Michaelis Menten constant for CK1α, the 

species s2 represents β-catenin 

�2 =
���1�(�2)

���1� + (�2)
 

Equation 6: Equation for reaction re3, indicating the phosphorylation of β-catenin at 

Ser33/Ser37/Thr41  by GSK3β. VGSK3β   and KGSK3β, are the maximum velocity and Michaelis 

Menten constant for GSK3β, the species s8 represents Phospho-β-catenin Thr41/Ser45 
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�3 =
�GSK3β(�8)

�GSK3β + (�8)
 

Equation 7: Equation for re4, the first order ubiquitination and destruction of Phospho-β-catenin 

Ser33/Ser37/Thr41, the species s11 represents Phospho-β-catenin Ser33/Ser37/Thr41 

�4 = �4 ∗ (�11) 

Equation 8: Equation for re5, the formation of Phospho-β-catenin Ser552 through 

phosphorylation of β-catenin by both Akt and PKA. VPKA   and KPKA, are the maximum velocity and 

Michaelis Menten constant for PKA, VAkt   and KAkt, are the maximum velocity and Michaelis 

Menten constant for Akt, and the term xPKA represents the proportion of PKA phosophorylated 

β-catenin phosphorylated at Ser675 

�5 = (1 − #$�%)
�PKA(�2)

�PKA + (�2)
+

�Akt(�2)

�Akt + (�2)
 

Equation 9:  Equation for re6, the formation of Phospho-β-catenin Ser552 through 

phosphorylation of β-catenin by both Akt and PKA. VPKA   and KPKA, are the maximum velocity and 

Michaelis Menten constant for PKA. The term xPKA represents the proportion of PKA 

phosophorylated β-catenin phosphorylated at Ser675. 

�6 = #$�%

�PKA(�2)

�PKA + (�2)
 

Equation 10: Equation for re7, the transcription of Brachyury through the action of Phospho-β-

catenin Ser675. The species s14 represents Phospho-β-catenin Ser675 

�7 = �7 ∗ (�14) 
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Equation 11: Equation for re11, the transcription of Nanog through the action of Phospho-β-

catenin Ser675. The species s14 represents Phospho-β-catenin Ser675 

�8 = �8 ∗ (�14) 

Equation 12: Equation for re10, the transcription of Brachyury through the action of Phospho-β-

catenin Ser552. The species s13 represents Phospho-β-catenin Ser552 

�10 = �10 ∗ (�13) 

Equation 13: Equation for re12, the transcription of Nanog through the action of Phospho-β-

catenin Ser552. The species s13 represents Phospho-β-catenin Ser552 

�12 = �12 ∗ (�13) 

Equation 14: Equation for re13, representing the destruction of Brachyury. The species s15 

represents Brachyury 

�13 = �13 ∗ (�15) 

Equation 15: Equation for re15 representing the zeroth order synthesis of Nanog 

�15 = �15 

Equation 16: Equation for re14, representing the destruction of Nanog. The species s16 

represents Nanog 

�14 = �14 ∗ (�16) 
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3.13.13.13.1 IntroductionIntroductionIntroductionIntroduction    

3.1.13.1.13.1.13.1.1 Vocal Fold Epithelial TissueVocal Fold Epithelial TissueVocal Fold Epithelial TissueVocal Fold Epithelial Tissue    

The human vocal fold has been described as a “human instrument” [1] due to the remarkable 

range of sounds produced and its small size compared to larger orchestral instruments. In order 

to produce sounds, an instrument requires three components, a sound source that vibrates in 

the air, a resonator that increases the strength of the fundamental frequency of the vibration 

and an orifice that transfers the sound to the free air space [1]. The vocal folds act as the vibrating 

sound source for the production of a fundamental frequency. They consist of two small 

specialized tissues that produce sound by rapidly oscillating as they come into contact and 

separate from each other. The change in length of the vocal fold create multiple frequencies that 

are perceived as pitch. This relationship between airflow and speech has been characterized, at 

least since the time of Aristotle (circa 384 – 322 BC) [2]. 

The vocal folds are composed of many different tissue types, epithelium, lamina propria, striated 

muscle, nerves, vasculature and cartilage. The striated muscle give the vocal folds the ability to 

oscillate and create a fundamental frequency, the epithelium, protects the musculature, and 

other tissues from injury. The vocal folds are prone to injury from various sources, including 

environmental irritants [3-5] like airborne pollutants (inhaled smoke), surgical procedures [6] and 

vibratory trauma [7] from use. The epithelia which sits over the muscle and the lamina propria 

forms a physical cellular barrier against injury through the formation of tight cellular junctions. 
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Recently, researchers have identified associations between epithelial disruption and vocal fold 

injury [8]. Since voice disorders are estimated to affect up to 9% of Americans [9], research into 

the primary protective mechanism, vocal fold epithelia is warranted. 

Epithelial cells are cells that line the cavities in the body and cover flat surfaces. In particular the 

luminal surface (exposed to the air) of vocal folds is covered in multiple layers of closely packed 

stratified squamous (square shaped) cells [6, 8, 10]. Human vocal fold epithelium typically 

consists of between 5 – 10 epithelial cell layers [11]. The layers of the squamous cells in the 

membranous vocal fold epithelium can be divided into basal and luminal layers, each of which 

expresses a different cytokeratin marker protein [12, 13]. Cytokeratin 14 is located in the basal 

layer, while Cytokeratin 13 is localized to the luminal layer. The vocal fold epithelia experiences 

continuous turnover [14], with estimates of continuous turnover time being about 4 days in 

murine models [15]. Despite the turnover, epithelial cell layers serve to create a barrier to protect 

the tissue underneath. This barrier is maintained through the presence of tight cellular junctions 

between the epithelial cells.  

Cellular junctions are protein complexes between cells that facilitate adherence between either 

a pair of cells or between a cell and a basement membrane. This adherence helps in the 

maintenance of tissue integrity and protects against injury [16]. Protein complexes called “tight 

junctions” are the primary occluding junction of the vocal fold epithelium and serve to bind 

adjacent epithelial cells [17]. The presence of these tight junctions creates a selectively 

permeable barrier to ion and compound flow in the transport through the epithelia. Disruptions 

of these tight junctions are critical in the protection of vocal folds from chemical injury. The 
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selective permeability of ions across the vocal fold epithelia causes resistance to electrical current 

across the barrier. This Transepithelial Electrical Resistance (TEER) can be measured and used to 

quantify the tightness of vocal fold epithelia [18, 19]. Paracellular fluxes measure the 

permeability of non-ionic molecules like fluorescein through the membrane [20]. Paracellular 

fluxes and TEER are typically correlated with each other, epithelia displaying high TER typically 

will show lower fluxes.  

The measurement of TEER is convenient and provides instantaneous feedback of the barrier 

tightness. Paracellular fluxes indicate barrier tightness over extended periods of time [21]. 

Measurement of TER of vocal fold epithelia has been performed using the Ussig chamber [19] 

and dissected animal vocal folds[18]. The process of dissection and sample transfer from the 

slaughterhouse could cause differences in measured barrier tightness and may not be indicative 

of barrier tightness in human systems due to differences in species. The generation and 

characterization of human vocal fold epithelia from human pluripotent stem cells (hPSCs) could 

help further the understanding of human vocal fold epithelia. 

3.1.23.1.23.1.23.1.2 Vocal Fold Epithelial DifferentiationVocal Fold Epithelial DifferentiationVocal Fold Epithelial DifferentiationVocal Fold Epithelial Differentiation    

The removal of epithelial cells from the larynx creates an unacceptable risk to vocal fold function. 

Impairment of vocal fold function is associated with significant economic, social and 

psychological costs [22]. The Thibeault lab in association with the Palecek lab developed an in 

vitro stem cell derived model for vocal folds [13] by building on prior research done in both labs. 

Previous work by Chen et al, 2010 indicated that vocal fold fibroblasts, which are found in the 

lamina propria, demonstrated phenotypes in 3D models that were more consistent with vocal 
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fold tissue than fibroblasts grown in monolayers [23]. Work done by Metallo et al in the Palecek 

group indicated that human pluripotent stem cells (hPSCs) can be differentiated into epithelial 

progenitors through the systematic treatment with all-trans Retinoic acid (RA)[24]. Furthermore, 

the epithelial progenitors can be cultured to form epidermal progenitors that are capable of 

forming stratified dermal epithelium. Stratification is induced by culturing the epidermal 

progenitors on a collagen gel embedded with primary derived foreskin fibroblasts at the air liquid 

interface (ALI)[25]. Leydon et al developed an analogous process using epithelial progenitors 

derived through RA treatment followed by co-culture with Vocal Fold Fibroblasts (VFF) 

embedded in a collagen gel at the ALI [13].  

This protocol was used to probe the role of Epidermal Growth Factor (EGF) in the healing of 

injured vocal fold tissue in a study performed by Liliana Palencia and me [26]. In this study, the 

3D vocal fold epithelium construct was differentiated using hPSCs and then serum starved 

overnight to eliminate growth factors in serum. A scratch wound, approximately 500 µm was 

created using a 100 µL pipette. The wound closure rates were observed under four conditions – 

without any exogenous compounds or growth factors, EGF supplemented media, with Gefitinib, 

an EGF receptor inhibitor and with both the EGF and Gefitinib. Wound repair was significantly 

accelerated with exogenous EGF treatment, but slowed down by Gefitinib addition, indicating an 

EGF receptor mediated wound healing mechanism. This type of study would have been very 

difficult to do using dissected tissue due to the limited viability of the dissected tissue. However, 

barrier resistance cannot be adequately characterized using the collagen gel setup. 
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In order to create an Air Liquid Interface (ALI), the collagen gel is typically deposited on an insert, 

with the addition of media on the baso-lateral side of the insert, with the apical side exposed to 

air (Figure 3.1). When both chambers are filled with media, electrodes can be used to measure 

the resistance across the membrane. Therefore, when cells are grown on the insert, electrical 

measurements can be conducted with minimal interference to the tissue. However, the 

embedding of fibroblasts within the collagen gel causes the contraction of the gel and 

consequently reduces the surface coverage of the insert causing gaps allowing easy flow of ions 

and disrupting electrical measurements. In order to eliminate this error, I differentiated hPSCs 

into vocal fold epithelia by seeding hPSCs on the inserts and coculturing with vocal fold fibroblasts 

on the baso-lateral side of the insert.  

3.1.33.1.33.1.33.1.3 AimAimAimAim    of the current studyof the current studyof the current studyof the current study    

This study identified the factors required for differentiation of hPSCs into vocal fold epithelia on 

a Transwell® insert. The inserts can be either made of polycarbonate or polyester and are 

available with pore sizes ranging from 0.4 µm to 8 µm. Previous attempts of epidermal 

stratification were performed where partially differentiated cells were sub-cultured on to the 

insert for further differentiation and stratification [27]. The requirement for subculture for 

further purification is present in our epidermal differentiation protocol. However, the subculture 

step typically causes a certain amount of cell death and sub-confluent cell growth [28]. For this 

study, I observed that the epithelial cell progenitors were plated on to the collagen gel-fibroblast 

matrix at high density [13]. This coupled with the poor detachment and singularization capacity 

of the epithelial progenitors implied that seeding hPSCs on the inserts and differentiating them 

was a better method. This allowed for the growth of a tissue undisturbed by enzymatic passaging.  
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Prior work on the Blood Brain Barrier system in the Palecek & Shusta labs [29] had used 

polystyrene inserts with a 0.4 µm pore size. Prior work showing that epithelial differentiation 

outcomes were driven by seeding density [28] implied initial experiments with different hPSC 

seeding densities and expansion times prior to treatment with all-trans Retinoic acid treatment 

for epithelial differentiation induction. After this initial screening, polycarbonate inserts and 

other porosities were tried as well. Finally, the differentiated tissue was subjected to histological 

analysis and permeability analysis using Sodium Fluorescein. 

3.23.23.23.2 ResultsResultsResultsResults    

3.2.13.2.13.2.13.2.1 Stepwise differentiation scheme adapted from collagenStepwise differentiation scheme adapted from collagenStepwise differentiation scheme adapted from collagenStepwise differentiation scheme adapted from collagen----matrix systemmatrix systemmatrix systemmatrix system    

Briefly, the vocal fold epithelia (VFE) differentiation scheme established by Thibeault coworkers 

[13] involves the preparation of a collagen matrix embedded with vocal fold fibroblast (VFF), in 

which the fibroblasts are harvested using trypsin and dissolved in the collagen. This is then 

allowed to grow for a week. During this time, the collagen contracts. Simultaneously, hPSCs are 

seeded onto Matrigel at a density between 30k and 100k cells/cm2 and expanded for 2 days 

before treatment with 1 µM all-trans Retinoic acid for 7 days. The differentiated epithelial 

progenitors are then harvested with dispase and seeded onto the contracted collagen gel. For 2 

days, both the base of the gel and the top are treated with FAD media, followed by 14 days of 

culture at the air liquid interface, only the base is treated with FAD media. It was hoped that 

differentiating the hPSCs on the insert will eliminate the subculture step required.  

Figure 3.2 shows the adaptation of this scheme for hPSCs plated on the insert. Based on work 

standardizing the epithelial differentiation protocol by Selekman et al [28], it was decided that 
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the RA treatment duration would be 5 days long following a 4 day expansion. A longer expansion 

time was chosen as higher purities of K18 positive progenitors have been reported in this 

condition. The VFFs were thawed and cultured for a week before being subcultured onto the 

plate prior to the transfer of the inserts with the differentiated cells. Based on the assumption 

that a strong barrier post stratification develops from a strong barrier pre-stratification, the 

transepithelial electrical resistance (TEER) was used to evaluate the various experimental 

conditions. 

3.2.23.2.23.2.23.2.2 Initial Seeding DensityInitial Seeding DensityInitial Seeding DensityInitial Seeding Density    

Prior work [28] indicated that a higher starting density of hPSCs prior to epithelial progenitor 

differentiation would lead to higher purity, but not yield of epidermal keratinocytes. Higher 

purity of keratinocyte progenitors imply a stronger barrier. Contaminating cell types were often 

fibroblasts and less commonly neural cells (only at lower densities), neither of which are barrier 

forming cells. To test this hypothesis, hPSCs seeded at 50k cells/cm2 and 100k cells/cm2 were 

expanded for 4 days, and differentiated using at-RA for 5 days. TEER measurements were made 

every day. 

After one day, there is barrier formation in both the density conditions, however, as expected 

the 100 cells/cm2 condition shows higher TEER values throughout all 5 days of differentiation, as 

seen in Figure 3.3. Both of these experiments were conducted on 3 µm pore polyester inserts. 

The porosity of the 0.4 µm polyester insert was expected to be lower than that of the 3 µm insert, 

therefore the porosity was tested next. 
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3.2.33.2.33.2.33.2.3 PorosityPorosityPorosityPorosity    

Figure 3.4 shows the TEER values obtained for 100k cells/cm2, expanded for 4 days and then 

differentiated for 5 days. The smaller pore size showed that there was a decrease in TEER over 

the duration of at-RA treatment (Figure 3.4B). This was considered to be unexpected, however, 

on further inspection, it was found that the pore density of the 0.4 µm pore insert is about 100 

times higher than the equivalent 3 µm pore, indicating, perhaps a cause for the lower barrier. 

At this point, it was noticed that neither the 3 µm pore insert nor the 0.4 µm pore insert were 

capable of supporting an epithelial barrier past the progenitor differentiation stage. Hence, 

different insert materials were then tried, 3 µm pore size polyester inserts were tried along with 

3 µm pore size polycarbonate inserts.  

3.2.43.2.43.2.43.2.4 Insert MaterialInsert MaterialInsert MaterialInsert Material    

Figure 3.5A indicates that the polycarbonate insert was capable of supporting much higher 

barrier resistance than the equivalent polyester insert. With the polycarbonate insert, the 

resistance values seen approached those for stratified epidermal tissue [27]. With the ability to 

differentiate VFE tissue on inserts, it was now possible to scale up or scale down this system for 

various different experiments, therefore scalability was tested using 1.2 cm2 inserts and 4.5 cm2 

inserts. 

3.2.53.2.53.2.53.2.5 ScalabilityScalabilityScalabilityScalability    

Figure 3.6 shows that regardless of the diameter of the insert used, 1.2 cm2 for (A), and 4.5 cm2 

for (B), the TEER trend remained consistent. The final TEER values for both samples are 
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statistically insignificant from each other (p-value=0.83). Further smaller inserts could be tested, 

as these may be useful for large scale screening experiments. 

3.2.63.2.63.2.63.2.6 HistologyHistologyHistologyHistology    

Figure 3.7 shows hematoxylin and eosin staining for the VFE tissue differentiated in a 4.5 cm2 

polycarbonate 3 µm pore insert with 15 days of stratification at the ALI. The thickness of the 

tissue formed was about 35 µm, which was significantly thinner than the differentiated tissue in 

Leydon et al [13]. This epithelial thickness was also small compared to measurements in patient 

samples [30]. This lowered thickness may be due to several factors, including the altered 

extracellular matrix conditions, or altered growth kinetics on the insert. 

3.2.73.2.73.2.73.2.7 Barrier PermeabilityBarrier PermeabilityBarrier PermeabilityBarrier Permeability    

Finally, the barrier permeability was tested for differentiations on 1.2 cm2 polycarbonate and 

polyester inserts with 3 µm porosity. It was seen that the polycarbonate insert showed a barrier 

permeability of about 8.14 ± 1.95 nm/s with 10 µM Sodium Fluorescein, and the polyester insert 

had a permeability of 6330 ± 1449 nm/s. Compared to previous ex vivo studies performed with 

dextran [12, 18, 31](a larger, therefore more impermeable molecule), the presence of a barrier 

with Sodium fluorescein was deemed extremely significant. 

3.33.33.33.3 Conclusions and Future directionsConclusions and Future directionsConclusions and Future directionsConclusions and Future directions    

In this chapter, a protocol for the differentiation of hPSCs to vocal fold epithelia on Transwell® 

inserts has been established. hPSCs seeded at 100k cells/cm2 on 3 µm pore size polycarbonate 

inserts were allowed to expand for 4 days in mTeSR1, prior to the initiation of differentiation 
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through the addition of retinoic acid. Retinoic acid treatment was continued for 5 days, during 

which time the electrical barrier rose to around 600 Ω cm2. Following which the inserts were 

transferred onto wells coated with vocal fold fibroblasts and both the apical and basolateral side 

of the insert were filled with FAD media for 2 days. The media was then removed from the apical 

side, thus the differentiating tissue was effectively being raised to the ALI. Stratification 

proceeded for 14 days, during which time an electrical barrier in excess of 2000 Ω cm2 was 

observed. This protocol was also scalable to larger 6 well plates, as well as 12 well plates. 

Significant challenges remain in cell characterization for this protocol. Due to the fragile nature 

of the barrier on the insert and its small thickness, processing for histological applications was 

challenging. However, despite this handicap, this protocol enables a lot more experiments than 

differentiation on collagen matrixes or even more fragile ex vivo samples.  

Welham and coworkers [32-34] have been attempting to characterize the proteome, 

extracellular matrix and gene expression of the vocal fold epithelia. This platform with some 

improvements offers a much simpler system to study. Given that the epithelial progenitor 

differentiation can be carried out on Synthemax and StemAdhere, both of which are defined 

extracellular proteins [28], analyzing the ECM deposited by the differentiating cells provides a 

cleaner system. Would healing rates can be easily plotted through the measurement of TEER, a 

more objective approach than image analysis [26]. Scaling down this system into 24 well plates 

or 48 well plates, which can be reasonably expected to be successful, based on a similar scale 

down of the blood brain barrier system [35] will enable simpler easier drug screens to investigate 

vocal fold mucosa injury.  
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Longer stratification times may lead to thicker tissue in this protocol. Overlaying the epithelial 

progenitors with collagen when adding the VFFs may also be tried to restore the ~100 µm 

thickness of the vocal fold epithelium. However, significant questions still remain regarding the 

embryonic germ layer origin of this differentiated tissue. It is expected to express similar markers 

to the tissue derived by Leydon and coworkers [13], based on the analogical approach. This 

protocol leads to tissue that is most probably ectodermal in origin, however, recent work by 

Lungova and Thibeault [36] indicate a endodermal origin for the vocal fold mucosa. A blend of 

endodermal progenitor differentiation techniques along with the technical knowledge of using 

inserts, may allow for tissue engineering an endoderm derived tissue. 

Ultimately, the novelty of this work is the culturing on hPSCs on inserts, along with the use of 

barrier phenotypes to guide differentiation protocol development. Some challenges remain to 

generate tissue identical to in vivo vocal fold epithelia, however a scalable, convenient platform 

has been developed to speed up that process. 

3.43.43.43.4 MateriMateriMateriMaterials and Methodsals and Methodsals and Methodsals and Methods    

3.4.13.4.13.4.13.4.1 hPSC Maintenance and differentiationhPSC Maintenance and differentiationhPSC Maintenance and differentiationhPSC Maintenance and differentiation    

Epithelial progenitor cells were differentiated from a hESC line (WA09; passage 20–26). 

Briefly, hESCs were cultured on Matrigel (BD Biosciences), then plated on Matrigel-coated plates, 

and cultured in mTeSR1 (StemCell Technologies, Vancouver, CA) for hESC expansion. For 

differentiation, hESCs were cultured on Matrigel (BD Biosciences, San Jose, CA) in unconditioned 

hESC medium (UM) supplemented with retinoic acid (UM + RA): the DMEM/F12 containing 20% 
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knockout serum replacer (Life Technologies Corporation, Carlsbad, CA), 1 ·MEM nonessential 

amino acids, 1mM L-glutamine, 0.1mM 2-mercaptoethanol, and 1 mM all-trans retinoic acid 

(Sigma Aldrich, St. Louis, MI). Cells were cultured in UM+ RA for 5 days with the medium changed 

daily. After this, the inserts were transferred onto vocal fold epithelial cells plated wells. The 

human vocal fold fibroblast cell line, 21T (passage 5–6), was used in this study. This primary cell 

line was developed from pathogen-free vocal folds obtained from a 21-year-old male donor and 

has been characterized previously.18 The protocol was approved by the Institutional Review 

Board of the University of Wisconsin–Madison. The apical and baso-lateral side of the insert were 

then flooded with flavinoid adenine dinucleotide (FAD) media. The media were composed of 

Ham’s F-12/DMEM (3:1 ratio), FBS (2.5%), hydrocortisone (0.4 mg/mL), cholera toxin (8.4 ng/mL), 

insulin (5 mg/mL), adenine (24 mg/mL), EGF (10 ng/mL), penicillin (100 U/mL), and streptomycin 

(0.01 mg/mL). An ALI was created 2 days later by removing media from the apical side of the 

insert. Cultures were grown at the ALI for 19–21 days. Experiments were performed in triplicate. 

3.4.23.4.23.4.23.4.2 Barrier Electrical Resistance MeasurementBarrier Electrical Resistance MeasurementBarrier Electrical Resistance MeasurementBarrier Electrical Resistance Measurement    

TEER was measured via EVOM voltohmeter with STX2 electrodes (World Precision Instruments), 

and all measurements were performed at 37°C to prevent fluctuations in TEER value due to 

temperature change. The resistance value of an empty filter coated with Matrigel was subtracted 

from each measurement. 

3.4.33.4.33.4.33.4.3 Barrier permeability measurementBarrier permeability measurementBarrier permeability measurementBarrier permeability measurement    

Sodium fluorescein (10 μM, Sigma) was diluted in FAD media, and 0.5 mL was added to the upper 

chamber of a 12-well Transwell® filter. Aliquots (200 μL) were extracted from the basolateral 
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chamber (1.5 mL) every 15 min over the course of 1 h and replaced by an equal volume of fresh 

medium. The rates of accumulation in the basolateral chamber, as well as that across an empty 

insert coated with Matrigel, were used to calculate the Pe value. During measurement, filters 

were incubated at 37°C on a rotating platform. 

    

     



93 

 

 

 

3.53.53.53.5 FiguresFiguresFiguresFigures    

 

Figure 3.1: A diagram showing the challenges of performing barrier studies with the collagen gel 

system. When the gel is seeded on the apical side, it covers the entire apical surface. On further 

growth of the fibroblasts in the gel, it contracts into a roughly trapezoidal shape exposing gaps 

on the surface of the insert. Ions and dyes may thus flow freely in the apical and baso-lateral side 

disrupting barrier measurements.   
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Figure 3.2: Schematic showing the differentiation scheme, based on the collagen gel scheme. 

Instead of performing RA treatment and then subculturing on a collagen-fibroblast gel, in this 

scheme, the RA differentiated cells are simply transferred over the vocal fold fibroblasts. The 

remaining steps of FAD for 2 days following the rise to the air liquid interface remains the same. 

RA treatment

Day -4 to Day 5

•Seeded @ 100k cells/cm2 on insert with Y27632

•mTeSR1 for 4 days

•RA for 5 days

Coculture

Day 5 to Day 7

•Plate vocal fold fibroblasts in the well, approximately 10k VFFs/cm2, expand for 1 
day

•Place RA treated cells over VFFs

•Change media to FAD media on both sides of insert

•Cultured for about 2 days

ALI culture

Day 7 to Day 21

•Check for barrier formation in 10 – 14 days

•Check of cell cytokeratin marker expression
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Figure 3.3: Transepithelial electrical resistance expressed in Ω cm2 for cultures in which (A) 50k 

cells/cm2 were seeded and (B) 100k cells/cm2 were seeded and expanded for 4 days. The mean 

TEER is higher for the denser seeding condition. 
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Figure 3.4: Transepithelial electrical resistance expressed in Ω cm2 for cultures in which (A)3 µm 

pore size inserts were used and (B) 0.4 µm pore size inserts were used. The mean TEER is higher 

for the larger pore size condition. 
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Figure 3.5: Transepithelial electrical resistance expressed in Ω cm2 for cultures in which (A) 

polycarbonate 3 µm pore size inserts were used and (B) polyester 3 µm pore size inserts were 

used. The mean TEER is higher for the polycarbonate condition. 
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Figure 3.6: Transepithelial electrical resistance expressed in Ω cm2 for cultures in which (A) 1.2 

cm diameter (12 well plate) polycarbonate 3 µm pore size inserts were used and (B) 4.5 cm 

diameter (6 well plate) polycarbonate 3 µm pore size inserts were used. The mean TEER are very 

similar indicating scalability. 
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Figure 3.7: Histology and hematoxylin and eosin staining for cells differentiated on 3 µm pore size 

polycarbonate insert, after stratification for 14 days. Scale bar is 200 µm. 
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4444 Phenotypic changes in cells cultured on a superhydrophobic surfacePhenotypic changes in cells cultured on a superhydrophobic surfacePhenotypic changes in cells cultured on a superhydrophobic surfacePhenotypic changes in cells cultured on a superhydrophobic surface    

4.14.14.14.1 IntroductionIntroductionIntroductionIntroduction    

4.1.14.1.14.1.14.1.1 Interplay between surface topography and cellularInterplay between surface topography and cellularInterplay between surface topography and cellularInterplay between surface topography and cellular    behaviorbehaviorbehaviorbehavior    

Cellular behavior can be influenced by changing the topography of surfaces on which the cells 

are plated. Initial work on placing cancer cells on topographies that have features in the ~100 nm 

range was initially carried out by Wilkinson and coworkers[1], who placed osteosarcoma cells on 

~100 nm ridges and observed differences in cell adhesion. In findings reviewed by Wilkinson and 

coworkers about a decade later [2], several insights were gained about the cause of these 

behaviors. 

Initially, it was hypothesized that the changes occurring are not due to topography but due to 

the substrate material that the cell culture substrates were synthesized from. However, a review 

of the literature published by Paul Nealey and coworkers [3], indicated that “topographical cues, 

independent of biochemistry” had significant effects on cell behavior. Cells respond to altered 

topography by modulating morphology and migration characteristics [4]. These responses were 

caused by changes in the gene expression of cells that are plated on topographically altered 

surfaces [5]. The work by Choquet et al, indicated that matrix rigidity serves as a cue in the 

migration characteristics of cells. More recently, Leong and coworkers showed that there was 

nanotopography was more dominant in cytoskeletal organization than substrate stiffness [6].  

All of the experiments described so far were done on hydrophilic surfaces promoting some 

degree of cell adhesion. Studies of cells on superhydrophobic surfaces are much more recent. 
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4.1.24.1.24.1.24.1.2 GeneraGeneraGeneraGeneration of superhydrophobic surfacestion of superhydrophobic surfacestion of superhydrophobic surfacestion of superhydrophobic surfaces    

The term “superhydrophobic” is generally used to describe surfaces and interfaces exhibiting 

contact angles in excess of 150° [7-11], standard hydrophobic cell culture surfaces have contact 

angles around 110°. The low contact angle causes water droplets to form beads and roll off the 

surface rather than adhering to and spreading on the surface. These interfaces are completely 

resistant to wetting by aqueous media. The non-wetting nature of these surfaces is attributed to 

the combination of the presence and type of micro/nano scale roughness (~100 nm) and the 

hydrophobic surface functionality. As stated before, surface topography features in the ~100 nm 

size range have been shown to influence cell behavior. 

Superhydrophobic surfaces can be generated through a variety of methods. These surfaces can 

be generated through coating of an etched surface with oxygen plasma [12], spin coating with 

fluorinated hydrocarbons [7] or poly-electrolyte multilayer assembly [13]. Lynn and coworkers 

[13] have pioneered the generation of superhydrophobic surfaces using poly-electrolyte 

multilayers generated using layer-by-layer assembly methods. The layer-by-layer electrostatic 

assembly technique is an inexpensive method of thin film manufacture via alternating adsorption 

of positively and negatively charged species from polar solutions [14]. Polymer organic and 

organic/inorganic thin films formed using this technique may contain a number of different 

functional groups, in this case, alkyl groups providing hydrophobic functionality. 

Lynn and coworkers have shown that reactions between primary amine-functionalized polymers 

and azalactone functionalized polymers, specifically branched poly(ethyleneamine) PEI and 

poly(2-vinyl-4,4-dimethylazalactone)(PVDMA) can be used to fabricate cross-linked and amine 
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reactive multilayers[15]. Figure 4.1 shows the scheme of the reaction of PVDMA with a 

representative primary amine (Figure 4.1B) and a schematic showing post-fabrication 

functionalization of an azlactone-containing film (by reaction with a primary amine) (Figure 4.1C) 

[16]. The functionalization of the PEI with decylamine significantly increased the contact angle 

and created a superhydrophobic surface [17].  

The functionalized PVDMA/PEI surface developed by the Lynn group [13], showed 

superhydrophobicity even when stored underwater for up to 6 weeks. This resilience made it an 

ideal substrate on which to attempt cell culture experiments lasting up to 48 hours. 

Superhydrophobic surfaces have been used in conjunction with cell culture, but not necessarily 

as a cell culture substrate since the early 90s. 

4.1.34.1.34.1.34.1.3 Cell culture on superhydrophobic surfacesCell culture on superhydrophobic surfacesCell culture on superhydrophobic surfacesCell culture on superhydrophobic surfaces    

Schakenraad and coworkers performed the first study to attempt cell culture on Teflon coated 

plastic did so with skin fibroblasts, and showed that on the superhydrophobic surface, there was 

low attachment of the fibroblasts [18]. These findings were later used by a number of groups to 

perform micropatterning studies. The concept of micropatterning was to create exclusion zones, 

where cells would not attach and thereby control the geography of areas in which the cells 

attached. Most of these studies utilized arrays with superhydrophobic (contact angle > 150°) and 

superhydrophilic regions (water contact angle <10°). Cells would preferentially attach to the 

superhydrophilic regions and proliferate within those regions [19-28].  

The micropatterning strategy is based on the low attachment of proteins on the 

superhydrophobic surfaces demonstrated using fibronectin (an extracellular matrix protein) [29], 
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and several bacterial proteins [30]. However, a protein attachment resistant surface that has 

normal water contact angles could be used as a control for experiments performed using 

superhydrophobic surfaces. The use of this surface as a control demonstrated that the effects 

seen due to cell culture on superhydrophobic surfaces was due to its superhydrphobic nature, 

not the inability of cells to attach to a surface. The low attachment surface used in this study was 

a surface coated with poly(2-hydroxyethylmethacrylate) (Poly-HEMA) which was characterized 

as being a low protein absorbing polymer in the 1980s[31-34]. 

Several other studies utilized superhydrophobic surfaces to generate liquid marbles for 

encapsulating droplets of cells and studying the behavior of cell suspensions [35-37]. Liquid 

marbles are aqueous solutions bound within a sphere of a hydrophobic material. The materials 

used were breathable and allowed gaseous contact of the droplet allowing for cellular 

respiration. However, these were still not cells that are suspended entirely upon a 

superhydrophobic surface.  

Two recent studies have characterized cells in created using superhydrophobic surfaces. The first 

used spherical droplets on a superhydrophobic surface to create a plastic mold with quasi-

spherical droplets [38]. Within these molds, which were made up of a low attachment material, 

cancer cells were grown over extended periods and characterized. The second study used a 

switchable material, one that can switch between superhydrophobic and supherhydrophilic 

states, to create an anchored spherical droplet that was used for hanging drop culture [39]. This 

allowed for an almost-spherical hanging drop which could be used to make spherical cell 

aggregates. However, in none of these studies were cells grown in a droplet that is minimally 
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anchored to the substrate. Our study aims to use the functionalized PVDMA-PEI substrate to 

study cells grown in a droplet, on a superhydrophobic surface.  

4.1.44.1.44.1.44.1.4 Aim of the current studyAim of the current studyAim of the current studyAim of the current study    

In this study it was demonstrated that cells can be viably grown in a droplet suspended on a 

superhydrophobic surface. It was observed that the cells were viable for days rather than hours. 

We further demonstrated that the cells grown on these surfaces were phenotypically different 

from cells grown either on adhesive surfaces or on surfaces that promote low cell attachment, 

but had hydrophobicity comparable to standard cell culture polystyrene. We also hypothesized 

on the transcriptional changes occurring within the cells grown on the superhydrophobic surface 

as opposed to the adhesive and the low attachment surfaces. 

4.24.24.24.2 ResultsResultsResultsResults    

4.2.14.2.14.2.14.2.1 Serum content affects the superhydrSerum content affects the superhydrSerum content affects the superhydrSerum content affects the superhydrophobicity of the PVDMA/PEI substrateophobicity of the PVDMA/PEI substrateophobicity of the PVDMA/PEI substrateophobicity of the PVDMA/PEI substrate    

The MCF-7 cells used in this study can be cultured in DMEM media supplemented with up to 10% 

fetal bovine serum (FBS). In order to test the substrate, droplets containing 1% serum and 10% 

serum were placed on the substrate for 24 hours at 37 °C. They were placed in a petri dish 

containing cell culture treated water to minimize evaporation of the media. It was noticed that 

the 10% FBS droplet had spread out across the substrate, indicating the loss of 

superhydrophobicity, with the 1% serum droplet maintained its intact spherical shape. Therefore 

experiments with this substrate needed to be conducted in 1% serum conditions (Figure 4.2). 



109 

 

 

 

Since the drop in serum concentration can affect cell behavior, the MCF-7 cells were pre-treated 

for 7 days in 1% serum condition prior to being put into suspension and transferred onto the 

droplet. 

4.2.24.2.24.2.24.2.2 Viability Viability Viability Viability     

The viability of the cells in the droplet was measured after 12 hours, 24 hours and 48 hours in 

suspension. Four different density regimes were tested, ranging from 100 cells/µL to 5000 

cells/µL. Cell viability was also tested for conditions in which the droplet was agitated for 24 & 

48 hours at 140 rpm. The viability of the cells was compared to equivalent conditions of cell 

suspensions on poly-HEMA coated low adhesion surfaces. 

Figure 4.3 shows the viability of the cells when kept on the substrate (Figure 4.3A) and a low 

attachment surface (Figure 4.3B) for 12 hours. Viability increased with increasing density and was 

about 80%. Figure 4.4 shows the viability over 24 hours of culture on the superhydrophobic 

substrate (Figure 4.4A) and the Low attachment surface (Figure 4.4B). Figure 4.5 shows the 

viability for 48 hours of culture, on the superhydrophobic surface. From Figure 4.5A, it was seen 

that there was a reduction in viability of the cells at lower densities with only ~26 - 36% of the 

cells surviving. However, on the low attachment surface (Figure 4.5B), there was a smaller 

reduction in viability in the high density condition. Since the 5000 cells/µL condition showed high 

viability across all time points on the superhydrophobic surface, it was chosen for further 

experiments. 

Viability was also measured when the substrates were shaken at 130 rpm to induce motion of 

the droplet. Two densities were experimented with, 500 cells/µL and 5000 cells/µL for 24 
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shaking. Figure 4.6 shows that viability of shaken cells on both the superhydrophobic substrate 

and the low attachment control condition.  

Having confirmed that the cells survived on the substrate for up to 2 days, the cytoskeletal 

organization of the cells was investigated. This would indicate if the cells were reorganizing their 

cytoskeletal structure when on the superhydrophobic substrates. 

4.2.34.2.34.2.34.2.3 MorphologyMorphologyMorphologyMorphology    

Figure 4.7 shows the phalloidin staining results for cells on superhydrophobic surfaces (Figure 

4.7A), on low attachment surfaces (Figure 4.7B) and for adherent cells (Figure 4.7C). Through this 

staining, it was evident that there were no stress fibers present in either the cells grown on the 

superhydrophobic surface or the low attachment surface. This diffuse presentation of actin was 

to be expected as there were no anchorage points present in the cells that were suspended in 

media. Through these images it also appeared that there was some clustering of cells present in 

the superhydrophobic substrate. The behavior of the cells when removed from this substrate 

was tested next. 

4.2.44.2.44.2.44.2.4 Replating behaviorReplating behaviorReplating behaviorReplating behavior    

Cells treated in suspension conditions can often undergo a change in behavior when reintroduced 

to standard tissue culture treated polystyrene surfaces. The cells were kept in suspension either 

on the superhydrophobic substrate or the low attachment substrate for either 6, 12 or 24 hours 

and then transferred onto the tissue culture polystyrene at a density of about 20,000 cells/cm2. 

Since the doubling time of the MCF-7 cell line is about 3 -4 days, the cell density for replating was 

assumed to be the same as that for cell seeding. The cells were then viewed 24 hours later. Figure 
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4.8 is a schematic explaining the procedure of the experiment. It was suspected that there would 

be differences in replating characteristics between the two conditions, therefore images were 

taken with and without the cell culture media. Suspended cells would not appear in the media 

removed conditions. Figure 4.9 shows the adherence of MCF-7 cells 24 hours after harvesting 

with Trypsin and placing onto tissue culture polystyrene. It established that these cells are not 

suspension conditioned. 

Figure 4.10 shows cells after 6 hours of culture on tissue culture polystyrene following 6 hours of 

treatment on superhydrophobic surfaces with shaking at 130 rpm with media (A) and (B) after 

media removal.  (C) & (D) are on superhydrophobic surface without shaking, (E) & (F) are on low 

attachment surfaces with shaking at 130 rpm and (G) and (H) are on low attachment surfaces 

without shaking. It was evident that regardless of the surface treatment, superhydrophobic or 

low attachment, a majority of the cells were able to replate onto the surface. 

Figure 4.11 shows cells after 12 hours of culture on tissue culture polystyrene following 12 hours 

of treatment on superhydrophobic surfaces with shaking at 130 rpm with media (A) and (B) after 

media removal.  (C) & (D) are on superhydrophobic surface without shaking, (E) & (F) are on low 

attachment surfaces with shaking at 130 rpm and (G) and (H) are on low attachment surfaces 

without shaking. Here differences started to emerge between the superhydrophobic conditions 

and the low attachment conditions. It was evident that there was low replating of cells on the 

superhydrophobic condition. While some colonies formed on the non-shaken condition (colony 

in image (D) showed some cytoskeletal structure, most of the cells remained in suspension. 
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Whereas for the low attachment condition, there was almost complete replating of cell 

aggregates onto the polystyrene. 

Figure 4.12 shows cells after 24 hours of culture on tissue culture polystyrene following 24 hours 

of treatment on superhydrophobic surfaces with shaking at 130 rpm with media (A) and (B) after 

media removal.  (C) & (D) are on superhydrophobic surface without shaking, (E) & (F) are on low 

attachment surfaces with shaking at 130 rpm and (G) and (H) are on low attachment surfaces 

without shaking. It was evident that there is low replating of cells on the superhydrophobic 

condition, and unlike the cells treated for 12 hours, no colonies formed on the non-shaken 

superhydrophobic condition. There was almost complete replating of cell aggregates onto the 

polystyrene for the low attachment condition. 

4.34.34.34.3 DiscussionDiscussionDiscussionDiscussion    

The change in the replating characteristics appeared to suggest a process of epithelial to 

mesenchymal transition (EMT) occurring within these cells. Epithelial cells form protective 

barriers that surround tissues and therefore are expected to form adherent sheets of cells in 

culture. Mesenchyme, however consist of cells that are expected to fill up cavities within the 

body, and therefore are capable of subsisting without the presence of an anchoring surface [40-

43]. In MCF-7 cells EMT induction has occurred through quasi-3D culture [38] and through the 

engineering of EMT inducing protein overproduction within the cells [44]. In both of these 

processes, however, the cells took up to 7 days to show characteristics of mesenchymal cells, our 

replating experiments indicated that the transition was perhaps occurring in hours.  
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The 6 – 12 hour time window in which the transtition occured indicates that the cause of the 

transition was perhaps transcriptional, rather than signaling cascade induced. Changes induced 

through phosphorylation of proteins, typically occur in 1 – 2 hours. Reverse Transcriptase- 

Polymerase Chain Reaction (RT-PCR) analysis for E-Cadherin, N-Cadherin, Snail and TGFβ1 could 

elucidate the molecular mechanism driving the changes seen in the behavior of the cells. E-

Cadherin is expected to reduce in the superhydrophobic culture condition, while the other three 

markers are expected to increase. 

Should it be shown that there is EMT induction through cell culture over the superhydrophobic 

substrate, a future direction would be the investigation of this substrate in wound healing 

applications, as EMT followed by migration of skin cells along the wound bed are a principal 

component of the wound healing process[41, 45]. However, prior to testing with skin cells, the 

functionalization of the PEI should be investigated to make it more resistant to degradation by 

serum or serum albumin. 

4.44.44.44.4 ConclusionConclusionConclusionConclusion    

MCF-7 cells were plated on to a droplet suspended over a superhydrophobic surface consisting 

of decane functionalized PVDMA/PEI bilayers. In the presence of 100% humidity and 1% serum 

growth medium, the cells remained viable for up to 48 hours. Viability was correlated to density, 

where higher densities were more viable than lower densities. Across 48 hours of culture, 100 

cells/µL suspensions were about 20% viable, while 5000 cells/µL were about 60% viable. When 

cells were cultured on superhydrophobic droplets for greater than 12 hours, they did not adhere 

to tissue culture treated surfaces for up to 24 hours, while cells cultured on low attachment 
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surfaces and adherent surfaces did. Cell suspension droplets cultured on superhydrophobic 

surface and shaken throughout the superhydrophobic surface treatment also remained viable, 

and did not adhere fully on to tissue culture treated surfaces after 6 hours of treatment. 

In this chapter, a preliminary study on the properties of MCF-7 cells on superhydrophobic 

surfaces has been presented. Previous attempts of cell culture on superhydrophobic surfaces 

have not had the cells in a spherical droplet over the substrate. Here we show that the cells were 

able to survive without media replenishment for up to 48 hours on the surface. The variable space 

was successfully covered to establish the duration and density of cells that lead to maximum 

viability. In addition, while previous studies showed the suspended nature of the cells on these 

surfaces, they did not show data to indicate that the high contact angle of the superhydrophobic 

surface induces phenotypic changes. By comparing the phenotypic changes across 

superhydrophobic surfaces and non-adherent surfaces, it has been shown conclusively that the 

alteration in the behavior of the cells is due to the surface, rather than solely the inability of the 

cells to attach to a surface. Attempting this study with altered chemistry to address substrate 

degradation and attempts with greater number of cells to generate transcriptional data, could 

be possible steps forward. In this way, the changes can be attributed a mechanism, and the 

substrate itself can be used for further biological applications. 

4.54.54.54.5 Material and MethodsMaterial and MethodsMaterial and MethodsMaterial and Methods    

4.5.14.5.14.5.14.5.1 Substrate manufactureSubstrate manufactureSubstrate manufactureSubstrate manufacture    

Solutions of PEI and azlactone-functionalized polymers (either PVDMA or PVDMATMR) were 

prepared in acetone or CH2Cl2 (20 mM with respect to the molecular weight of the polymer 
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repeat unit; the type of solvent used varied from experiment to experiment, see text). Films were 

fabricated layer-by-layer on the surfaces of CaCl2, sucrose, CuSO4, sugar cubes, and paper-based 

substrates using the following general protocol: (1) Substrates were immersed in a solution of 

PEI for 20 s. (2) Substrates were then removed and immersed, in succession, into two rinse 

solutions consisting of the appropriate pure solvent for 20 s. (3) Substrates were then immersed 

in a solution of PVDMA for 20 s. (4) Substrates were removed and rinsed again in the manner 

described under step 2. This cycle was repeated until the desired number of PEI/PVDMA layer 

pairs (or “bilayers”; typically 100) was deposited on the surface of the substrate. For the 

fabrication of films, polymer dipping solutions were replaced with fresh solutions after every 25 

dipping cycles, and the rinse solvent was exchanged for fresh solvent after every 20 dipping 

cycles. Following the final rinse step, substrates were dried under a stream of filtered, 

compressed air and stored in a vacuum desiccator prior to use in experiments. All film fabrication 

procedures were performed at ambient room temperature. 

4.5.24.5.24.5.24.5.2 Cell CultureCell CultureCell CultureCell Culture    

The human breast cancer cell line MCF-7 was obtained from American Type Culture Collection 

(ATCC, USA). The cells were cultured in complete media Dulbecco’s modified eagle medium 

(DMEM) supplemented with glutamine and 10% (v/v) fetal bovine serum (FBS) at 37 °C in a 100% 

humidified incubator with 5% CO2. 7 days prior to the experiments, the cells were treated with 

0.25% Trypsin/EDTA for 10 minutes and then split 1:4 and cultured in complete media Dulbecco’s 

modified eagle medium (DMEM) supplemented with glutamine and 1% (v/v) fetal bovine serum 

(FBS), with changes in media occurring daily. For the experiment confluent cells were treated 

with 0.25% Trypsin/EDTA for 10 minutes, counted using a Nexcelon Auto T4 cell counter as per 
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manufacturer instructions, resuspended to the appropriate density and placed on the substrate 

for superhydrophobic cell culture experiments, or a 96 well plate well, coated with an ethanolic 

solution of 0.1% poly-HEMA(sigma) and dried. 

The substrate was an aluminum hemisphere, coated with functionalized PVDMA/PEI and placed 

on a glass slide pasted onto a petri dish. The petri dish was filled with water to provide a local 

100% humid atmosphere to limit evaporation of cell culture media from the droplet. 

4.5.34.5.34.5.34.5.3 ViViViViability measurementsability measurementsability measurementsability measurements    

Cells were treated with Trypan Blue (Invitrogen) according to manufacturer’s instructions and 

viability measurements were obtained from Cellometer Auto T4 (Nexcelom Bioscience LLC, 

Lawrence, MA, USA). The image cytometer utilizes a bright-field (BR) light microscopy optical 

setup for image cytometric analysis. Each cell line was pipetted into the disposable counting 

chamber and bright-field images were captured for image analysis, where the system measured 

the color of the cells and converted the results to corresponding live/dead count.  

4.5.44.5.44.5.44.5.4 ImmunostainingImmunostainingImmunostainingImmunostaining    

Cells with 4% formaldehyde for 20 minutes at room temperature by adding 4% formaldehyde in 

PBS in excess directly to the culture droplet. The fixed cell suspension was spun down and 

resuspended in deionized water and smeared over a microscope slide coated with poly-L-lysine 

(>70 kDa) and dried. It was washed until crystals were no longer visible on the slide. The cell spot 

was then surrounded with a hydrophobic barrier (Vectashield pen). The spot was then incubated 

with Alexa 594 conjugated Phalloidin (Invitrogen) at a 1:100 dilution overnight. It was washed, 

counterstained with nuclear stain Hoechst(Invitrogen) and imaged.  
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4.64.64.64.6 FiguresFiguresFiguresFigures    

 

Figure 4.1: (A) Structures of branched poly(ethyleneimine) (PEI) and the azlactone-containing 

polymer poly(2-vinly-4,4-dimethyl azlactone)(PVMDA) used for the covalent/reactive assembly 

of the polymer multilayers in this study. (B) Reaction of the azlactone ring of PVDMA with primary 

amine functionality results in the formation of an amide/amide-type linkage. (C) Schematic 

showing functionalization of an azlactone-containing PEI/PVDMA film by post-fabrication 

treatment with a primary amine-containing nucleophile. Adapted from Broderick and Manna et 

al[16]. 
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Figure 4.2: Droplets maintained for 24 hours at high humidity at 37 °C. Top droplet is DMEM + 

1% FBS, while bottom droplet is DMEM + 10% FBS. The top droplet shows the spherical property 

expected from aqueous droplets on a superhydrophobic surface, while the bottom droplet shows 

degradation of the superhydrophobicity of the substrate 
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Figure 4.3: Bar graphs showing the viability of MCF-7 cells suspended on (A) superhydrophobic 

surfaces and (B) low attachment surfaces for 12 hours without shaking. 

  



120 

 

 

 

 

Figure 4.4: Bar graphs showing the viability of MCF-7 cells suspended on (A) superhydrophobic 

surfaces and (B) low attachment surfaces for 24 hours without shaking. 
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Figure 4.5: Bar graphs showing the viability of MCF-7 cells suspended on (A) superhydrophobic 

surfaces and (B) low attachment surfaces for 48 hours without shaking.  
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Figure 4.6: Bar graphs showing the viability of MCF-7 cells suspended on (A) superhydrophobic 

surfaces and (B) low attachment surfaces for 24 hours while being shaken at 130 rpm. 
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Figure 4.7: Phalloidin-Alexa 594 stained cells grown on (A) superhydrophobic surface and (B) low 

attachment surface for 24 hours, showing diffuse actin presentation and a lack of stress fibres. 

Cells in panel (C) were cultured on adherent tissue culture polystyrene and show distinct stress 

fibres and localized actin. Nuclei indicated in blue, phalloidin in red, scale bars are 50 µm 
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Cells are 

suspended 

t=6 hrs t=12 hrs t=24 hrs 

Time spent in suspension 

Time spent on polystyrene prior to imaging 

Figure 4.8: Schematic showing the setup of the replating experiments. Cells are maintained both 

on superhydrophobic surfaces and low attachment surfaces for 6, 12 or 24 hours, followed by 

replating onto polystyrene for 24 hours after which images are taken and replating 

characteristics are studied 
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Figure 4.9: Images showing adherent cells after 24 hours of growth on polystyrene surfaces (A) 

before and (B) after removal of media showing the adherence of cells on the surface. Scale bar is 

250 µm. 



126 

 

 

 

 

Figure 4.10: Images showing cells after 24 hours of culture on tissue culture polystyrene following 

6 hours of treatment on superhydrophobic surfaces with shaking at 130 rpm with media (A) and 

(B) after media removal.  (C) & (D) are on superhydrophobic surface without shaking, (E) & (F) 

are on low attachment surfaces with shaking at 130 rpm and (G) and (H) are on low attachment 

surfaces without shaking. Scale bar is 250 µm.   
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Figure 4.11: Images showing cells after 24 hours of culture on tissue culture polystyrene following 

12 hours of treatment on superhydrophobic surfaces with shaking at 130 rpm with media (A) and 

(B) after media removal.  (C) & (D) are on superhydrophobic surface without shaking, (E) & (F) 

are on low attachment surfaces with shaking at 130 rpm and (G) and (H) are on low attachment 

surfaces without shaking. Scale bar is 250 µm.   
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Figure 4.12: Images showing cells after 24 hours of culture on tissue culture polystyrene following 

12 hours of treatment on superhydrophobic surfaces with shaking at 130 rpm with media (A) and 

(B) after media removal.  (C) & (D) are on superhydrophobic surface without shaking, (E) & (F) 

are on low attachment surfaces with shaking at 130 rpm and (G) and (H) are on low attachment 

surfaces without shaking. Scale bar is 250 µm.      
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5555 ConclusionsConclusionsConclusionsConclusions    

5.15.15.15.1 Summary of findingsSummary of findingsSummary of findingsSummary of findings    

Human pluripotent stem cells represent a powerful tool for regenerative medicine. They can be 

differentiated into almost any cell type in the human body and have unlimited self-renewal 

capacity in vitro. Differentiating these cells is achieved through the recapitulation of protein 

signaling pathways that are activated through development. However, the use of hPSCs for 

regenerative medicine implies knowledge transfer from embryology and protein signaling studies 

(typically done in cancer cell lines) to hPSCs. The first project presented in the thesis used the 

differentiation capability of hPSCs to develop protein signaling insight and identified additional 

points of control of the Wnt signaling pathway. 

Prior to this work, it was established that Wnt activation in hPSCs caused the mesodermal and 

endodermal differentiation of hPSCs. Canonical Wnt signaling, which occurs primarily through β-

catenin, occurs through site-specific phosphorylation of β-catenin, which then determines if the 

β-catenin is available for signaling or for destruction. The studies focusing on hPSC differentiation 

on Wnt activation, however, did not investigate the state of β-catenin phosphorylation in 

differentiating hPSCs. This knowledge gap is filled with the work in this thesis. Through an 

investigation into the Wnt pathway in hPSCs, additional points of control of Wnt pathway were 

uncovered, and a new layout of the pathway was developed focused on the phosphorylation of 

β-catenin. Finally, a mathematical framework was laid out to model the Wnt pathway in hPSCs, 

and hopefully, with minimal modification, other systems as well.  
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It was established that treatment of hPSCs with GSK3 inhibitor CHIR caused the differentiation of 

hPSCs from a Nanog positive population to a Brachyury positive mesendodermal progenitor 

population in 50 hours. The differentiation principally occurred between 20 and 30 hours after 

the addition of CHIR. The differentiation was not stochastic in nature, all of the cells uniformly 

transitioned from one state to the other. Nanog was significantly reduced only 40 hours after 

CHIR addition. Total β-catenin levels did not significantly rise post CHIR addition. This was thought 

to be due to the high level of β-catenin normally present in confluent cells, and these experiments 

were performed near confluent densities.  

However, phosphorylated β-catenin levels showed significant trends on CHIR addition. While 

cells initially showed low levels of GSK3β phosphorylated β-catenin (Phospho-β-catenin 

Ser33/Ser37/Thr41, tagged for ubiquitination and destruction by the proteosome), the levels of 

Phospho-β-catenin Ser33/Ser37/Thr41 rose significantly after 40 hours of treatment with DMSO. 

Adding CHIR caused no significant rise of this species up to 50 hours after CHIR addition, thereby 

indicating successful GSK3β inhibition. CK1α phosphorylated β-catenin (Phospho-β-catenin 

Thre41/Ser45, tagged for entry into the destruction complex) showed significant elevation 20 

hours after the addition of CHIR. This was rationalized through the analysis of the equilibria of 

CK1α phosphorylation and GSK3β phosphorylation. Inhibition of GSK3β caused an accumulation 

of the reactant species for GSK3β phosphorylation, Phospho-β-catenin Thr41/Ser45. 

Transcriptionally active forms of β-catenin showed interesting dynamics as well. 

PKA and Akt phosphorylated β-catenin, Phospho-β-catenin Ser552 showed a significant reduction 

from zero hour levels after 20 hours of CHIR addition. In contrast, PKA phosphorylated β-catenin 
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Phospho-β-catenin Ser675, showed a significant increase 20 hours after CHIR addition and 

remained significantly above baseline zero hour levels throughout the differentiation time. This 

spatial correlation was then related to the onset of Brachyury expression, which occurred 30 

hours after CHIR addition. On immunostaining analysis, Brachyury and Phospho-β-catenin Ser675 

were found to also be spatially colocalized, leading to the hypothesis that Phospho-β-catenin 

Ser675 is responsible for Brachyury expression. 

The hypothesis was tested by treating cells with both CHIR and several PKA inhibitors. Western 

blotting demonstrated that treatment with both CHIR and PKA inhibition led to a reduction of 

Brachyury expression, and an absence of Brachyury with high doses of PKA inhibitors. The 

inhibition seemed to be dose dependent, however, this trend was not verified through the use 

of replicates. This inhibition of differentiation was verified through immunostaining.  

These findings led to envisioning the Wnt pathway as a series of phosphorylation events and 

transcription events. The model layout proposed focused on the β-catenin phosphorylation 

events and allowed for multiple outcomes through Wnt signaling. The phosphorylation events 

were modeled as Michaelis Menten equilibria, cellular protein synthesis events were modeled as 

zero order reactions and protein destruction events were modeled as first order reactions. The 

mathematical layout can be parameterized to provide quantitative and qualitative insight into 

the pathway. While hPSCs served as a tool in this project to develop insight into the dynamics of 

β-catenin and the Wnt signaling pathway, hPSCs can also serve as a tool for the study of hard to 

isolate somatic tissues.  



136 

 

 

 

Vocal fold epithelia are a tightly packed stratified layer of cells that serve to act as a barrier to 

protect the vocal folds from chemical injury. However, the isolation of vocal fold epithelial tissue 

from animal cadavers for the study of barrier phenotypes remains challenging, and often 

precludes the study of active mechanisms of barrier maintenance due to the limited viability of 

ex vivo vocal fold epithelial tissue. Differentiation of this tissue in vitro could alleviate the limited 

viability problem.  

Work done by the Palecek and Thibeault labs led to the development of a vocal fold epithelia 

differentiation protocol using a fibroblast embedded collagen gel scaffold for the plating and 

stratification of hPSC derived epithelial progenitors. However, this in vitro derived tissue could 

not be made confluent on a Transwell®® inserts for easy measurement of barrier characteristics. 

Work presented in this thesis developed a protocol for the differentiation of hPSCs to vocal fold 

epithelia on Transwell® inserts. Initial seeding density, insert material and insert porosity were 

optimized based on electrical barriers observed. Finally it was shown that the barrier formed had 

very low permeability (8.14 ± 1.95 nm/s) to Sodium Fluorescein. Previous studies used dextran 

to measure permeability, and dextran is much larger than Sodium Fluorescein. Therefore, tissues 

with limited permeability to Fluorescein will also be impermeable to dextran. Through the 

optimization of several parameters, a scalable system for the measurement of vocal fold epithelia 

barrier characteristics was developed.  

Finally, chapter 4 of this thesis details a study done on the culture of cells on a superhydrophobic 

surface. Previous work had indicated that the micro and nano scale topology of the cell culture 

surface led to the changes in the behavior of the cells. However, no studies had demonstrated 
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these changes by growing cells within a droplet on a superhydrophobic surface. Previous studies 

had used superhydrophobicity to either create exclusion zones for cells, or for the creation of 

unique cell culture geometries. There had been no comparison between cells grown on a surface 

with a high contact angle and a standard contact angle. The standard contact angle control was 

a protein-resisting coating that prevented cells from attaching onto the surface. It was observed 

that at high densities cells remained viable on the superhydrophobic surface. They showed little 

cytoskeletal organization after 24 hours of incubation on the superhydrophobic surface, as 

expected. Treatment of the cells on the surface for longer than 12 hours led to the cells resisting 

plating back onto cell culture polystyrene on removal from the surface. Thus the culture of cells 

on a superhydrophobic surface led to phenotypic changes within the cells. 

5.25.25.25.2 Future RecommendationsFuture RecommendationsFuture RecommendationsFuture Recommendations    

5.2.15.2.15.2.15.2.1 Wnt and Protein Kinase A interactionWnt and Protein Kinase A interactionWnt and Protein Kinase A interactionWnt and Protein Kinase A interaction    

This work established a platform for studying Wnt signaling through the inhibition of GSK3β and 

another kinase, PKA. The outcome of inhibiting both kinases indicated a possible role of PKA in 

aiding hPSC differentiation, which had previously not been discussed. However, Wnt activation 

causes phenotypes in many other systems, and in those, the PKA-Wnt relationship can be further 

explored through the qualitative and quantitative tools established in this work. 

5.2.1.1 Colon cancer cell growth 

Wnt is implicated in the proliferation of many cell types, notably colon cancer cell lines [1]. 

Several colon cancer cell lines express a truncated form of adenomatous polyposis coli (APC) 
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protein[2] which prevent the formation of the destruction complex, causing Wnt signaling to 

remain turned on constitutively; other cell lines like the SW480, lack the Ser45 residue[3], 

preventing entry into the destruction complex. Therefore in these cells there are mechanisms 

that act to permanently increase the levels of β-catenin. 

In this work, we have shown that despite mechanisms (GSK3β) that increase β-catenin levels, 

through the inhibition of PKA, we could prevent standard Wnt activation outcomes in hPSCs. 

Similarly, PKA inhibitors could be tested out to see if they prevent the growth or limit the growth 

of colon cancers and colon cancer cell lines with β-catenin stabilization mutations. In these 

systems, it might even be possible that Akt inhibition could reduce Wnt activation outcomes. 

Through the use of a potent Akt inhibitor MK2206[4, 5], it could be possible to jointly agonize 

and antagonize the Wnt and PI3K pathways to observe effects on hPSCs or cancer cells without 

genetic alterations to these cells. These could lead to better therapeutic approaches for several 

cancer phenotypes in which either Wnt along with PKA or PI3K/Akt are involved. Finally, the 

process of epithelial to mesenchymal transition, critical in the progression of cancer [6] can be 

investigated using this framework. 

One of the critical steps in the EMT process is the loss of E-cadherin expression and gain of N-

cadherin expression[7, 8], often in concert with Wnt activation along with other pathways 

including PI3K. This work provides a mathematical tool for analyzing that interaction and possibly 

making in silico predictions that may be tested in vitro. In the model, Nanog represents the state 

of the cell when Wnt signaling is not activated, while, Brachyury represents the state of the cell 

after the activation of Wnt signaling. Substituting Nanog and Brachyury for E-cadherin and N-
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cadherin would allow the model to be used on a wider variety of cell types. However, prior to the 

use of the model in a wider variety of cell types, it must be adequately parameterized. 

5.2.1.2 Parameterization of the mathematical model 

The current model is not adequately parameterized. The phosphorylated β-catenin data is too 

noisy to adequately decipher unique trends, possibly due to the high cellular density of the 

system being studied. It has been shown before that confluent cells have higher cytoplasmic and 

nuclear β-catenin than sub-confluent cells [9, 10]. Since the model can conceptually be used to 

analyze cancer cell phenotypes, perhaps these provide a better, slower growing alternative for 

the measurement of phosphorylated β-catenin levels. In addition, using a slower growing system 

(yet analyzing a time long enough for the establishment of Wnt dependent phenotypes, unlike 

previous Wnt modeling studies [11]) could lead to simpler modeling and the exclusion of density 

dependence on the model. However, some ideas may be tested for the inclusion of density 

dependence within the model framework. 

Cell density directly affects the levels of the von Hippel-Lindau tumor suppressor protein (VHL) 

[12], a key component of the E3 ubiquitin ligase system [13] that destroys several proteins, 

including β-catenin within the cell. The interaction between Wnt and von Hippel-Lindau tumor 

suppressor protein has also been previously characterized [14], and shows the VHL gene as a 

downstream target of Wnt signaling. It has also been established that ubiquitination rates are 

higher in cells having lower quantities of VHL [15]. From these data, we can hypothesize that as 

the cells grow, the VHL protein is excluded from the nucleus. The cytoplasmic accumulation of 

the VHL protein product inhibits the action of the E3 ubiquitin ligase system, and therefore the 
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ubiquitination and destruction of β-catenin. The higher amounts of VHL translated as a 

downstream product of Wnt signaling would further reduce the ubiquitination rate as the 

cultures became dense. Mathematically, the rate of destruction of Phospho-β-catenin 

Ser33/Se37/Thr41 mathematical expression, shown in Equation 17, would be modified using a 

density dependent term, causing the rate of re4 to reduce as density increases, as shown in 

Equation 18. In addition density, ρ, would also be represented as a product of Wnt signaling the 

way Nanog and Brachyury are represented. These expressions would include the cell growth in 

the model, and prevent rapid equilibration of the model on the timescale of chemical kinase 

inhibition. The differentiation of hPSCs is a dynamic non-equilibrated system, and these 

expressions will reflect that and improve the current model. 

5.2.1.3 Profiling of mouse and human pluripotent stem cell differences 

Wnt activation has dramatically different effects on mouse embryonic stem cells [16] and human 

embryonic stem cells [17]. While CHIR is part of a combination of 3 enzyme inhibitors to keep 

mESCs pluripotent [16], it acts as a differentiating agent in hPSCs as demonstrated in this work. 

In both systems, PI3K-Akt signaling is implicated in the maintenance of pluripotency [18]. 

However, the role of PKA in undifferentiated cells is undefined. 

It can be hypothesized that mESCs have lower levels of phosphorylated PKA than hESCs. 

Therefore, on the addition of CHIR, there is lesser PKA phoshphorylated β-catenin in the mESCs, 

and therefore lesser differentiation. However, as shown in this work, in hPSCs, the perhaps higher 

amounts of active phosphorylated PKA cause differentiation on CHIR addition. This hypothesis 

could be tested by activating PKA through the use of small molecule FMP-API-I[19] in mESCs. 
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Should this hypothesis remain valid, PKA activation in mESCs should induce similar behavior on 

Wnt activation and lead to differentiation, rather than pluripotency maintenance. 

5.2.25.2.25.2.25.2.2 Vocal fold epithelia Vocal fold epithelia Vocal fold epithelia Vocal fold epithelia differentiation on differentiation on differentiation on differentiation on Transwell®Transwell®Transwell®Transwell®    insertsinsertsinsertsinserts    

In this work, a scalable platform was created for the characterization of barrier phenotypes in 

vocal fold epithelial cells. The cells showed a stratified thickness less than in vitro tissue, but 

displayed several barrier phenotypes. The thickness of the tissue was perhaps related to the lack 

of collagen in the extracellular matrix that the tissue was grown on. Other works have also shown 

the importance of collagen in the formation of a stratified epithelial tissue [20]. Therefore, 

experiments may be attempted where collagen is added as an extracellular matrix layer on top 

of epithelial progenitors prior to stratification initiation. The strategy of sandwiching cells 

between extracellular matrix proteins has been performed before for other differentiation 

protocols [21], including a cardiac differentiation. 

The true potential of this protocol lies in its scalability. The previous collagen gel embedded 

protocol could not be effectively scaled up or scaled down, and was constrained to be done in a 

4.5 cm2 format. However, the protocol detailed in this work was effectively scaled down from a 

4.5 cm2 format to a 1.12 cm2 format, and can be scaled down further to smaller, higher 

throughput formats without much difficulty. This scale down has been performed successfully 

for other tissue such as hPSC derived blood brain barrier cells [22]. 

Scaling down the protocol allows for quantitative injury measurements, and the measurement 

of the chemical injury of vocal folds. An experiment could be set up assaying various 

concentrations of air pollutants diluted in cell culture media and exposed to the differentiated 
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tissue for a certain duration of time. Electrical resistance and permeability can be measured to 

estimate the extent of epithelial injury caused by the pollutant. While using a collagen-gel matrix 

tissue, the injury can only be inspected visually and the number of test conditions are limited by 

size (6 conditions in a standard cell culture plate). Using the system developed in this work, 24 – 

48 conditions can be set up in a standard cell culture plate. In addition, non-visual injuries, such 

as the inactivation of active transport mechanisms can be measured using this system. 

The histology of the tissue derived on inserts is challenging, however, the inserts are light 

permeable. Through limited testing, confocal visualization of immunostained proteins could 

perhaps be used to assay marker expression on the insert. 

5.2.35.2.35.2.35.2.3 Cell culture on superhydrophobic surfacesCell culture on superhydrophobic surfacesCell culture on superhydrophobic surfacesCell culture on superhydrophobic surfaces    

In this work, it was demonstrated that cells can survive in a droplet of media suspended on a 

superhydrophobic surface for up to 48 hours. It was further shown that treatment with the 

surface alters surface adherence phenotype of the cells cultured on the surface. The study can 

be improved through an investigation of the molecular mechanisms underlying these phenotypic 

changes. Both reverse-transcriptase polymerase chain reaction RT-PCR assays and further 

immunostaining of the cells can reveal key pathways being altered by the surface chemistry. The 

surface chemistry may also be improved through the testing of alternative functionalization to 

make the surface resistant to degradation by serum proteins or serum albumin. This would allow 

for the use of this surface in more biologically orientated experiments. 
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5.35.35.35.3 ConclusionsConclusionsConclusionsConclusions    

This work identified knowledge gaps in the process of Wnt induced hPSC differentiation and 

closed some of those gaps, discovering new points of control of the Wnt pathway and suggesting 

a new layout and mathematical framework for understanding the Wnt pathway. It identified the 

lack of a suitable system for the characterization of barrier phenotypes of vocal fold epithelia 

(one primary function of this tissue). A new system was developed for the derivation of this tissue 

type and the high barrier functionality of these cells was characterized. Finally, this work 

identified the lack of data for the effects of cell culture on a superhydrophobic surface and 

worked with a novel surface and demonstrated phenotypic changes induced by the surface. 

Therefore, three unique gaps of knowledge were identified and filled through the work presented 

in this thesis. 
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5.45.45.45.4 EquationsEquationsEquationsEquations    

Equation 17: Equation for re4, the first order ubiquitination and destruction of Phospho-β-

catenin Ser33/Ser37/Thr41, the species s11 represents Phospho-β-catenin Ser33/Ser37/Thr41 

�4 = �4 ∗ (�11) 

Equation 18: Equation for re4, the first order ubiquitination and destruction of Phospho-β-

catenin Ser33/Ser37/Thr41, the species s11 represents Phospho-β-catenin Ser33/Ser37/Thr41, 

modified by the density dependent term with k4ρ indicating the density dependent rate constant, 

and ρ and ρ0 representing current and initial density respectively 

�4 =
�4 ∗ (�11)

1 +  �./ ∗ (0 − 0�)
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