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ABSTRACT 

During the early stages of pregnancy, exposure to certain pharmaceutical drugs can 

potentially lead to human laterality disorders (HLD). These disorders are characterized by 

alterations in the shape and positioning of tissues and organs within the body along the left-right 

(LR) axis. Lateralization of tissues and organs through embryonic LR symmetry breaking is a well-

conserved and fundamental property of organogenesis. Exposure to teratogenic drugs (e.g., 

thalidomide, lithium, lead) during the first trimester of pregnancy has profound effects on the final 

lateralization of organs. The molecular mechanisms underlying HLD and the effects of drugs 

during pregnancy are still understudied. Recent studies have demonstrated that LR asymmetry at 

the cellular level, termed cellular chirality, may play a significant role during embryonic LR 

symmetry breaking. The goal of this dissertation is to identify key developmental signaling 

pathways that directly affect embryonic LR symmetry breaking and their molecular mechanisms. 

Current studies in embryonic development rely on pre-gastrulating animal embryos to identify 

teratogenic drugs and the disturbance of key developmental signaling pathways, which are often 

inapplicable to human development due to remarkable interspecies differences. Herein, we study 

the chirality of human embryonic stem cells (hESCs) using a 3D microengineered platform to 

screen drugs affecting several developmental signaling pathways. To mimic the embryonic LR 

asymmetry during development, hESCs were embedded within a Matrigel bilayer of different 

concentrations, exposed to different doses of small-molecule drugs within various signaling 

pathways, and their LR chiral bias (clockwise versus counterclockwise) were assessed. The 

canonical WNT signaling pathway (β-CATENIN-dependent) was identified as a key mediator of 

cellular chirality. Transient modulation of WNT pathway via shRNA targeted against β-CATENIN 

exhibited a dominant counterclockwise bias as WNT inhibitors. Our results provide evidence that 
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disruption of the canonical WNT pathway affects intrinsic cellular chirality and suggest that drugs 

within this pathway may have adverse effects during pregnancy. Taken together, this work 

suggests that cellular chirality regulated by developmental signaling pathways such as the WNT 

pathway may alter the embryonic LR asymmetry during human development.  
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1. INTRODUCTION1 

Embryonic development controls cellular behaviors such as cell proliferation, migration, 

differentiation, tissue/organ formation and placement at the right time and place. These behaviors 

are regulated by genetics and the orchestrated activity of signaling pathways that lead to the 

formation of complex multicellular organisms1. During embryogenesis, embryonic stem cells 

undergo migration, which alters their proliferation and differentiation in response to gradients of 

morphogens. The secreted signals, or morphogens, form concentration gradients across cells in the 

embryo, which have positional identities through a coordinate system induced by these gradients2. 

Thus, morphogens influence the specification of body axes, and later gastrulation, which gives rise 

to the germ layer formation (ectoderm, mesoderm, and endoderm)3,4. Further migration along a 

complex extracellular matrix leads to the accumulation of cells that constantly break the local 

symmetry, resulting in the coordinated formation and establishment of different body axes: 

anterior-posterior (AP), dorsal-ventral (DV), and left-right (LR), which are essential for normal 

embryonic development3,5-7. These three body axes are essential to the organization of the body 

plan (Figure 1.1). 

The AP and DV axes are formed before the LR axis during the embryo peri-implantation 

period, a very sensitive stage to environmental factors and toxic agents8. In humans, this period 

occurs during the blastocyst stage (approximately 4-5 days post-fertilization), where the embryo 

attaches to the maternal uterine tissue and the trophoblast (early placenta) initiates its 

                                                 
Portions of this chapter previously appeared as:  

Rico‐Varela, J., Ho, D. & Wan, L. Q. In vitro microscale models for embryogenesis. Adv. Biosystems 2, 1-12 (2018). 

 

Worley, K. E., Rico-Varela, J., Ho, D. & Wan, L. Q. Teratogen screening with human pluripotent stem cells. Integr. 

Biol. 10, 491-501 (2018). 
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differentiation8,9. At the time of implantation, the AP axis, or head-tail axis, is specified by key 

signaling pathways such as fibroblast growth factor (FGF), wingless (WNT) and retinoic acid (RA) 

while the DV axis, or front-back axis, is defined by bone morphogenic proteins (BMP) pathway 

as previously reported in zebrafish embryos10. The LR axis is oriented perpendicular to the AP and 

DV axes during embryonic development11. The proper specification of the LR axis requires the 

generation of asymmetries between the left and right sides resulting in organ handedness, or 

orientation12. The specification of left and right asymmetries is attributed to a Nodal-dependent 

mechanism during embryogenesis (Figure 1.1.) as will be discussed in Section 1.2. Much research 

has been done to understand the establishment of the AP and DV, but it is still unclear how they 

provide orientation and biochemical clues to specify and pattern the LR axis during development13.  

Figure 1.1. LR asymmetry during morphogenesis. (A) Schematic representation of all developmental axes, 

anterior-posterior (AP), dorsal-ventral (DV), and left-right (LR), during LR symmetry breaking. During 

the initial step the node senses the nodal flow (Step 1), then distributes left and right asymmetric signals to 

the lateral plate mesoderm, or LPM (Step 2), and the asymmetric expression of Nodal and lefty2 are 

established in the lateral plate mesoderm (Step 3). Adapted and modified figure14. 
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Over the past decades, researchers from multidisciplinary backgrounds have been 

interested in understanding how embryos can tell the difference between the left and right during 

organogenesis. Given that humans are roughly bilaterally symmetric organisms externally with 

internal asymmetric visceral organs along the LR axis, it remains unclear how these asymmetries 

emerge, are maintained during growth, and are altered at early stages of development15. Our bodies 

regulate symmetries and asymmetries in the proper tissues and organs to guarantee fully functional 

organisms. For instance, visceral organs such as the heart and the spleen are located on the left 

side of the body while the bulk of the liver is positioned on the right side. Likewise, our organs are 

protected by the muscloskeletal system which is also asymmetric, while our limbs are symmetric 

for biomechanical purposes15,16. In many animal species it has  been demonstrated that anomalies 

in the establishment of the LR axis lead to a spectrum of laterality defects17. It was originally 

thought that during human development most birth defects occur during the first trimester of 

pregnancy, particularly the 3rd to 8th weeks post-fertilization, which is the period of 

organogenesis8,18-20. However, new insights into embryonic development indicate that the first two 

weeks of pregnancy is a very sensitive period since the establishment of the body axes takes place 

there, and embryos are susceptible to localized defects and spontaneous abortions due to 

teratogenic exposure21-24.  

One example of localized defects affecting the arrangement and morphology of visceral 

organs is in human laterality disorders (HLD). These disorders, or anomalies of lateralization, are 

observed with an incidence of 1:8,000 to 1:10,000 birth cases in the general population25-27. HLD 

are characterized by alterations in the patterning and positioning of visceral organs along the 

embryonic LR axis, unlike situs solitus, which is the normal arrangement of organs (Figure 

1.2.(A)). Thus, errors in LR patterning result in a spectrum of disorders: heterotaxia, which is 
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improper arrangement of thoracic and abdominal organs, also known as situs ambiguus; right or 

left isomerism, which is a loss of organ asymmetry (Figure 1.2.(B) and (C)); complete inversion 

of organs, also termed as situs inversus (Figure 1.2.(D))25,28. The molecular mechanisms behind 

HLD remain poorly understood. However, besides genetic causes, it is speculated that exposure to 

teratogens (e.g., radiation, viruses, pharmaceutical and recreational drugs) results in anatomical 

defects in embryos that were initially differentiating according to the body plan23.  

Figure 1.2. Graphical representation of human laterality defects. Unlike normal shaped and positioned 

organs, or situs solitus (A), human laterality disorders come in a spectrum of disorders that range from 

right and left isomerisms (B, C) to situs inversus (D). Adapted and modified figure29. 

 

For the last six decades, some pharmaceutical drugs have been identified as teratogenic for 

human embryos during pregnancy30-34. The effects of medications on embryos depends on their 

specificity, strength, and dosage. For example, thalidomide, a well-known morning sickness 

reliever back in early 1960’s, resulted in babies born with phocomelia (limb malformations) but in 

vivo and in vitro studies with rodents demonstrated that it did not lead to malformations on murine 

embryos35-37. Drug intake during pregnancy is not limited to prescribed drugs to alleviate morning 

sickness symptoms, but also used to treat chronic medical conditions and temporary illness of the 

expecting mother (e.g., asthma, epilepsy, depression, diabetes, hypertension, fever, headaches, 

LEFTRIGHT
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etc.). Drugs taken by pregnant woman could be deleterious to the embryo by crossing the placenta. 

Besides allowing the embryo to adhere to the uterine tissue, the placenta is a protective barrier that 

provides nutrients to the embryo, serves as a gas exchanger and waste removal system38. Drugs 

with molecular weights less than 500-Da (g/mol), lipophilic, with low protein binding, and weak 

bases, permeate readily across the placenta via passive diffusion, and could lead to teratogenic 

effects20,30,39. Almost any drug used during pregnancy has the potential to be harmful to the embryo 

and fetus, and researchers are still determining the teratogenicity for many therapeutic drugs (e.g., 

immunosuppressants, antiepileptics, anticoagulants, antidepressants, antihistamines, antibiotics, 

prenatal vitamins, antiretrovirals, anti-asthmatics, antihypertensive, steroids, and antidiabetic 

drugs among others)33,40. Due to limitations on working with human embryos beyond the 14-Day 

rule, which allows in vitro culture of human embryos up to 14 days, the preface of gastrulation, 

research efforts to determine the teratogenic risks of pharmaceutical drugs are restricted41. 

Work in experimental models and engineering-based platforms has been critical to the 

understanding of general principles of LR asymmetry in development and disease. This 

introduction will summarize how birth defects have been previously studied using in vitro models 

and will briefly review predominant theories on the establishment of embryonic LR asymmetry as 

well as how these asymmetries arise at the organ, tissue, and cellular level. Finally, this chapter 

will review future research directions in the field of LR asymmetry, and will present the 

motivations, significance, and innovation of this doctoral dissertation.  

1.1 In vitro models to study embryogenesis and birth defects 

Over the years, several screening platforms have been proposed to assess developmental 

toxicity and to understand the mechanisms behind birth defects. Initial studies with mouse 

embryonic stem cells (mESCs) have later inspired human pluripotent stem cells (hPSCs) screening 
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assays to determine which molecular mechanisms alter specific lineage differentiation, and then 

correlate those with laterality disorders42,43. The mouse embryonic stem cell test (mEST) was 

developed to measure the embryotoxicity potential of chemical compounds that switch the 

differentiation of embryoid bodies (EBs). In addition, the mEST results were compared with 

mouse embryos at around the same developmental stage44. However, the mEST provided limited 

information about our development due to species variation. For instance, Thalidomide, a morning 

sickness drug that the mEST showed no effect on mice embryos, was found to severely affect limb 

formation in humans44,45. Years later, the human pluripotent stem cell test (hPST) was introduced 

as a high-throughput screening platform, which relies on the mesendoderm differentiation of 

hPSCs46. The hPST reduces the dependency on animal studies and avoids the ethical concerns on 

using human embryos. Nevertheless, there is a gap of knowledge in our understanding of hPSCs 

nature and their relation to embryonic development. Therefore, there is a demand for human 

embryonic stem cells (hESCs)-based teratogenic testing systems, allowing for improved prediction 

of teratogenicity. Briefly, the field of human teratogenic assays will be introduced from a variety 

of platforms that range from micropatterned systems and the in vitro cultures of human embryos 

on a dish to the generation of artificial embryos. 

Microcontact printing is a highly efficient approach to emulate, control, and reproduce the 

dynamic in vitro stem cell microenvironments during development3,47,48. Micropatterns are usually 

fabricated from Polydimethylsiloxane (PDMS) stamps using photolithography with consist of 

patterns of different geometries5. These geometries are transferred to 2D substrates for cell 

attachments, allowing for tight control of cell-cell and cell-extracellular matrix interactions and 

better recapitulation of in vivo development5. Warmflash and colleagues observed the radial 

patterning of ectoderm, mesoderm, and endoderm layers. In addition, they observed what looks 
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like an early placenta (trophectoderm) in the outer layer of the circular micropatterns (500 and 

1000 μm in diameter) under treatments of bone morphogenic protein 4 (BMP4)49. This was one of 

the first studies that showed that extended BMP4 treatments displayed a similar phenotype that 

looks like the beginning of gastrulation (Figure 1.3.(A)). However, one of the limitations of this 

study is that embryos are not radially symmetric, and breaking the symmetry in 2D micropatterns 

is not the best representation of 3D characteristics of embryos50.  

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Micropatterns and synthetic embryos to study development and disease. (A) hESCs patterned 

onto single circular islands displayed radial patterning of germ layers based on early lineage specification 

markers. Adapted figure4. (B) Illustrates the generation of an artificial mouse embryos from two 

population of cells, embryonic stem cells (ESCs) and trophoblast stem cells (TSCs). Adapted figure4. 

 

Another interesting micropatterning study measured the teratogenic effect of several drugs. 

For instance, Xing and colleagues used a method for human teratogen detection by patterning 

hPSCs onto circular Matrigel islands (diameter of 1 mm) with a PDMS stencil45. The cells were 

induced with BMP4, Activin A, and FGF2 to direct mesoendoderm differentiation, transition into 

(A)

(B)
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epithelial-mesenchymal cells, and prompt migration on the micropatterned geometries via the 

micropatterned human pluripotent stem cell test (μP-hPST)45. A few known teratogens and non-

teratogens were tested and classified based on their ability to disrupt the differentiation of the 

mesoendoderm layer45. The results from this patterned screening platform were compared with in 

vivo animal and human data as well as the mouse embryonic stem cell test (mEST)45. One of the 

highlights of this study was its sensitivity to morphological changes in the patterned hPSCs in 

response to the dosage-dependency of known teratogens. A follow up study from the same group 

used the same μP-hPST platform to expose hPSCs and adult dermal fibroblast cells to 30 

pharmaceutical compounds to determine their effects on mesoendoderm differentiation51. In this 

study, authors simplified the method of classification via a two-step teratogen classification assay, 

and results were within the FDA guidelines for pregnancy classification of drugs51. Their screening 

results were compared to in vivo teratogenicity results, and generated 97% accuracy to classify the 

compounds, with 100% specificity and 93% sensitivity51. Unlike the previously mentioned 

patterned platforms, this μP-hPST assay allowed for spatial and temporal control of the 

mesoendoderm formation process despite the low number of compounds so far examined and 

classified. Both micropatterned platforms have the potential to study the effects of teratogens with 

a robust and quantitative micropatterning system that recapitulated several developmental events 

and regions at the microscale level. However, these systems often do not accurately reflect 

conditions in vivo. It is difficult to precisely model human development in 3D in a human-specific 

and ethical manner. 

In addition to the field of microtechnologies, several bioengineering and developmental 

biology approaches have contributed to important advances in modeling early developmental 

events using mouse and human embryos. Different strategies have emerged to either mimic the 
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architecture of tissues and embryos or culture embryos on a dish. For instance, there are a large 

variety of organs and tissues that have been modeled as 3D organoids in vitro to understand their 

function and determine pathogenesis and malformations. However, organoids have several 

limitations including their inability to fully recapitulate the in vivo microenvironment in which, for 

instance, embryos self-assemble and organize, grow, and develop52. Recently two research groups 

have successfully cultured human embryos in vitro within the stipulated 14-day culture rule limit53-

56. This rule restricts the culture of human embryos on a dish beyond 14 days of development since 

it involves the first organogenesis signs (primitive streak), and neural tube development41,57.  

The pioneering study of Deglincerti et al. revealed for the first time that human blastocysts 

cultured in a dish could be observed to self-organize and recapitulate lineage differentiation, 

equivalently to in vivo human embryonic development53. Likewise, Shahbazi et al. presented an 

in vitro culture of human embryos that allows observation of key events during pre-gastrulation 

stages (i.e., formation of pro-amniotic cavity, segregation of PSCs, morphogenic 

rearrangements)56. Although these findings promote further investigations with human embryos to 

better recapitulate embryogenesis, inevitable moral concerns are raised. The study of extra-

embryonic tissues, trophoblast and amniotic cavity, were not considered before due to serious 

ethical concerns. Harrison et al. revealed the potential of artificial embryos using a mouse model 

(Figure 1.3.(B))58. This study recapitulated key architectural components of the embryo from two 

different populations of stem cells (embryonic and trophoblast stem cells) along with a 3D-scaffold 

and a cocktail of signaling molecules. This study was the first in vitro self-organized mouse 

artificial embryo with structures notably similar to natural embryos, revealing the localized 

expression of the germ layers more accurately than embryoid bodies58. In addition, Shao et al. 

mimicked the microenvironment in which human amnion-like tissue (amniotic cavity) self-
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organized in the absence of biochemical cues from maternal sources by using hESCs59. The study 

was the first to establish a hESC-based model for peri-implantation of human amnion 

development. The above studies presented the clinical relevance and potential applications that 

make embryos desirable, but only if the appropriate ethical guidelines are followed53,56.  

1.2 Establishment of embryonic LR asymmetry 

The ability to properly establish the LR axis in the developing embryo is not a simple 

matter and it is one of the central questions in developmental biology. All vertebrate embryos, 

including human, exhibit asymmetric shape and positioning of their visceral organs along the LR 

axis14,60. Based on molecular and genetic evidence on vertebrate embryos (e.g., frog, chicken, 

zebrafish, mice), LR asymmetry is generated by a series of steps: (1) symmetry breaking at the 

node; (2) transfer of LR signals from the node to the lateral plate mesoderm (LPM); (3) asymmetric 

expression of Nodal and Lefty2 (transforming growth factor-beta or TGF- proteins) on the left 

side of the LPM; (4) asymmetric organogenesis generated as a result of asymmetric expression of 

Pitx2 (Figure 1.1)14,61. The genetic studies with animal embryos have led to the identification of 

conserved genes in the LR pathway (Nodal, Lefty1, Lefty2, Pitx2) among various species 

including mouse, chicken, frog, and fish62.  

The mechanisms for LR symmetry breakage among certain species are similar despite 

differences in their developmental programs. The breaking of LR symmetry in mouse embryos 

occurs at the node, which is an embryonic midline structure found at the anterior end of the 

primitive streak that gives rise to the mesendoderm14,60. These node structures are very intriguing 

systems also recognized as left-right organizers (LROs) of vertebrates, and are known by different 

names depending on the vertebrate: Hensen’s node for chick embryos, Kupffer’s vesicle (KV) for 

zebrafish embryos, and ventral node for humans (Figure 1.1)63,64. The nodes facilitate the flow 
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produced by mechanosensing structures, the primary cilia, in order to achieve symmetry 

breaking65. The asymmetric signals are transmitted by ciliary flow around the node to the left side 

of the embryo. The involvement of primary cilia in LR determination in the human ventral node 

has been associated with human genetic disorders such as Kartagener syndrome, which consists of 

situs inversus and compromises the respiratory track (immotile cilia in airways) and the ability to 

procreate children (immotile flagella in sperm)66,67. 

The motile cilia and its fluid flow play a role in LR asymmetry breaking around LROs of 

vertebrates. The primary cilia are full of microtubules with dynein arms that generate directional 

fluid flow from a beating motion. Primary cilia are found in vertebrate embryos during gastrulation 

at LROs, and each of the LRO cells have a single cilia (monocilia)61. In the mouse node, there are 

more than 200 motile cilia that protrude from the ventral surface of the node at an angle of 30, 

and rotate in a clockwise direction (when observed from the AP axis) at 600rpm, thus driving the 

nodal flow at approximately 20-50m/sec (Figure 1.4.(A))14,68,69. The nodal flow, or leftward fluid 

flow, is conserved among different species and produces a laminar flow of extraembryonic fluid 

surrounding the node, which is then activated on the left side of LPM70. The Nodal signaling 

cascade promotes the expression of TGF- genes such as Nodal, Lefty1, Lefty2, and Pitx2. When 

Nodal is expressed exclusively in the LPM on the left side of the embryo, Lefty2 (Nodal 

antagonists) inhibits Nodal signaling on the right side of the LPM, while Pitx2 remains in the left 

side of the embryo during organogenesis acting as a downstream transcription factor of Nodal 

(Figure 1.1)60. On the other hand, Lefty1 expression also produced during the Nodal cascade 

serves as a midline barrier to signals that define leftness, thus preventing the propagation of signals 

to the right side of the embryo11,60. TGF- pathway activation along with primary cilia leftward 

flow are essential for establishing situs solitus or normally shaped and arranged visceral organs71-
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73. However, the impact of asymmetric cilia orientation on whole LROs of vertebrate embryos 

remains unknown since cilia are not present during LR development of snails, flies, chicks, and 

pigs74,75. For instance, there is ample evidence that chick and pig embryos do not have cilia and 

nodal flow, respectively, which suggests that nodal cilia-dependent flow is not necessary for their 

LR patterning76. Recent quantitative live imaging studies with zebrafish embryos have 

demonstrated that primary cilia in KV, exhibited asymmetric orientation between the left and right 

sides of the node74. In other words, the primary cilia were found to be chiral structures, or structures 

that cannot be superimposed on its mirror image, and these change orientation progressively from 

mirror symmetry to asymmetric in the LROs74. In addition, the authors reported that the 

establishment of LR signals in the KV was dynamic and relied on the planar cell polarity (PCP) 

pathway74. These previous studies have shown the importance of primary cilia during LR 

symmetry breaking, and its alterations along with reversal of the direction of nodal flow resulting 

in LR patterning defects such as heart malformations in mutant mice and a high incidence of human 

patients with situs inversus77.  

Although several organisms shared a conserved leftward nodal flow during the 

establishment of embryonic LR axis, different researchers still debate how the nodal flow breaks 

symmetry at the LROs. There are two hypotheses that try to explain the transfer of asymmetric 

signals from the node to the left LPM: the intracellular and extracellular communication models. 

The first hypothesis describes that an asymmetric Ca2+ signal appears at the left side of node and 

spreads out on the lateral plate. This suggests that asymmetric signals require motile (left-right 

dynein or lrd) and non-motile (polycystin-2) cilia to sense the nodal flow that later introduces the 

intracellular movement of Ca2+ at the left side of the LROs78. Several studies suggest that the Ca2+ 

channel activity and PkD1l1-PkD2 complex work collectively to sense the flow in crown cells 
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(non-motile cilia cells at the edge of the node), while Pkd2 serves as an upstream effector of 

Cerberus (Cerl2 or fluid flow target gene) for the correct LR establishment61,79,80. Pkd2 mutant 

mouse embryos demonstrate aberrant LR patterning due to loss of Nodal expression in the LPM81. 

However, it was recently reported that cilia are not sensitive to mechanical force through calcium 

signaling, meaning that this does not stimulate cilia of kidney tubules, the embryonic node, and 

several models of cilia function82. The second hypothesis proposes that Nodal asymmetric 

expression travels directly from the node to the LPM through the extracellular matrix83. For 

instance, experiments with mouse embryos demonstrated that the Nodal co-receptor Cryptic 

(Cfc1) is necessary in the LPM but not in the node83. This study found that Nodal interacts with 

sulfated glycosaminoglycans (GAGs) localized at the basement membrane below the ectoderm 

and endoderm layers at mouse embryonic day (E) 8.083. Furthermore, scientists reported that Nodal 

expression is disrupted in the absence of sulfated GAGs in mutant mice embryos83. The precise 

mechanisms that associate Ca2+ signaling and Nodal expression in the LPM still remain unclear. 

Similarly, another three hypotheses have been proposed to describe how embryos sense or perceive 

the leftward flow in LROs. The first two hypotheses describe transport-based processes while the 

third depicts a mechanosensing model. According to the morphogen gradient hypothesis, an 

unknown signaling molecule, or morphogen, is secreted within the node and transferred to the left 

side of the embryo via the nodal flow84. Thus, creating a high concentration gradient localized on 

the left side that breaks the LR symmetry of the embryo. To date, several fluorescent proteins (15-

50KDa in size) have been theoretically examined to determine their LR determinant candidacy on 

the developing embryo using computational fluid dynamic methods84,85. However, none of them 

met the transport requirements to recapitulate physiological flow during LR symmetry breaking 

since the fluorescent proteins are washed away by fast flow that generates different concentration 
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gradients69,85,86. The second hypothesis was further developed from the previous hypothesis, and 

it describes the presence of morphogen-containing vesicles dubbed as the nodal vesicular parcel 

(NVP)85,87. This hypothesis argues that vesicles carrying morphogens are transferred with the 

leftward flow by motile cilia in the interior left side of the node, where the cargo is released to 

continue subsequent intracellular signaling (Figure 1.4.(B))85,87-89. Even though this hypothesis 

was well accepted by several scientists, other elements were not fully clear, for instance, details 

on mechanisms of NVP breaking and other fluid dynamic characteristics of the microenvironment 

were not well established and are still in debate90. Finally, the third hypothesis details a 

mechanosensory model, or two-cilia model (Figure 1.4.(C)). This argues that motile cilia in the 

central region of the node generate the nodal flow, while immotile cilia sense the flow during the 

symmetry breaking, thus inducing a Ca2+ signal that promotes Cerl2 mRNA degradation on the 

left side of the embryo91.  

The conceptual models of flow generation are still a mystery because there is no universal 

mechanism that describes how this flow is originated and how it affects the symmetry breaking in 

vivo. Studies with animal models have shown that the generation of this leftward flow at their 

respective LROs is conserved among some species, but not other species such as pigs. Researchers 

in the field are still debating how primary cilia perceive and react to this flow during symmetry 

breaking, and how the asymmetry originates at the primary cilium. Future studies require 

interdisciplinary investigations with fluid dynamic models of cilia-driven flow along with animal 

models to uncover key features of the LR establishment and organization during embryonic 

development. While it is essential to understand how and when the embryonic LR symmetry 

breaks, there is evidence that LR asymmetry plays an essential role during tissue and organ 

development as will be discussed in Sections 1.3 and 1.4.  
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Figure 1.4. Models that describe roles of primary cilia and leftward flow. (A) Primary cilia tilted 

posteriorly and following a clockwise rotation while exposed to a leftward flow. (B) The nodal vesicular 

parcel (NVP) hypothesis. (C) The two-cilia hypothesis. A for anterior and P for posterior; R for right and 

L for Left. Adapted and modified figure85. 
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1.3 LR asymmetry at the organ level 

All animals across phyla follow a directional LR asymmetry required for the asymmetric 

patterning and lateralization of visceral organs. Over the past four decades, researchers have 

looked at the mechanisms of LR symmetry breaking by examining laterality defects in animal 

embryos when exposed to chemical compounds and drugs during development. For instance, 

murine embryos treated with cadmium (heavy metal) displayed left and right limb deformities 

while Xenopus embryos ended up with gut malformations11. Although the effect of many 

pharmaceutical drugs and their molecular targets during development remain unknown, it is 

evident that certain drugs disrupt developmental programs established by the vertebrate body plan, 

and thus impair asymmetric organ formation.  

The visceral organ asymmetries at the structural level are thought to be introduced by a 

Nodal-dependent mechanism that drives the asymmetric body plan in the embryo as described in 

Section 1.2. However, there is not a conserved and universal LR mechanism that applies to 

multiple species. These differences in LR asymmetry among model organisms are important to 

consider during the development of certain organs that arise from simple two-dimensional sheets 

and three-dimensional tubes of cells92. During development these sheets get folded into tubes and 

follow a series of deformations and twisting until they reach more complex three-dimensional 

tissue-like structures that give rise to fully developed organs. This tissue morphogenesis driven by 

cell deformations and cell-cell interactions can be observed in the development of the heart, gut, 

spleen, and genitalia.  

The heart and the gut are the most studied asymmetric organs during morphogenesis in 

different vertebrate models. The heart and gut are initially a tube that grows longitudinally and 

deforms until it reaches its final shape93. The looping of the heart and gut has been considered a 
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directional problem (rightward, leftward, undetermined) as a result of intrinsic and extrinsic 

mechanisms of morphogenesis (Figure 1.5.(A))93. The intrinsic mechanisms regulate cell 

proliferation and orientation so that the tissue is polarized, and cells orient along a LR axis to 

generate a three-dimensional tube (Figure 1.5.(A))93. Extrinsic forces drive mechanical sideways 

deformations (buckling) acting on the tube with biased rotations (Figure 1.5.(A))93. Failure to 

establish the correct LR patterning is associated with different heart defects (e.g., dextrocardia, 

atrial and ventricular septal defects) and gastrointestinal abnormalities (e.g., duodenal 

obstruction)8. In zebrafish embryos, dextral heart looping is controlled by a nodal-independent 

mechanism, which requires actin polymerization and myosin II expression94. Ray et al. 

demonstrated that chicken myocardial cells are intrinsically chiral before and during the looping 

of heart and displayed dominant clockwise rotation that results in cardiac looping95. On the other 

hand, studies with Drosophila embryonic hindgut (equivalent to our gut) have revealed that the 

hindgut tube initially rotates 90 degrees counterclockwise (from posterior view), thus showing a 

dextral gut looping, and recently found to exhibit planar cell polarity (Figure 1.5.(B) and (C))96,97. 

Thus, these fly studies are one of the first to show evidence that cellular chirality at the tissue and 

organ level drives the rotation of the hindgut through biased distribution of E-cadherin and Myosin 

ID97,98. Together these studies indicate that intrinsic cellular chirality and biophysical forces during 

vertebrate organogenesis regulate directional organ rotation and orientation.   

Another set of asymmetric organs that also have obscure origins are the spleen and 

genitalia. The spleen serves as a filter for blood as part of the immune system and it is located 

along the left side of the body. Furthermore, it has been challenging to determine the embryonic 

origins of spleen asymmetry due to its position in the embryo and limited organ-specific markers99. 

The development of the spleen displays handed asymmetry during embryonic stages. Patterson et 
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al. found that homeobox gene Nkx2-5 (marker for spleen precursor tissue) in Xenopus embryos 

was expressed on the left side of the embryo, and only the left side formed the mature spleen99. 

Interestingly, this gene acts downstream of Nodal and Pitx2, and this could explain the asymmetric 

mechanism for its development99. On the other hand, the mechanisms behind male genitalia have 

been largely studied in Drosophila embryos. Previously it was reported that apoptosis, or 

programmed cell death, is important for coordinating organ morphogenesis100. In the fly, apoptosis 

regulated the speed and directional rotation of male genitalia, thus looping it around the hindgut100. 

Thus, Myosin31DF(Myo31DF) mutants not only exhibited reversed LR asymmetric development 

in several organs, but also their male genitalia were observed to rotate 360˚ counterclockwise while 

its speed was impaired under reduced levels of c-Jun N-terminal Kinase (JNK) signaling100,101. A 

thorough understanding of the internal and external factors that influence LR symmetry breaking 

during development might shed light on the formation of asymmetric tissues and organs.  

Inevitably the formation of a fully functional organs requires not only mechanical cues, but 

also biochemical signals at the tissue and single cell level. Thus far we have a limited 

understanding on how organs are patterned and positioned in our body due to the complexity of 

signaling networks and orchestrated developmental events that work interdependently to give rise 

to functional organs. Section 1.4 will briefly describe the role of tissue polarization during LR 

symmetry breaking in different model organisms while Section 1.5 will detail how single and 

multiple cells contribute to the LR alignment and orientation based on evidence from in vitro 

systems. 
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Figure 1.5. Intrinsic and extrinsic mechanisms behind organ formation. (A) Finite element simulations 

detailing tube looping under intrinsic (differential and oriented growth) and extrinsic mechanisms 

(buckling). Adapted and modified figure93 . (B) Visualization of Drosophila embryonic hindgut during 

twisting of the tube. The hindgut rotates counterclockwise and completes its rotation in 2 hours. Adapted 

and modified figure97. (C) Illustration of hindgut before rotation with views described as L for left, R for 

right, A for anterior, and P for posterior. Adapted and modified figure97. 
 

1.4 LR asymmetry at the tissue level  

Polarity is a unique feature that emerges when populations of cells assemble into tissues to 

acquire intrinsic asymmetries in their shape and organization. In general, individual cells can be 

polarized with respect to tissue axes and interpret gradients of morphogens during tissue 

polarization102. Polarity of individual and collectively migrating cells contribute to epithelial 

structures that line organs such as the heart and kidney103,104. Two types of polarity describe tissue 

polarization of epithelia cells: apical-basal and planar cell polarity (PCP) (Figure 1.6.(A))105,106. 

The apical-basal polarity of epithelial cells requires the presence of two plasma membrane 

(B)

(C)
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domains: the apical membrane which faces the lumen (free hollow structure) while the basal 

membrane contacts the extracellular matrix, and connects to neighboring cells and to connective 

tissue105. At the same time, cells can coordinate further polarization along the tissue surface, on a 

plane perpendicular to the apical-basal axis via PCP107. The PCP signaling integrates global 

orientation and directional cues distributed throughout the epithelium, and adjacent cells interpret 

these signals to finally translate this information into tissue polarity (Figure 1.9.(B))108. The PCP 

pathway was originally identified as the non-canonical WNT pathway since its signaling cascade 

is independent from the canonical WNT pathway (β-catenin-dependent)109.  

The PCP signaling has been widely characterized in Drosophila embryos and recently in 

some vertebrates. Drosophila has served as a genetic model to understand PCP signaling and its 

link to cellular organization and changes in tissue patterning. The orientation of bristles of the 

Drosophila wing points distally at the tissue level via modulation of core PCP genes (e.g., frizzled 

(Fz), disheveled (Dsh), Van Gogh (Vang), flaming (Fmi), Prickle (Pk), Diego (Dgo), among 

others)107,110. These genes not only regulate the orientation of bristles, but also hairs and eyes in 

the fly. Therefore, mutations to these genes are associated with the wrong tissue polarization and 

subsequently wrong organ asymmetries111. Morphogenetic defects resulting from planar polarity 

requires not only the participation of core PCP genes, but also to understand differences between 

LR patterning and polarity of tissues. For instance, aberrant LR patterning results in abnormal 

heart looping while defects in heart outflow tract primordium reflect failure to arrange migrating 

cells into the polarized tissue112. On the other hand, the PCP establishment and signaling in 

vertebrates have been studied in the context of convergent extension (CE) of the embryo, or the 

elongation of body axis during gastrulation, neural tube and eye closure, orientation of ear sensory 

cells and hair follicles in the skin111. However, these PCP genes in vertebrates come in a variety 
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of isoforms (e.g., 10 Fz and 3 Dvl in mice), which make it more difficult to decipher what each 

isoform does to tissue patterning113. In principle, the core PCP genes that play a role in tissue 

polarization in Drosophila have similar effects in vertebrates. For instance, disruption of PCP 

genes is associated with CE defects in the mouse cochlea, kidney, and heart outflow while 

mutations of PCP genes alter embryonic axis CE without affecting cell fate in xenopus and 

zebrafish114. Studies with invertebrate and vertebrates support WNT signaling in somehow 

activating PCP proteins, however, it is still unclear how upstream WNT gradients provide 

directional cues during tissue patterning. For instance, Wnt5a mutant mice were found to display 

ear hair cell orientation defects in PCP genes such as Dvl1 (Dishevelled in mice), similar to defects 

in fly eye and wing involving Fz/Dsh genes114. Furthermore, PCP signaling has been associated in 

the organization and elongation of skeletal muscle fibers in the developing chicken embryo via 

Wnt11 signals through the PCP, Rho-kinase, and JNK signaling pathways115. Although there are 

some similarities between PCP signaling in Drosophila and vertebrates, significant variations still 

exist.  

The connection between PCP and primary cilia remains obscure despite the interesting 

interconnection between these two during the establishment of tissue asymmetries. PCP is not only 

manifested in cells that have motile cilia (e.g., sperm, airways, fallopian tubes, among others), but 

also in some vertebrate LROs113. The node, or LROs, contain hundreds of primary cilia that are 

properly oriented and through cilia beating they direct leftward fluid flow, thereby establishing the 

LR axis of the embryo. Alterations to the fluid flow and to cilia structure results in ciliopathies or 

LR patterning defects such Bardet-Biedl syndrome (BBS)111. The emergence of PCP in the node 

not only requires asymmetric positioning of cilia among neighboring cells, but also a coordinated 

alignment of polarized cells112. One piece of evidence that links the PCP signaling and primary 
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cilia came from studying BBS, a genetic disease that involves polycystic kidney disease and other 

pathologies in the eyes and endocrine system111. Disruption of certain BBS genes such as BBS1 

and BBS6 alleles affect their interactions with Vangl2 (a PCP core gene), which leads to abnormal 

PCP during embryonic CE in zebrafish embryos116. Another example that associate PCP with cilia 

comes from another ciliopathy in mice and humans, known as nephronophthisis, particularly its 

type II gene inversin (Invs). This Invs gene has been identified in mice and its homologe is 

Dgo111,113. Studies with transfected mouse cells suggested that Invs stabilizes the signaling 

between the canonical and non-canonical WNT pathways via direct Dvl interactions, which favors 

the PCP signaling at high activity levels while at low activities prefers the canonical WNT signals 

leading to nephronophthisis111,113.  

The mechanisms of tissue adopting polarity of all directions are still to be discovered and 

further studies on the WNT/planar cell polarity pathway are crucial in understanding the factors 

that lead to LR symmetry breaking. The integration of in vivo and in vitro studies will significantly 

contribute to our understanding of epithelial cell signaling and tissue morphogenesis during 

PCP117. This would allow us to explore upstream or downstream PCP core genes during the 

asymmetric distribution of PCP signals on tissue patterning, as previously shown with different 

animal models and organs such as the heart and the gut117. The next Section 1.5 will briefly review 

the role of cellular chirality in determining LR asymmetry with in vitro systems.  
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Figure 1.6. Mechanisms of tissue polarity via PCP signaling pathway. (A). Schematic representation of 

apical-basal polarity along a vertical axis and PCP along the orthogonal axis. Then, illustration shows their 

Integration in a tubular structure. Adapted and modified figure106. (B) In Drosophila, the PCP pathway is 

proposed as global signals regulated by gradients of morphogens (Ds= disheveled, Fj=Four-jointed, and 

WNT), then these signals provide directional input (blue arrow) to core module that later amplifies 

subcellular asymmetries within the cell. The green dashed arrows show direct communication between 

gradients and tissue-specific effectors without a core module. Adapted and modified figure107. 

 

1.5 LR asymmetry at the cellular level  

Recent studies suggest that LR asymmetry at the cellular level, or intrinsic cellular 

chirality, plays a crucial role during embryonic development. The term cellular chirality came from 

the fact that cell shape cannot be superimposed on its mirror image97. Recent in vitro systems were 

developed to solely detect chirality at the single cell level and revealed that cellular chirality is an 

intrinsic property of cells and critical to the development of many organisms118. Cellular chirality 

has been observed at the multicellular and single-cell level with well-controlled microsystems that 

utilize geometrical patterns and biomaterial-based three-dimensional (3D) approaches along with 

different cell types95,119-121. In addition to these engineered-based models, scientists have also 
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explored how cytoskeletal elements and internal machinery in cells might influence the 

establishment of LR asymmetry.  

Microcontact printing approaches have allowed for accurate determination of cellular 

chirality at the single and multicellular level without the presence of nodal fluid flow, primary 

cilia, and LROs75. Previous works have utilized two-dimensional (2D) in vitro micropatterns to 

confine cells onto well-defined geometric shapes (e.g. ring-shaped, linear stripes, single islands), 

which change the local mechanical and biochemical microenvironment16,122. For instance, 2D 

micropatterned rings and lines have demonstrated alignment and migration of cells in response to 

sensing the physical opposing boundaries of the pattern, which force cells to make a LR decision 

(Figure 1.7.(A))16,75. By using an automated MATLAB-based algorithm, cellular chirality with 

respect to the circumferential boundaries was identified as clockwise (CW) and counterclockwise 

(CCW)16,75,119,123. By using these 2D systems, the chirality of several cell lines was determined to 

be phenotype-specific. For instance, C2C12 (mouse myoblasts) exhibited a dominant CCW 

orientation while hUVECs (human umbilical vein endothelial cells) displayed a significant CW 

orientation16,75,119,123. The cellular alignment observed was associated with cell polarization and 

directional migration at the physical boundaries of the rings. Through cell polarization, different 

cell lines were able to establish a consistent LR axis near to the physical boundaries of the rings. 

The 2D ring-shaped micropatterns showed that treatments with small-molecule actin inhibitors 

reversed the chiral bias of CCW-dominant cell types while treatments with tubulin inhibitors did 

not affect it16,75,119,123. Similarly, Singh et al. utilized these 2D micropatterns to grow C2C12 and 

hUVECs onto them, then exposed them to single-walled carbon nanotubes at different dosages 

and time points. This study reported that exposure to carbon nanotubes results in loss of directional 

alignment of the cells on the patterns119,124. The loss of cellular chirality resulted from disintegrated 
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centrosomes and alterations in microtube structures119,124. Another study by Worley et al. grew 

Madin-Darby canine kidney cells (MDCKs) onto 2D linear strip micropatterns and reported that 

chiral bias could not be determined in the interior region of the stripes despite collective cell 

migration and polarization on the boundaries (Figure 1.7.(B))119,122. Taken together these studies 

indicate that cells are intrinsically chiral and there are unknown cellular machineries that guide 

cells to differentiate left from right within these micropatterns.  

Hydrogel approaches have been developed to examine chiral morphogenesis at the cellular 

and multicellular level. For instance, Chen et al. coated linear strips with fibronectin separated by 

degradable hydrogels (PEG) and allowed adult vascular mesenchymal cells to proliferate and align 

there. This study showed that vascular cells preferred rightward bias during migration across the 

PEG regions (unbiased substrate) and exhibited a coordinated alignment at an angle of 20 relative 

to interface119,125. The study proposed that accumulation of stress fibers and cellular polarity at the 

interface were critical mechanical cues to break LR asymmetry based on loss of chiral alignment 

in cells treated with Rho-kinase inhibitiors119,125. On the other hand, Chin et al. developed an in 

vitro 3D graded hydrogel system to asses biased cell rotation of MDCK cells, hESCs, and chick 

heart cells (Figure 1.7(C))95,119-121. This 3D cellular chirality system was developed to better 

recapitulate the native in vivo microenvironment for tissue morphogenesis. Here, MDCK cells 

were embedded between two layers of Matrigel of different stiffnesses, thus creating a mechanical 

gradient in the z-axis across the hydrogel interface that allows for observation of their spontaneous 

rotation (rotation categories: CW, CCW, no rotation, and complex rotation)120. The results 

demonstrated that MDCK cells self-organized into luminal microspheres and rotated with a 

dominant CCW bias120. In addition, it was demonstrated that actin disruption with Latrunculin-A 

at high dosages reversed MDCK rotational bias from CCW to CW direction120. Two biomaterial-



 

26 

 

based approaches observed inherent cellular chirality in 2D and 3D microenvironments thus 

providing opportunities to explore LR embryonic symmetry breaking. 

Several studies have proposed cytoskeleton elements as early indicators of LR asymmetry 

based on in vivo and in vitro evidences. A study by Danilchik et al. showed that Xenopus eggs 

have “East-West” or CCW chirality of the actin cytoskeleton suggesting that the egg could 

influence the LR directionality of the embryo126,127. At fertilization, it is speculated that the sperm 

breaks the radial symmetry at the DV axis of the egg, and the CCW cytoskeletal chirality of the 

egg determines the LR directionality126. Another study by Xu et al. examined the polarity and 

chirality of blood neutrophil-like differentiated cells, HL60 (DdHL60) cells, attached to 

fibronectin-covered coverslips and treated with uniform concentrations of f-Met-Leu-Phe 

(fMLP)128. In the study, single cells with fluorescently labeled nuclei and centrosomes determine 

the relationship between their alignments. Single cells were found to extend pseudopodia 

preferentially with a leftward bias alignment of the nucleus with respect to the centrosome128. 

However, the disruption of key upstream elements of CDC42, Par6, and aPKC resulted in loss of 

polarity while activation of the WNT signaling pathway via GSK3- reversed polarity119,128. 

Recently, live cell imaging with algorithm-based imaging analysis approaches also have identified 

organelles to study cell chirality using 2D ring-shaped micropatterns119,129,130. Another study 

suggests that single cells exhibit chiral asymmetries that depend on -actinin-1 dynamics on 

circular islands131. The study demonstrated that human foreskin fibroblast cells patterned on 

circular fibronectin islands exhibited a chiral self-organization of the actin cytoskeleton with CCW 

swirling131,132. The swirling was mediated by actin polymerization of radial fibers via formin (Rho-

GTPase effector)119,131,132. Thus, the actin polymerization by formin dimers cause molecular 

torques, which guide the swirling at focal adhesions, based on results from computational 
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models119,132. These studies are worthy of further investigation to better understand the role of 

cytoskeleton elements with model organisms and in vitro systems, which might reveal new aspects 

of intracellular asymmetries. The study of LR asymmetry at the cellular level further demonstrates 

that chirality is independent of micropatterned structures, or graded hydrogels, and is an intrinsic 

property of cells that perhaps influence cellular organization in cell populations.  Further studies 

are required to investigate the role of cellular components in the establishment of LR asymmetry.  

 

Figure 1.7. Microengineered systems to study LR asymmetry at the cellular level. Micropatterns used to 

grow cells on rings (A) and linear stripes (B). In the ring-shaped micropatterns present clockwise and 

anticlockwise alignment of cells (nuclei in blue dots; and centrosome in green dots). The confinement of 

cells onto linear strips allows for their alignment and migration. Adapted and modified figure119. (C) 3D 

biomaterial-based platform to measure spontaneous chiral rotation of single cells and multiple cells 

encased in two layers of Matrigel of different stiffnesses. Adapted and modified figure120. 

(A) (B)

(C)



 

28 

 

1.6 A unified model for LR asymmetry 

Through this introduction, an overview of the most ground breaking in vivo and in vitro 

studies in the fields of developmental biology and bioengineering were described in greater detail. 

These studies propose various models that might explain the origin and timing of the LR axis via 

leftward nodal flow and primary cilia as well as chiral cytoskeleton structures; transport-based and 

mechanosensing models; and disruption of cell migration, alignment, and polarity via signaling 

molecules and its potential link to birth defects. However, the first step during the breaking of LR 

symmetry in the embryo is one of the most debated topics in the field due to compelling agreements 

and disagreements133. Some have agreed that the LR axis is established from biochemical and 

orientation cues from the AP and DV axes while others agree that the predominant model for 

symmetry breakage is the movement of primary cilia and its leftward nodal fluid flow. However, 

numerous studies have also shown that some invertebrate (e.g., Drosophila and snails) orient their 

LR axis with the actin cytoskeleton and associated molecular motors without primary cilia134,135.  

Recently a unified model for left-right asymmetry was proposed by combining early and 

later events during the establishment of LR asymmetry to resolve one of the most important 

questions in the field of LR patterning133. This unified model is based on two models that could 

explain the origin and timing of the LR asymmetry pathways, which potentially could be utilized 

by some species to maintain their LR-biases133. The first model combines early ciliary flow 

mechanisms by which LR asymmetry is initiated, amplified, and later the ciliary flow could serve 

as a checkpoint for correct expression of genes and organ morphologies (Figure 1.8.(A))133. The 

second model proposes that individual embryos choose the mechanisms by which they want to 

initiate the LR axis orientation and patterning (Figure 1.8.(B)). In this model, two routes are 

capable of establishing the LR axis: one route explains the highest likelihood of treatments 
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targeting chromatid segregation at the left side of the embryo, while the other route with a low 

probability uses chiral cytoskeleton mechanisms133. This second model has broader implications 

since it points out the variability and robustness of developmental programs used by different 

organisms133. However, debates are far beyond these models since there are additional steps and 

signaling molecules within the previous models that probably have not been identified yet. It is 

important to highlight the biomedical implications of understanding how and when the LR axis is 

oriented and patterned in embryos. This knowledge would allow us to determine when is safe for 

pregnant women to take pharmaceutical drugs to treat several chronic conditions without harming 

the proper growth and development of the embryo and thus preventing laterality defects.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8. A unified model for LR asymmetry. This model consists of two models that describe the origin 

and timing the of LR asymmetry pathways. (A)  First model that describes amplification of early events 

that combine ciliary flow mechanisms, correct gene expression and organ morphologies. (B) Second model 

details that there are two paths that can lead to proper organogenesis. Adapted and modified figure133. 

 

(B)

(A)
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1.7 Motivations 

The emergence and symmetry breakage of our LR axis is an intriguing and unsolved 

problem in the field of developmental biology. There is a plethora of studies that have utilized 

vertebrate and invertebrate pre-gastrulating embryos to determine the complex signaling 

molecules implicated in the establishment of LR asymmetry28. However, due to remarkable 

interspecies differences limited information is known regarding the signaling pathways that guide 

our own lateralization and the spectrum of disorders that results from the disruption of the left-

right axis during early stages of development. Given the risks of pregnant women requiring 

pharmacotherapy to treat several chronic conditions (e.g., diabetes, thyroid disorders, epilepsy, 

mental illnesses, and others), barriers still remain in identifying and rigorously assessing 

teratogenic effects without harming the life of the developing embryo136.  

1.8 Overview 

The aims of this thesis are to identify key signaling pathways that regulate cell chirality 

and to further explore their molecular mechanisms, which might be associated with laterality 

disorders in human development. The disturbances of the embryonic LR asymmetry are studied 

with in vitro 3D microengineered platforms along with human embryonic stem cells (hESCs). 

Embryonic LR asymmetry is assessed as biased cell rotation in 3D microenvironments with 

hESCs. In addition, this work measures the side of effects of drugs at the molecular level by 

looking at changes in pluripotency gene expression and levels of downstream effectors of certain 

pathways. This work provides insights into the main developmental signaling pathways and how 

their deregulation possibly would impact the final lateralization of visceral organs. On the other 

hand, the long-term objective of this study is to develop the screening platform into a high-

throughput modality that can be used as a screening tool for teratogens.  
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1.9 Significance  

The understanding of developmental events that give rise to LR symmetry breaking in 

animal embryos is inapplicable to human development. The use of clinically relevant models 

such as hESCs as an alternative in vitro model to study the establishment of embryonic LR 

asymmetry, could have the potential to identify complex signaling pathways likely involved during 

our own development. Also, the urgent need to introduce screening methodologies to examine 

the effects of pharmaceutical drugs on embryonic LR asymmetry and their association with HLD. 

The use of in vitro engineered-based systems that specifically study LR asymmetry at the cellular 

level is crucial to better understand our own embryonic development and pathologies16,120. By 

using the 3D self-assembly chirality platform as a screening platform to directly characterize the 

chiral bias of hESCs under treatments of pharmaceutical drugs resulted in the identification of 

promising signaling pathways, which alter the establishment of embryonic LR asymmetry.  

1.10 Innovation 

This work is innovative in two aspects: (1) the use of in vitro microengineered platforms 

along with hESCs to identify disturbances in the LR axis from key developmental signaling 

pathways; (2) the examination of the role of downstream signaling pathways on inherent 

embryonic cellular chirality and their possible links to HLD. This is one of the first studies to 

understand the molecular role of the canonical WNT pathway on the disruption of embryonic LR 

asymmetry within a physiologically relevant 3D platform. This work would impact our 

understanding of alterations in embryonic LR asymmetry during our development and would 

significantly contribute to the development of new diagnostic tools for studying HLD with human-

based models and therefore help the prevention of congenital disorders. 
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2. SMALL-MOLECULE INHIBITORS OF STEM CELL 

SIGNALING PATHWAYS DISTURB THE CHIRAL BIAS OF 

HUMAN EMBRYONIC STEM CELLS2 
2.1 Introduction 

One of the essential aspects of embryogenesis is the conservation of left-right (LR) 

asymmetry among different vertebrates. Our bodies are bilaterally symmetric, and our visceral 

organs exhibit a consistent asymmetry in shape and positioning within the body28. Errors in LR 

patterning results in a spectrum of laterality disorders25,28. During embryogenesis, important 

signaling pathways such as wingless (WNT), transforming growth factor beta 1 (TGF-β), 

Fibroblast Growth Factor (FGF), among others, control the normal development of the embryo as 

well as organogenesis137,138. 

Developmental signaling pathways operate during different events and in different regions 

of the embryo to regulate core cellular processes139. Some of these pathways are activated in 

response to concentration gradients of secreted growth factors (morphogens), which regulate cell 

differentiation and morphogenesis. Gradients of morphogens often converge on controlling the 

patterning and positioning of tissues and visceral organs along three orthogonal axes: anterior-

posterior (AP), dorsal-ventral (DV), and left-right (LR)137. There is a plethora of research on the 

conservation of organ asymmetries and the signaling networks underlying these processes among 

different animal species, but minimal information is available on the establishment of embryonic 

LR asymmetry in humans26,136,137,140. 

                                                 
Portions of this chapter previously appeared as:  

Rico-Varela, J. & Wan, L. Q. Studying human laterality disorders with in vitro biomimetic systems. Poster 

presentation, Keystone Symposia Conference Organs-and Tissues-on-Chips, Mountain Village, MT, USA (2018). 

 

Rico-Varela, J. & Wan, L. Q. Microengineered platforms to study human laterality disorders. Podium presentation, 

SACNAS National Conference, San Antonio, TX, USA (2018).  
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A major challenge in the field of LR patterning is to identify the signaling pathways 

responsible for the movement of cells within entire tissues to drive asymmetric organ 

morphogenesis during our own development. This will require not only the acquisition of 

information from previous in vivo studies, but also investigation into the origin of organ asymmetry 

with engineered-based platforms that study LR asymmetry at the cellular level16,120. These 

platforms would significantly impact our knowledge of its establishment and provide new insights 

into the causes of laterality disorders and possible treatments. For instance, organs such as the 

heart and stomach are looped via biomolecular signals during different developmental events. Ray 

et al used a microengineered platform to demonstrate that intrinsic cellular chirality regulates LR 

symmetry breaking during cardiac lopping in chicken embryos95. This study also revealed that the 

activation of the protein kinase C (PKC) signaling pathway dramatically changes the directionality 

of cardiac looping95. The downstream transcription factor of the Nodal signaling pathway, Pitx2c, 

has been found to control the curvature of the stomach by expanding and polarizing its primitive 

epithelial left wall in mice and xenopus embryos28,141. Recently, Worley et al found that regulation 

of signaling pathways such as Nodal and WNT alter biased rotation of hESCs during lineage-

specific differentiation136. These examples highlight the importance of utilizing microengineered 

systems and methodologies to discover biomolecular signals that might be associated with 

congenital abnormalities.    

Although there are limited studies on the establishment of LR asymmetry during human 

development138,142, this chapter explores the effect of small-molecule inhibitors on the in vitro 

establishment of LR asymmetry from clinically relevant human stem cell-based models. It is 

hypothesized that specific signaling pathways associated with stem cell differentiation and 

function could play a significant role on the disruption of embryonic cellular chirality. Thus, a 
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stem cell compound library with inhibitors of several signaling pathways was screened with the 

three-dimensional self-assembly chirality platform120,136 to determine the rotational bias of human 

embryonic stem cells (hESCs). These cells were treated with different dosages of inhibitors to 

identify signaling pathways involved in the alteration of the default chiral bias of hESCs. This 

work identified several signaling pathways; including rho-associated protein kinase (ROCK), 

glycogen synthase kinase 3 (GSK3), TGF-β, the Janus kinase/signal transducers and activators of 

transcription (JAK/STAT), and WNT/β-catenin as potential regulators of embryonic LR 

asymmetry. 

2.2 Materials and Methods  

2.2.1 Cell culture 

All experiments in this chapter were performed with the human embryonic stem cell line, 

RUES2 GFP/RFP clone 2, derived at the Rensselaer Center for Stem Cell Research (RCSCR), a 

core facility directed by Dr. Brigitte Arduini in the Center for Biotechnology and Interdisciplinary 

Studies (CBIS) at Rensselaer Polytechnic Institute. The original cell line, RUES2, was derived at 

Rockefeller University from de-identified human embryos from in vitro fertilization (IVF) 

procedures with informed consent from the donors143. The transgenic cell line contains two 

components: the green fluorescent protein (GFP) and red fluorescent protein (RFP). Both label the 

nuclei but GFP is always expressed while RFP only gets expressed under doxycycline treatments. 

Cells were cultured and maintained in the RCSCR with mouse embryonic fibroblasts conditioned 

media (MEF-CM) supplemented with 20 ng/mL of basic fibroblast growth factor (bFGF) every 

four days144. This media formulation was produced in-house by the RCSCR core director. These 

cells were grown at 37C and 5% CO2 on 35 x 10mm tissue culture treated dishes (Celltreat®, 

Cat.#. 40-229635) previously coated with Matrigel (Corning® Matrigel® hESC-Qualified Matrix, 
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Cat.#. 354277) at dilutions suggested by the vendor. Cells were fed every day with MEF-CM and 

passaged approximately every five days through enzymatic passaging using 1 U/mL of Dispase 

(STEMCELL technologies, Cat.#. 07913). After incubating cells with Dispase for 7 minutes, the 

dish was gently rinsed with advanced DMEM/F12(1X), and a cell lifter was used to gently detach 

hESCs colonies from the surface of the dish. The pluripotency of these cells was evaluated by 

visual inspection of their morphology (large nuclei and limited three-dimensional growth or 

flattened cracker-like morphology) and differentiated cells were scraped using 10L tips144. 

Monthly mycoplasma testing was performed by the core director to assure that cultures were not 

contaminated. 

2.2.2 Three-dimensional self-assembly chirality platform 

Before loading single RUES2 GFR/RFP clone 2 cells onto the three-dimensional chirality 

assay, cells were pre-treated with 10nM of Rock inhibitor, Y-27632 2HCl (Selleckchem, Cat.#. 

S1049), for two hours to enhance cell survival after single cell dissociation. This 3D assay consists 

of embedding single hESCs within a Matrigel bilayer of different stiffness: 2% for top layer and 

100% for bottom layer95,120,136. Hence, the bottom well of a µ-Slide 8 well glass bottom (ibidi, 

Cat.#. 80827) was coated with 45 µL of 100% Matrigel (Corning™ Matrigel™ Membrane Matrix 

10mL, Cat. #. 354234) and incubated at 37C for 15 minutes to solidify the Matrigel. In the 

meantime, RUES2 G/R cells were single cell passaged using 0.25% Trypsin-EDTA (Gibco, Cat. 

#. 25200072), and then seeded at a seeding density of 6,000 cells per cm2 onto the bottom layer 

(Figure 2.1.(A)). After 30 minutes of incubation at 37C, the cells attached, and the media was 

replaced with cold media containing 2% Matrigel to create a top layer. Thus, hESCs were 

embedded between a 3D bilayer of Matrigel. Single hESCs spontaneously rotated with coherent 

directionality via the Matrigel mechanical gradient in the z-direction. After 6 hours of incubating 
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single hESCs within this platform, different small-molecule regulators were added at different 

dosages for 21 hours prior imaging. 

 

 

 

 

 

 

 
Figure 2.1. Schematic representation of the three-dimensional self-assembly chirality platform. (A) Side 

view illustration of hESCs embedded within different layers of Matrigel, which define a hydrogel gradient 

in the z-direction. (B) Top view of hESCs rotating into four categories: clockwise, counterclockwise, 

complex rotation, and no rotation. 

2.2.3 Small-molecule drug treatments 

The drug treatments in this study are based on a stem cell signaling compound library 

(Selleckchem, Cat. #. L2100-01) of different signaling pathway inhibitors associated with stem cell 

function and differentiation. This library contained small-molecule inhibitors that modulate the 

function of stem cells such as ROCK, BCR-ABL, TGF-beta, GSK-3, JAK/STAT, and WNT/β-

catenin signaling pathways. The several small-molecule drugs were screened with the 3D self-

assembly chirality platform to determine the chiral bias of rotating cells (See Tables 2.1, 2.2, and 

2.3). Once RUES2 GFP/RFP clone 2 cells were embedded into the 3D Matrigel bilayer assay for 

6 hours, cells were treated with a range of dosages from nano-molar (nM) to micro-molar (µM) 

100% Matrigel 
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for 21 hours. The concentration range was selected based on previous screening studies with cancer 

and mouse embryonic stem cells.  

Time lapse imaging with a Keyence BZ-X700 microscope was conducted for 2 hours with 

images taken every 5 minutes. Then, rotational biases were categorized as described in Figure 

2.1.(B). After conducting the screening with the 3D chirality platform, signaling pathways involved 

in the switching of hESCs chiral bias were identified. Only those screened concentrations that did 

not cause RUES2 GFP/RFP clone 2 cells to die are displayed in Tables 2.1, 2.2, and 2.3. For 

control conditions, RUES2 GFP/RFP clone 2 cells were embedded within the 3D bilayer system 

without any drug treatment. Before the drug screening experiments were conducted, 10nM of 

ROCK (Y-27632) was evaluated on hESCs to assure that this dosage did not induce cells to change 

their default chiral bias prior to small-molecule drug treatments.  

2.2.4 Analysis of three-dimensional self-assembly chirality assay 

After 21 hours of incubation within the 3D chirality assay, hESCs divided and proliferated 

resulting in two cells or more that self-organized into spheroids. The total population of cells was 

observed to exhibit different rotational behaviors such as no rotation (NR), complex directionality, 

and in-plane rotation (Figure 2.2.1 (B)). The in-plane rotation was purely classified as those 

spheroids whose rotation around the z-axis is clockwise (CW) and counterclockwise (CCW). On 

the other hand, complex rotation was described as spheroids that rotate about several planes or 

undergo directional switching. For the tables that summarize the results of individual signaling 

pathways, all control groups of all inhibitors were combined to display the number of cells that 

rotated in the different categories previously listed here. Phase-contrast time-lapse images of 

rotating cells were acquired for at least 2 hours with an interval of 5 minutes after 21 hours of drug 
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treatments. The rotation of these spheroids was manually analyzed via the NIH ImageJ software 

to categorize their rotation directionality. 

Table 2.1. List of small-molecule drugs from JAK/STAT signaling pathway. 

 

Drug 

 

Signaling Pathway 

 

Molecular Target 

 

Activator/ 

Inhibitor 

 

Concentrations 

Gandotinib 

(LY2784544) 

 

JAK/STAT 

 

JAK2 

 

Inhibitor 

 

1, 3, 10 µM 

 

AZD1480 

 

JAK/STAT 

 

JAK2 

 

Inhibitor 

 

0.1, 0.3, 1, 3 µM 

 

AZ960 

 

JAK/STAT 

 

JAK2 

 

Inhibitor 

 

0.1, 0.3, 1 µM 

 

TG101209 

 

JAK/STAT 

 

JAK2, STAT3, 

STAT5 

 

Inhibitor 

 

0.1, 0.3, 1 µM 

 

Pacritinib 

(SB1518)  

 

JAK/STAT 

 

JAK2 and FLT3 

 

Inhibitor 

 

1, 3, 10, 30 nM 

 

AG-490 

(Tyrphostin 

B42) 

 

JAK/STAT 

 

JAK2 and EGFR 

 

Inhibitor 

 

1, 3, 10, 30, 100 µM 

 

Tofacitinib (CP-

690550) Citrate 

 

JAK/STAT 

 

JAK3 

 

Inhibitor 

 

1, 3, 10 µM 

 

Tofacitinib 

 

JAK/STAT 

 

JAK3 

 

Inhibitor 

 

1, 3, 10 µM 

 

Momelotinib 

(CYT387) 

 

JAK/STAT 

 

JAK1 and JAK2 

 

Inhibitor 

 

0.1, 0.3, 1, 3 µM 

 

Barcitinib 

(LY3009104) 

 

JAK/STAT 

 

JAK1 and JAK2 

 

Inhibitor 

 

0.1, 0.3, 1, 3, 10 µM 

 

Ruxolitinib  

 

JAK/STAT 

 

JAK 1 and JAK2 

 

Inhibitor 

 

0.1, 0.3, 1, 3 µM 

 

S-Ruxolitinib 

 

JAK/STAT 

 

JAK 1 and JAK2 

 

Inhibitor 

 

0.1, 0.3, 1, 3 µM 

 

Filgotinib 

 

JAK/STAT 

 

JAK1, JAK2, JAK3, 

TYK2 

 

Inhibitor 

 

10, 30, 100 nM 

 

XL019 

 

JAK/STAT 

 

JAK1, JAK2, JAK3, 

TYK2 

 

Inhibitor 

 

1, 3, 10 µM 

 

SH-4-54 

 

JAK/STAT 

 

STAT3 and STAT5 

 

Inhibitor 

 

0.1, 0.3, 1, 3 µM 

 

Ho-3867 

 

JAK/STAT 

 

STAT3 

 

Inhibitor 

 

0.1, 0.3, 1 µM 

 

WHI-P154 

 

JAK/STAT 

 

JAK3, EGFR, Src, 

VEGFR, ABL, 

MAPK 

 

Inhibitor 

 

1, 3, 10 µM 
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Table 2.2. List of small-molecule drugs from WNT/β-CATENIN and GSK-3 signaling pathways. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Drug 

 

Signaling 

Pathway 

 

Molecular Target 

 

Activator/ 

Inhibitor 

 

Concentrations 

 

iCRT3 

 

WNT/β-catenin 

 

β-catenin – TCF4 

 

Inhibitor 

 

0.1,0.3,1,3,10,30,100 

µM 

 

FH535 

 

WNT/β-catenin 

 

β-catenin - TCF 

 

Inhibitor 

 

0.1, 0.3, 1, 3, 10, 30 µM 

 

ICG-001 

 

WNT/β-catenin 

 

β-catenin - CBP 

 

Inhibitor 

 

0.1, 0.3, 1 µM 

 

XAV-939 

 

WNT/β-catenin 

 

Tankyrase/Axin 

 

Inhibitor 

 

0.1, 0.3, 1, 3, 10 µM 

 

IWR-1-endo 

 

WNT/β-catenin 

 

Tankyrase/Axin 

 

Inhibitor 

 

0.1, 0.3, 1, 3, 10, 30 µM 

 

WIKI-4 

 

WNT/β-catenin 

 

Tankyrase 

 

Inhibitor 

 

0.1,0.3,1,3,10 µM 

 

KY02111 

 

WNT/β-catenin 

 

APC 

 

Inhibitor 

 

1, 3, 10, 30 µM 

 

IWP-2 

 

WNT/β-catenin 

 

Porcupine 

 

Inhibitor 

 

1, 3, 10 µM 

 

LGK-974 

 

WNT/β-catenin 

 

Porcupine 

 

Inhibitor 

 

0.1, 0.3,1,3,10 µM 

 

WNT-C59 

(C59) 

 

WNT/β-catenin 

 

Porcupine 

 

Inhibitor 

 

0.1,0.3,1,3,10,30,100 

µM 

 

BIO 

 

GSK-3 

 

GSK-3 α and β 

 

Inhibitor 

 

1, 3, 10 µM 

 

CHIR990291 

 

GSK-3 

 

GSK-3 α and β 

 

Inhibitor 

 

0.1, 0.3, 1, 3, 10 µM 

 

TWS119 

 

GSK-3 

 

GSK-3β 

 

Inhibitor 

 

1, 3, 10 µM 

 

IM-12 

 

GSK-3 

 

GSK-3β 

 

Inhibitor 

 

0.1, 0.3, 1, 3, 10, 30 µM 

 

WNT3A 

 

WNT/β-catenin 

 

LRP 5/6 

 

Activator 

 

1, 3, 10, 30 µM 
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Table 2.3. List of small-molecule drugs from ROCK, BCR-ABL, and TGF-β pathways. 

 

Drug 

 

Signaling Pathway 

 

Molecular Target 

 

Activator/ 

Inhibitor 

 

Concentrations 

 

Thiazovivin 

 

ROCK 

 

ROCK-I 

 

Inhibitor 

 

0.1, 0.3, 1, 3 µM 

 

GSK429286A 

 

ROCK 

 

ROCK-I 

 

Inhibitor 

 

1, 3, 10 µM 

 

RKI-1447 

 

ROCK 

 

ROCK-I 

 

Inhibitor 

 

0.1 and 0.3 µM 

 

Y-27632 2HCl 

 

ROCK 

 

ROCK-I & II 

 

Inhibitor 

 

1, 3, 10 µM 

 

Fasudil (HA-

1077) HCl 

 

ROCK 

 

ROCK-II 

 

Inhibitor 

 

1, 3, 10 µM 

 

GNF-5 

 

BCR-ABL 

 

ABL1 T315I 

 

Inhibitor 

 

0.1,0.3,1,3,10,30 µM 

 

PD173955 

 

BCR-ABL 

 

ABL Tyrosine-

kinase 

 

Inhibitor 

 

0.1, 0.3, 1 µM 

 

Galunisertib 

(LY2157299) 

 

TGF-β 

 

TGFβ Receptor I 

(ALK5) 

 

Inhibitor 

 

1, 3, 10, 30, 100 µM 

 

Hesperetin 

 

TGF-β 

 

TGFβ Receptor I 

(ALK5) 

 

Inhibitor 

 

0.1, 0.3,1,3,10,30,100 

µM 

 

RepSox 

 

TGF-β 

 

TGFβ Receptor I 

(ALK5) 

 

Inhibitor 

 

0.1, 0.3, 1, 3, 10 µM 

 

GW788388 

 

TGF-β 

 

TGFβ Receptor I 

(ALK5) 

 

Inhibitor 

 

0.1, 0.3, 1, 3, 10, 30 µM 

 

2.2.5 Statistical analysis 

To determine the dominance of CW versus CCW rotational bias within the 3D chiral assay, 

the binomial cumulative distribution function (binocdf) in MATLAB (MathWorks, MATLAB 

R2015a.lnk, license #. 40481147) was used. This function was used to calculate the probability of 

success of two mutually exclusive outcomes of an independent experiment. In this case, the 

outcomes are CW and CCW rotating cells in which the probability for each outcome to dominate 

is 50%. Likewise, the MATLAB function was used to compare the percentage of cells rotating in 

plane (CW and CCW) and cells rotating in other categories (no rotation and complex 

directionality). For both cases, only p-values <0.05 were considered statistically significant.  
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2.3 Results 

This work examined whether intrinsic cellular chirality of RUES2 GFP/RFP clone 2 cells 

or their handedness was disturbed under treatments of small-molecule inhibitors of several 

signaling pathways. The RUES2 GFP/RFP clone 2 cells were treated for 21 hours with these 

inhibitors after being encased in the 3D self-assembly chirality platform to then determine the 

candidates or hits that alter the biased rotation during the first round of drug screening.  

2.3.1 hESCs exhibit no chiral bias in rotation 

The default chiral bias of RUES2 GRP/RPI clone 2 cells was found to be approximately 

even for CW and CCW (Figure 2.2.(A) and (C)). However, the number of cells rotating in plane 

versus the number of cells rotating with complex and no rotation are shown to be statically 

significant different (Figure 2.2.(B) and (C)). The pre-treatment of low Y-27632 dosage (10nM) 

did not change the inherent chiral bias of hESCs but enhanced their survival rate. 

Figure 2.2. Rotational bias of untreated hESCs. (A) Summary of data showing the percentage of clockwise 

(CW) and counterclockwise (CCW) untreated hESCs. (B) Percentage of planar rotation compared to other 

rotation categories (no rotation and complex rotation). (C) Table denoting the number of cells undergoing 

CW, CCW, planar rotation (sum of CW and CCW), no rotation, and complex rotation along with their 

respective calculated p-values. The boldface red numbers in (C) represent a statistically significant 

difference between in plane rotation and other rotation categories. *p<0.05. N=24 experiments. 
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2.3.2 Preliminary screening results demonstrate changes in hESCs chiral bias  

Using the 3D self-assembly system, we screened a library of approximately 50 small-

molecule inhibitors of different signaling pathways. This library contained a broad set of selective 

and potent inhibitors, which were examined at different concentrations. The pathways examined 

were Gamma-secretase, TGF-β, PKC, BCR-ABL, ROCK, β-secretase (BACE), WNT, GSK3, and 

JAK/STAT signaling pathways. Different number of inhibitors were tested to assess their effects 

on hESCs chiral bias. Regulators of Gamma-secretase, β-secretase (BACE), and PKC pathways 

did not affect hESCs chiral bias as shown in Figure 2.3 and Appendix Tables A.1, A.2, A.3. On 

the other hand, inhibitors of ROCK, BCR-ABL, TGF-beta, GSK-3, JAK/STAT, and WNT/β-

CATENIN signaling pathways affected hESCs rotational bias.  

Figure 2.3. Summary of rotational bias for 50 small-molecule compounds examined with the 3D self-

assembly chirality platform. This pie chart illustrates the number of drugs per signaling pathway that 

exhibited clockwise and counterclockwise rotation as well as drugs that did not affect hESCs rotational 

bias. 
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2.3.3 ROCK pathway inhibition reverses hESCs chiral rotation 

As a downstream effector of small G-protein Rho, the ROCK pathway regulates 

cytoskeletal reorganization, cell adhesion, motility, proliferation, and gene expression145. This 

pathway is important for development since it mediates actin cytoskeletal assembly and 

contractility via the non-canonical WNT signaling (planar cell polarity or PCP pathway)146. 

Previous studies with cultured chick and mouse embryos suggest that inhibition of ROCK pathway 

induces LR asymmetry defects such as cardia bifida and severe neuronal defects147. Here the 

inhibition of ROCK pathway with small-molecule drugs was evaluated to determine their effects 

on embryonic cellular chirality. Statistically significant changes in chiral bias were observed for 

different dosages of Y-27632 (ROCK-I and II inhibitor), Thiazovivin (ROCK-I inhibitor), 

GSK429286A (ROCK-I inhibitor), and Fasudil (ROCK-II inhibitor) (Figure 2.4.(A) and 

Appendix Table A.4). These drugs at different concentrations were shown to alter the default 

chiral bias of hESCs, resulting in predominantly CCW rotation. Likewise, a statistically significant 

number of cells exhibited planar rotation (sum of CW and CCW) compared to the other categories 

(no rotation and complex rotation) (Figure 2.4.(B), (C), and Appendix Table A.4). Although 

dosages of RKI-1447 (ROCK-I inhibitor) were reported with no statistically significant differences 

in planar rotation, these displayed a slightly higher CCW directionality (Figure 2.4.(A) and 

Appendix Table A.4) and statistically significant differences for other rotation categories (Figure 

2.4.(B) and Appendix Table A.4 
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Figure 2.4. Rotational biases of hESCs under the effect of small-molecule inhibitors of the ROCK signaling 

pathway. (A) Summary of data showing the percentage of CW and CCW hESCs under inhibitor 

treatments that significantly altered hESCs chiral bias. (B) Percentage of planar rotation compared to 

other rotation categories. (C) Table denoting the number of cells undergoing all rotational directions along 

with their respective p-values. The boldface red numbers in (C) represent a statistically significant bias 

toward a specific direction. The normal red numbers in (C) represent the p-value for planar rotation. The 

boldface black numbers represent a statistically significant difference between in plane rotation and other 

rotation categories. *p<0.05. 

 

2.3.4 BCR-ABL pathway inhibition favors clockwise rotation 

The BCR-ABL is an oncogenic tyrosine kinase pathway responsible for several pathologies 

including leukemia. The abnormal interactions between aberrant tyrosine kinase (ABL) and 

breaking cluster region (BCR) have been reported to lead to abnormal cell proliferation148,149. The 

screening results with BCR-ABL inhibitors with different molecular targets, revealed statistically 

significant changes in planar rotating cells, resulting in CW dominant bias (Figure 2.5.(A) and 

Appendix Table A.5). Additionally, all concentrations tested report a statistically significant 
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number of cells exhibiting planar rotation against other categories (Figure 2.5.(B), (C), and 

Appendix Table A.5). 

Figure 2.5. Rotational biases of hESCs under the effect of small-molecule inhibitors of the BCR-ABL 

signaling pathway. (A) Summary of data showing the percentage of CW and CCW hESCs under inhibitor 

treatments that significantly altered hESCs chiral bias. (B) Percentage of planar rotation compared to 

other rotation categories. (C) Table denoting the number of cells undergoing all rotational directions along 

with their respective p-values. The boldface red numbers in (C) represent a statistically significant bias 

toward a specific direction. The normal red numbers in (C) represent the p-value for planar rotation. The 

boldface black numbers represent a statistically significant difference between in plane rotation and other 

rotation categories. *p<0.05. 

 

2.3.5 TGF-β pathway inhibition reverses hESCs chiral rotation  

Several studies have suggested central roles of the TGF-β signaling in the establishment of 

LR asymmetry from studies with zebrafish, xenopus, chicken, and mice embryos150-152. TGF- β 

ligands such as Smad proteins (intracellular effectors) are important in the lineage differentiation 

of immune, blood, and neural cells while abnormalities in these result in congenital defects in 

multiple organs (heart, lungs, limbs, central nervous system, and urogenital tracks)152. Vonica et 

al identified a target of TGF-β signaling (APOBEC2) to be crucial for proper development of the 

LR axis specification during early embryogenesis of xenopus embryos153. Furthermore, other 
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studies with mice have been able to demonstrate that by knocking out TGF- β type 1 receptor, or 

ALK5, during development resulted in malformation in the anterior-posterior patterning of the 

embryos154. Still, it is still unclear how this pathway and its downstream components affects cells, 

particularly pluripotent stem cells at the cellular level. Here the inhibition of ALK5, with four 

different drugs shows a significant change in hESCs chiral bias favoring the CCW directionality 

(Figure 2.6.(A)). Almost all concentrations tested with these four inhibitors exhibited a dominance 

for CCW rotation as opposed to the untreated conditions (Figure 2.6.(C) and Appendix Table 

A.6). For all drugs and all concentrations tested, the number of cells rotating in plane versus the 

number of cells rotating in the other categories (complex and no rotation) were reported to be 

statically significant (Figure 2.6.(B), (C), and Appendix Table A.6). 

Figure 2.6. Rotational biases of hESCs under the effect of small-molecule inhibitors of the TGF-β signaling 

pathway. (A) Percentage of CW and CCW hESCs under inhibitor treatments that significantly altered 

hESCs chiral bias. (B) Percentage of planar rotation and other rotation categories. (C) Table indicates the 

number of cells undergoing all rotational directions along with their respective p-values. The boldface red 

numbers in (C) represent a statistically significant bias toward a specific direction. The boldface black 

numbers represent a statistically significant difference between planar rotation and other categories. 

*p<0.05. 
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2.3.6 JAK/STAT pathway inhibition alters hESCs chiral rotation 

Although there are no studies that associate the JAK/STAT signaling pathway with the 

establishment of the LR symmetry breaking, it has been implicated in the dorsal-ventral symmetry 

of Drosophila during oogenesis155. This pathway is known to transduce signals from a wide range 

of cytokines and growth factors essential for hematopoiesis (formation of blood components 

during embryonic development), immune development, adipogenesis, and other functions156,157. 

The deregulation of this pathway has been associated with an array of inflammatory diseases, 

leukemia, and blood disorders such as erythrocytosis (elevated levels of red blood cells)156. Here 

the inhibition of the JAK/STAT signaling pathways with small-molecule drugs resulted 

surprisingly in opposite effects for certain inhibitors. For instance, several small-molecule drugs 

appear to significantly favor CCW directionality, except for Paracritinib (JAK2 and FLT3 

inhibitor) which displayed a dominant CW rotation for all dosages examined (Figure 2.7.(A), (C), 

and Appendix Table A.7). Similarly, Barcitinib (JAK1/2 inhibitor) showed a CW rotation at higher 

concentrations (Appendix Table A.7). The rest of the inhibitors exhibited a statistically significant 

dominance for CCW rotation (Figure 2.7.(A)), and drugs such AZD1480 (JAK2), Tofacitinib 

Citrate (JAK2 inhibitor), AG-490 (JAK2 and EGFR inhibitor), Tofacitinib (JAK3 inhibitor), and 

Filgotinib (JAK1/2/3 and TYK2 inhibitor) exhibited a slightly higher CCW directionality with no 

reported statistical significance (Appendix Table A.7). For the majority of the drugs and all 

concentrations tested, the number of cells rotating in plane versus the number of cells rotating in 

the other categories (complex and no rotation) denotes a statically significant difference (Figure 

2.7.(B) and Appendix Table A.7), with the exception of certain dosages of TG101209 (JAK2, 

STAT3, STAT5 inhibitor), Barcitinib (JAK1/2 inhibitor), Filgotinib (JAK1/2/3 and TYK2 

inhibitor), and WHI-P154 (JAK3, EGFR, Src, VEGFR, ABL, MAPK inhibitor) (Appendix Table 

A.7). 
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Figure 2.7. Rotational biases of hESCs under the effect of small-molecule inhibitors of the JAK/STAT 

signaling pathway. (A) Percentage of CW and CCW hESCs under inhibitor treatments that significantly 

altered hESCs chiral bias. (B) Percentage of planar rotation and other rotation categories. (C) Table 

indicates the number of cells undergoing all rotational directions along with their respective p-values. The 

boldface red numbers in (C) represent a statistically significant bias toward a specific direction. The 

boldface black numbers represent a statistically significant difference between in plane rotation and other 

categories. *p<0.05. 

 

2.3.7 Modulation of the canonical WNT pathway alters hESCs chiral rotation 

The WNT/β-CATENIN pathway is involved in a cascade of signals which are essential for 

normal embryonic development while its abnormal regulation has been associated with several 

diseases such as cancer158. Previous studies by Kuroda et al revealed that the activation of the 

canonical WNT signaling pathway is important to the LR asymmetric development of the midgut 
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in Drosophila159. Moreover, other studies have identified several WNT target-related genes 

important to the specification of the anteroposterior (e.g., Axin1/2, Cdx2, Nzll) and dorsoventral 

(goosecoid, Dkk1, Frizzled8) axes in Xenopus and zebrafish embryos160. During embryonic 

development, this pathway controls cell proliferation, cell fate, and pluripotency in collaboration 

with other signaling networks (e.g., Notch, JAK, bone morphogenic protein (BMP), and fibroblast 

growth factor (FGF))158,161. In this study, two methods to modulate the canonical WNT pathway 

were used to activate inhibit it in separate experiments.  

In order to active the canonical WNT pathway. a WNT activator protein (WNT3A) and 

four selective small-molecule glycogen synthase kinase 3 (GSK3) inhibitors (e.g., BIO, 

CHIR990291, TWS119, and IM-12) were used. GSK3 inhibitors are known to play a central role in 

the regulation of the canonical WNT pathway by stabilizing, activating, and releasing -

CATENIN towards the nucleus to participate in gene transcription and expression162. Interestingly, 

treatments with recombinant WNT3A resulted in a statistically significant increase in CW rotation 

bias while treatments with GSK3 inhibitors exhibited a predominantly CCW rotation (Figure 

2.8.(A), (C), and Appendix Table A.8). Similar to the untreated group, the number of planar 

rotating cells was statistically higher than the other rotating categories for all regulators, except for 

TWS119 (Figure 2.8.(B), (C), and Appendix Table A.8).  

The inhibition of the canonical WNT pathway was accomplished through treatments with 

transcriptional inhibitors (β-CATENIN and TCF or CBP interactions), intracellular inhibitors 

(components of β-CATENIN destruction complex), and porcupine inhibitors (inhibit WNT 

production). Thus, potent transcriptional inhibitors such as iCRT3 (β-CATENIN-TCF inhibitor), 

all intracellular inhibitors (XAV-939, IWR-1-endo, WIKI-4, and KY02111), and IWP-2 and LGK-

974 (porcupine inhibitors) were reported to exhibit a statistically significant bias towards CCW 
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rotation for most of the concentrations evaluated (Figure 2.9.(A), (C), and Appendix Table A.9). 

On the other hand, inhibitors such as XAV-939 (Tankyrase/Axin), FH-535 (β-CATENIN-TCF 

inhibitor), ICG-001 (β-CATENIN-CBP inhibitor), and WNT-C59 (porcupine inhibitor) displayed 

a combination of chiral biases (some CW dominant and some CCW dominant) at different 

examined concentrations. For all small-molecule WNT inhibitors and concentrations tested, the 

number of cells rotating in plane versus the number of cells rotating in the other categories were 

reported statically significant (Figure 2.9.(B) and Appendix Table A.9). 

Figure 2.8. Rotational biases of hESCs under the effect of WNT3A and small-molecule inhibitors of the 

GSK3 signaling pathway. (A) Percentage of CW and CCW hESCs under inhibitor treatments that 

significantly altered hESCs chiral bias. (B) Percentage of planar rotation and other rotation categories. (C) 

Table indicates the number of cells undergoing all rotational directions along with their respective p-

values. The boldface red numbers in (C) represent a statistically significant bias toward a specific 

direction. The boldface black numbers represent a statistically significant difference between in plane 

rotation and other categories. *p<0.05. 
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Figure 2.9. Rotational biases of hESCs under the effect of small-molecule inhibitors of the canonical WNT 

signaling pathway. (A) Percentage of CW and CCW hESCs under inhibitor treatments that significantly 

altered hESCs chiral bias. (B) Percentage of planar rotation and other rotation categories. (C) Table 

indicates the number of cells undergoing all rotational directions along with their respective p-values. The 

boldface red numbers in (C) represent a statistically significant bias toward a specific direction. The 

boldface black numbers represent a statistically significant difference between in plane rotation and other 

categories. *p<0.05. 

2.4 Discussion 

The use of a 3D in vitro microengineered platform allowed for the determination of the 

default chiral bias of hESCs and to classify disturbances in their bias via treatments with chemical 

compounds. Human ESCs showed no chiral bias for their intrinsic chirality which is consistent 

with previous findings136. In other words, approximately 50% of the population of planar rotating 

cells exhibited an even CW and CCW directionality for untreated groups.  

This non-chiral nature of hESCs might be important for the LR symmetry breaking at a 

later stage, at the left-right organizers (LROs) before gastrulation. A strong bias of the hESCs may 
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affect the establishment of a proper bias at a later stage. Recent studies with pond snail and frog 

embryos have demonstrated that even at 4-cell stage there is a chiral alignment of cells mediated 

by formin, a scaffolding protein that polymerizes actin filaments, which regulates body asymmetry 

in snails and frogs163. Thus, inhibition or overexpression of this protein has a randomized chiral 

effect at early stages of development163. Further studies are needed to determine whether and how 

changes in the chiral bias at the very early stages of human development have a later impact on 

morphological asymmetry.  

Potent and selective small-molecule inhibitors have not only been extensively utilized to 

investigate the signal transduction cascades, but also to provide hope of achieving targeted 

therapies to treat diseases. The screening study with stem cell compounds was limited to the drugs 

available for each signaling pathway which did not represent all their molecular upstream and 

downstream components. Regulators of Gamma-secretase, β-secretase (BACE), and PKC 

pathways did not affect hESCs chiral bias while regulators of ROCK, TGF-β, JAK/STAT, BCR-

ABL, GSK3, and WNT pathways signaling pathways demonstrated the ability to change the chiral 

bias of hESCs.  

Inhibition of ROCK signaling with small-molecule drugs might be associated with 

embryonic defects during the establishment of the LR axis. Our preliminary screening results 

showed that all ROCK inhibitors with similar molecular targets (ROCK-I and II) significantly 

changed the chiral bias of hESCs (CCW dominant). These results are interesting since inhibition 

of this pathway with chemical compounds have been previously associated with birth 

malformations. For instance, studies have demonstrated that Y-27632 impedes the migration of 

pre-cardiac mesoderm and cardiac tube fusion at early stages of chick and mouse embryonic 

morphogenesis147. Thus, the development of the curvature of the primary heart tube into its 
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crescent-shaped is severely disrupted. Similarly, during chicken somitogenesis, or the initial 

segmentation that gives rise to vertebrate and skeletal muscle, appeared to be fractured at early 

stages of development under treatments of Y-27632147. Unfortunately, our drug screening only 

quantified differences between in plane rotating cells and the other categories without examining 

other molecular mechanisms behind chiral rotational bias such as looking at the actin cytoskeleton 

structure and dynamics since it has been reported to play an important role in cellular 

chirality16,120,131.  

Inhibition of TGF- pathway via suppression of ALK5, or TGF- type I activin receptor-

like Kinase 5, contributes to the disruption of molecular mechanisms that control gastrulation and 

might impact the LR asymmetry generation. Depending on the concentration and type of ligand 

and developmental stage, members of TGF-b pathway encode different signals164. TGF--related 

proteins such as Nodal and Lefty2 are asymmetrically expressed in the ventral node of mice 

embryos during the specification of the left-right axis165. While some mechanisms for symmetry 

breaking varies for certain species, Nodal and lefty are conserved and essential for the LR 

patterning of the lateral plate mesoderm (LPM)150. Nodal signals through both TGF- type I and 

II receptors as well as Smad proteins, which might be mediated by activin receptors-like kinase 

(e.g., ALK4, ALK5, and ALK7)166. Lefty2 acts as an antagonist of Nodal by restricting its activity 

to the left side of the node167. Previous studies have reported mouse nodal mutants non-viable due 

to absence of ActRIIB (ALK4), but also due to lack of primitive streak formation166. While 

ActRIIB receptors are important for gastrulation, ALK5 has been found to play an important role 

in the survival of cardiac neural crest cells168. For instance, ALK5 mouse mutant embryos showed 

aortico-pulmonary septal defects and significantly large number of apoptotic post-migratory neural 

crest cells168,169. Our chiral rotation results with TGF- inhibitors displayed a disruption in the 
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default chiral bias of hESCs favoring CCW directionality. While ALK5 is not directly associated 

with programs that regulate gastrulation, it is possible that its deregulation impedes the activation 

of Smad effectors resulting in aberrant phenotypes. Since this signaling pathway is very complex 

and its cross-talk with other pathways complicates our understanding of the regulatory nature of 

TGF- ligands during embryogenesis. 

Inhibition of JAK/STAT pathway might be considered a candidate to study 

musculoskeletal defects during development. Although there are no previous studies on the effect 

of the JAK/STAT pathway on the establishment of the LR axis, alterations of JAK1, STAT3, and 

STAT5 have been implicated in muscle pathologies (e.g., myelodysplastic syndrome)170. The 

deregulation of downstream targets such as JAK1, STAT1, and STAT3 impede myoblast 

proliferation resulting in myotube differentiation during development leading to structural 

changes171,172. The use of small-molecule inhibitors can easily disorganize signal transduction 

pathways and their communication with other pathways thus deriving defects of tissues and 

organs. Our screening results indicate that inhibition of the JAK/STAT pathway with different 

molecular targets mostly reverses hESCs chiral bias except for two inhibitors whose molecular 

targets are shared with drugs that switched rotational bias (JAK1 and JAK2). These differences in 

rotational outcomes could be associated with the unknown roles of downstream targets on cellular 

responses. It is possible that inhibiting certain molecular targets would disrupt early developmental 

programs to generate normal tissues and organs, but that must be proved with extensive molecular 

assays on the downstream targets of interest.  

The BCR-ABL pathway and targets have not been associated with the formation of the LR 

axis before. This pathway is implicated with the development of chronic myelogenous leukemia 

due to deregulation of tyrosine kinase activity that encourages white blood cells to divide 
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ceaselessly173,174. Through drug screening approach several inhibitors such as GNF-5 and 

PD173955 were developed against mutated forms of BCR-ABL fusion protein thus paving the way 

towards the development of targeted therapies175. From the screening results, both BCR-ABL 

inhibitors favored CW rotation at different examined concentrations. There are no studies that 

previously reported the use of these drugs on human embryonic stem cells. Perhaps inactivation 

of BCR-ABL kinase activity with drugs results in CW dominant bias due to unknown molecular 

mechanisms and side effects of these inhibitors on hESCs.  

The activation of the WNT signaling pathway showed opposite effects after treatment with 

recombinant WNT3A and small-molecule GSK3 inhibitors. Treatments with WNT3A resulted in 

a significant number of cells rotating CW, while small-molecule drugs showed a predominant 

CCW bias. The small-molecule WNT activators used in this study work by inhibiting GSK3β, a 

serine-threonine kinase enzyme, involved in cytoskeleton and cell cycle regulation, found at the 

β-CATENIN destruction complex, and phosphorylates every substrate as an ATP competitive 

compound. Once GSK3β is blocked, it elevates nuclear β-CATENIN levels, binds to TCF/LEF or 

CBP to stimulate the transcription of genes that are required for embryogenesis176-179. The GSK3 

inhibitors are problematic targets due to their different roles: at the receptor level, it promotes 

WNT pathway activation via its inhibition while at the destruction complex level, it phosphorylates 

β-CATENIN and targets it for its degradation in the absence of WNT ligands176,178. On the other 

hand, the activation of the WNT pathway is not specific to the canonical (β-CATENIN-dependent) 

pathway since multiple β-CATENIN-independent pathways (planar cell polarity or WNT-Ca2+ 

signaling) can also be triggered upon WNT binding to LRP and Fzd receptors. These membrane 

receptors act as common receptors for both the canonical and non-canonical pathways (β-

CATENIN-independent)179. The non-canonical WNT signals activate several pathways through 
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different intracellular effectors, for instance, Fzd receptors can activate protein kinase A (PKA) 

and p38 kinases180,181. Although ligands like WNT3A are known to preferentially activate the 

canonical WNT pathway, it has been shown that it directly suppresses osteoclast differentiation 

via both the canonical (β-CATENIN-dependent) and the non-canonical pathways181. It is likely 

that the WNT signaling cascade via WNT3A cross-talks with the non-canonical WNT pathway, 

and this might explain its dominant CW bias as compared to the GSK3 small-molecule inhibitors. 

Activation and inhibition of the canonical WNT signaling pathway with small-molecule 

inhibitors showed the same chiral rotational bias (CCW dominant). There are several reasons that 

could explain why the activation and inhibition of the WNT pathway displayed a unanimous 

rotational bias in hESCs. Firstly, all the branches of the WNT signaling pathway (canonical and 

non-canonical pathways) are far from being explored and it’s entirely possible that these observed 

chiral biases are caused by an unknown effect to be decipher yet. This possibility might be 

supported by the fact that the WNT signals are known morphogens during development, which 

form gradients that stimulate cells that are close to each other in a concentration-dependent 

manner176. In this study, concentration dependence was observed for both small-molecule WNT 

activators and inhibitors, in which some dosages significantly reversed hESCs chiral bias. In 

addition, this study did not measure if activators (nuclear translocation and accumulation of β-

CATENIN) and inhibitors (prevent β-CATENIN nuclear translocation and accumulation) were 

affecting the WNT pathway according to their respective functions to rule out possible side effects 

of the drugs examined. Future studies will measure nuclear β-CATENIN expression levels in both 

WNT activators and inhibitors to confirm their activity related to their function. As previously 

mentioned, the kinetics of the drugs controlling multifunctional proteins such as GSK3 (cell 

division, apoptosis, and microtubule function) and β-CATENIN (involved in cell adhesion, 
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embryogenesis, and sex determination) might also explain alterations in rotational bias in 

hESCs178,182. 

Each signaling pathway examined contained a few downstream components which 

modulated hESCs cellular chirality. It is still unclear what these results mean to LR symmetry 

breaking without implementing other molecular assays. However, the screening results pointed 

out a couple of molecular targets for further exploration. This study identified targets within the 

ROCK, JAK/STAT, TGF-β, and the canonical WNT signaling pathways as potential candidates 

to study LR symmetry with human-based models. Based on our screening results, we report that 

several drugs within different signaling pathways altered embryonic cellular chirality and these 

results could be explained by two scenarios. First, the chiral machinery (cytoskeleton elements) 

within the cell dictates a specific rotational direction (clockwise or counterclockwise), which needs 

to be strong enough for the cell to move in that direction. Second, the presence of certain 

biomolecules, or permissive signals, are necessary for other biomolecules to exert its full effects 

on targeted cells, thus affecting their rotational bias. For instance, recent studies have revealed that 

rotation of actin filaments was modulated by formin131, without this protein the cell may not exhibit 

a chiral bias at all. Further studies are necessary to distinguish between these two scenarios and 

explain why most of the drug treatments with small-molecule drugs favor counterclockwise 

directionality in a cell line that originally does not exhibit any chiral bias.  

Due to the complicated nature of signaling pathways, it is difficult to focus on all pathways 

at once. Nevertheless, some of these pathways are interconnected in a way or another. For instance, 

the Rho-associated protein kinase (ROCK) has been shown to be involved with the non-canonical 

WNT pathway (planar cell polarity) to control actin cytoskeleton assembly and contractility during 

chick development183. The inhibition of BCR-ABL with small-molecule drugs have been 
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implicated in reduced nuclear β-CATENIN levels (hallmark of canonical WNT pathway)184. The 

canonical WNT signaling pathway has been reported to suppress the asymmetric expression of a 

Nodal antagonist gene (Cerl2) in the node of mouse embryos185. During zebrafish gastrulation, the 

signal transducer and activator of transcription 3 (STAT3) is phosphorylated and located in the 

nucleus on the dorsal side of the embryo mainly by the maternal WNT/β-CATENIN pathway, 

denoting JAK/STAT and WNT signaling interactions186. Based on the interactions of the WNT 

signaling pathway with other pathways along with its critical role during embryonic development, 

this thesis will focus on further exploring the canonical WNT pathway and how this pathway might 

be linked to disturbances in the embryonic LR asymmetry during development.  

2.5 Conclusions 

The use of microengineered platforms such as the 3D self-assembly chirality system was 

useful to study LR asymmetry in human pluripotent stem cells. At their native state, these cells 

have no strong chiral bias while under treatments of small-molecule drugs these become more 

biased. Results suggest that changes in cellular chirality during differentiation and developmental 

signaling pathways might alter LR asymmetry in embryonic development. While several pathways 

exhibited a significant effect on embryonic LR bias, it is complex to extrapolate how changes in 

chiral biases might be linked to birth defects without deepening our understanding on the 

molecular mechanisms behind these biases. Based on the panel of small-molecule drugs examined, 

the Canonical WNT pathway and its interactions with other pathways examined make it a potential 

candidate to further our understanding of the mechanisms behind changes in embryonic chiral bias 

during its regulation.  
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3. INHIBITION OF THE CANONICAL WNT SIGNALING 

PATHWAY ALTERS CHIRAL BIAS IN HUMAN 

EMBRYONIC STEM CELLS3 
3.1 Introduction 

Embryonic development requires key developmental signaling networks for specification 

of the left-right (LR) axis185,187. Vertebrates appear to have an asymmetric body plan that leads to 

polarized morphology and directional arrangement of their internal visceral organs in a way that 

is conserved among different species188,189. Vertebrate embryos must differentiate asymmetric left 

(L) from right (R) signals and transmit this positional information to each organ in the body as 

these develop15,190. However, failure to follow these chemical signals due to pharmacokinetic 

treatments leads to congenital disorders such as human laterality disorders (e.g., heterotaxia, left 

and right isomerism)191-193. These asymmetric signals are not only observed at the tissue and organ 

level, but also can arise from the LR bias at the cellular level, dubbed as cellular chirality194. The 

handedness of cells, or cellular chirality, is an inherent cellular property that can be observed at 

the multicellular and single-cell levels within 2D in vitro micropatterns and biomaterial-based 3D 

microenvironments along with different cell types194-196. Recent literature on embryonic 

development demonstrates how intrinsic cellular chirality regulates cardiac looping in chick 

embryos, guides epithelial morphogenesis, and defines phenotype-specific bias during lineage 

differentiation of human embryonic stem cells (hESCs) via in vitro 2D and 3D chiral platforms 

previously mentioned194,196-198.  

                                                 

Portions of this chapter previously appeared as:  

Rico-Varela, J., Arduini, B. L. & Wan, L. Q. WNT/-CATENIN signaling pathway and its implications in human 

laterality disorders. Podium presentation, 7th Annual NextGen Stem Cell Conference, Saratoga Springs, NY, USA 

(2019).  
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The WNT/-CATENIN pathway (canonical WNT pathway), is involved in every aspect 

of embryonic development and the homeostatic self-renewal of tissues and organs, and controls 

diverse cell fate determination199,200. Several small-molecule regulators of this pathway have been 

shown to target key protein-protein interactions at specific sites during its activation and 

inhibition201. For instance, the activation of the canonical WNT pathway is initiated by the binding 

of WNT proteins to Frizzled (Fzd) membrane receptors which activates -CATENIN through 

various downstream components202. The phosphorylation of Fzd and lipoprotein receptors 5/6 

(LRP 5/6) inhibits GSK-3β and casein-kinase 1 (CK1), components of the -CATENIN destruction 

complex (GSK3β, CK1α, Axin, and APC), which results in the translocation of -CATENIN to 

the nucleus and its nuclear accumulation. On the other hand, its inhibition with molecularly 

targeted agents (transcriptional inhibitors, inhibitors of elements of -CATENIN destruction 

complex inhibitors, and porcupine inhibitors) interrupts -CATENIN signaling by lowering its 

nuclear levels or preventing its nuclear translocation177. Several WNT target-related genes have 

been linked not only to the regulation of the anterior-posterior (AP) and dorsal-ventral (DV) axes 

in chick, Xenopus, and zebrafish embryos, but also to the LR pattern formation203,204. For instance, 

the WNT/-CATENIN pathway has been implicated in the modulation of ciliogenesis in the 

Kupffer’s vesicle (left-right organizer of zebrafish) via Foxj1a187. This transcription factor is 

important for ciliary and non-ciliary related to LR pattern formation187. Recent studies have shown 

that overactivation of the WNT/-CATENIN pathway results in cardiac LR reversals in Xenopus 

embryos while its inactivation has led to interrupted asymmetry of the heart, liver, and pancreas in 

zebrafish embryos187,205-207.   

Despite the extensive knowledge obtained in the past decades from pre-gastrulating animal 

embryos, well-controlled in vitro systems, and computational models, still limited information is 
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known about the biochemical and molecular mechanisms behind the establishment and disruption 

of the embryonic LR asymmetry via key developmental signaling pathways85,93,194,196. Here, we 

propose to explore how the regulation of the canonical WNT signaling pathway via small-molecule 

inhibitors influences cellular rotation during development. This was achieved by observing 

changes in intrinsic cellular chirality of human embryonic stem cells (hESCs) and via molecular 

assays. By using a physiologically relevant 3D in vitro platform, hESCs chiral biases are examined 

at several dosages of WNT inhibitors, changes in -CATENIN expression levels as well as 

changes in pluripotency gene expression are also evaluated. Our results illustrate that WNT 

inhibitors alter hESCs chiral bias and affect their pluripotency state. Moreover, our transient 

modulation of the canonical WNT signaling via shRNA knockdown provided evidence of one 

possible molecular mechanism that could explain changes in hESCs chiral bias. These results 

distinguish WNT inhibition as a key mediator of cellular chirality and should be further studied to 

understand its potential link to human laterality disorders. 

3.2 Materials and Methods 

3.2.1 Cells and cell culture 

The chiral bias experiments under treatments of small-molecule WNT inhibitors were 

performed with a human embryonic stem cell line, RUES2 GFP/RFP clone 2, as previously 

described in Chapter 2. Small-molecule WNT inhibitors were tested on both cell lines, RUES2 

and RUES2 GFP/RFP clone 2, and their default chiral bias results were found to be consistent. On 

the other hand, the original cell line, RUES2, was employed for all the immunostaining and 

transient transfection assays since it facilitated the silencing of -CATENIN via shRNA constructs 

as well as the staining of pluripotency gene markers. Both cell lines were cultured and maintained 

as described in Chapter 2.  
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3.2.2 The 3D self-assembly Matrigel system and pharmacologic treatments 

Before loading single RUES2 GFR/RFP clone 2 onto the 3D chirality assay, these were 

pre-treated with 10nM of Y-27632 2HCl for two hours to enhance their survival rate after single 

cell dissociation with TryplE Express Enzyme (Thermo Fisher, Cat. #. 12-605-010). This 3D assay 

consists of embedding single hESCs within a Matrigel bilayer of different concentrations as 

described in Chapter 2. After 6 hours of incubating single hESCs within this platform, different 

small-molecule regulators were added at different dosages for 21 hours prior time-lapse imaging. 

For control conditions, RUES2 GFP/RFP clone 2 cells were embedded within the 3D bilayer 

system without any drug treatment. The drugs and concentrations in this chapter were selected 

based on the previous screening study described in Chapter 2. The drug treatments are based on 

a stem cell signaling compound library (Selleckchem, Cat. #. L2100-01) that contained small-

molecule compounds that inhibit the canonical WNT signaling pathway as described in Table 3.1 

and Figure 3.1. The several small-molecule drugs were screened with the 3D self-assembly 

chirality platform to confirm the chiral bias of rotating cells. Time lapse imaging with Keyence 

BZ-X700 microscope were conducted for 2 hours every 5 minutes. Thus, rotational biases were 

categorized as previously described in Chapter 2.  

3.2.3 Rotational analysis of hESCs in a 3D self-assembly Matrigel system 

After 21 hours of incubation within the 3D chirality assay, hESCs divided and proliferated 

resulting in two cells or more that self-organized into spheroids. The total population of cells was 

observed to exhibit different rotational behaviors such as no rotation (NR), complex directionality, 

and in-plane rotation (clockwise and counterclockwise directionality together). The in-plane 

rotation was purely classified as those spheroids whose rotation around the z-axis is clockwise 

(CW) and counterclockwise (CCW). On the other hand, complex rotation was described as 
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spheroids that rotate about several planes or undergo directional switching. For the tables that 

summarize the chiral bias results, all control groups of all WNT regulators were combined to 

display the number of cells that rotated in the different categories previously listed here. Phase-

contrast time-lapse images of rotating cells were acquired for at least 2 hours with an interval of 5 

minutes after 21 hours of drug treatments. The rotation of these spheroids was manually analyzed 

via the NIH ImageJ software to categorize their rotation directionality. 

 

Table 3.1. List of small-molecule inhibitors of the WNT/β-CATENIN signaling pathway. 

 

WNT Regulators 

 

Dose and Drug 

 

Signaling Pathway 

 

Molecular Target 

 

Activator/ 

Inhibitor 

  

100 µM iCRT3 

 

WNT/β-Catenin 

 

β-catenin – TCF4 

 

Inhibitor 

Transcriptional  

3 µM FH535 

 

WNT/β-Catenin 

 

β-catenin - TCF 

 

Inhibitor 

WNT inhibitors  

1 µM ICG-001 

 

WNT/β-Catenin 

 

β-catenin - CBP 

 

Inhibitor 

  

3 µM XAV-939 

 

WNT/β-Catenin 

 

Tankyrase/Axin 

 

Inhibitor 

Inhibitors of  

30 µM IWR-1-endo 

 

WNT/β-Catenin 

 

Tankyrase/Axin 

 

Inhibitor 

Elements in 

Β-CATENIN 

 

      10 µM WIKI-4 

 

WNT/β-Catenin 

 

Tankyrase 

 

Inhibitor 

Destruction 

Complex 

 

30 µM KY02111 

 

WNT/β-Catenin 

 

APC 

 

Inhibitor 

  

10 µM IWP-2 

 

WNT/β-Catenin 

 

Porcupine 

 

Inhibitor 

Porcupine 

Inhibitors 

 

10 µM LGK-974 

 

WNT/β-Catenin 

 

Porcupine 

 

Inhibitor 

  

100 µM WNT-C59 

 

WNT/β-Catenin 

 

Porcupine 

 

Inhibitor 
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Figure 3.1. Schematic representation of small-molecule inhibitors of the canonical WNT signaling 

pathway. Illustration of the molecular targets for three classes of WNT inhibitors such as (A) inhibitors of 

elements in β-catenin destruction complex (XAV-939, IWR-1-endo, WIKI-4, KY02111), (B) transcriptional 

inhibitors (iCRT3, FH-535, ICG-001), and (C) inhibitors of WNT production, or porcupine inhibitors 

(IWP-2, LGK-974, WNT-C59). Adapted and modified figure208. 

3.2.4 Immunostaining and imaging of β-CATENIN levels in hESCs 

RUES2 cells were pre-treated with 10nM of Y-27632 2HCl (ROCK) for two hours prior 

single cell dissociation with TryplE Express Enzyme. The cells were seeded at 22,400 cells per 

well into a µ-Plate 96 well black tissue culture treated plate (ibidi, Cat.#. 89626) in a cell solution 

that contained 10nM of ROCK in MEF-CM. The cells were seeded with 10nM of ROCK to enhance 

their survival rate and incubated at 37C overnight. The next day, the ROCK solution was replaced 

by small-molecule WNT inhibitors diluted in MEF-CM at the concentrations listed on Table 3.1, 

then loaded into the wells and allowed to diffuse for 21 hours prior immunostaining. The protocol 

for immunostaining was based off of Dr. Brigitte Arduini’s immunofluorescence protocol209. 

In general, the samples were fixed in 4% paraformaldehyde for 20 minutes and then 

washed with 1X DPBS without Ca2+/Mg2+ twice for 15 minutes each. Then, samples were 
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permeabilized with PBSTx solution (0.1% Triton X-100 in 1X DPBS) for 20 minutes, and then 

blocked with 3% normal donkey serum (Fisher Scientific, Cat.#. NC9624464) for 1 hour at room 

temperature. Once the block solution was removed, the primary antibody for -CATENIN (BD 

Biosciences, Cat. #. 610153), was diluted at 1:300 in block solution and incubated at 4C overnight. 

The next day, PBT (DPBS + 0.1% Tween-20) washes were performed prior incubating the samples 

in the secondary antibody (Thermo Fisher, Cat. #. A-31571), at 1:500 dilution for two hours at 

room temperature. Then, cells were stained for DAPI at 1:1000 dilution for 10 minutes before the 

last two PBT washes.  

The images of stained cells were acquired on the ThermoFisher Cellomics ArrayScan VTI 

HCS in the RPI stem cell core. The stained cells were imaged using a 20X objective lens with a 

multiple bandpass emission and excitation filters in blue (386nm) for DAPI, far-red (647nm) for 

-CATENIN, and brightfield. The exposure times used were 0.5 and 0.30 milliseconds for the 

blue, and far-red channels, respectively. Following image acquisition, the immunofluorescent 

channel images were analyzed for nuclear and total fluorescence in each respective channel. The 

control wells were incubated only with fluorescently-labeled secondary antibodies which yield 

low and non-specific background signals that were subtracted during the analysis to determine the 

cutoff criteria for a positive -CATENIN signal. In this study, nuclear and total -CATENIN levels 

were quantified using the HCS Cellomics Software for both WNT activators and inhibitors. To 

obtain the nuclear -CATENIN levels for each drug at the dosages described in Table 3.1, a 

cellular mask was created for the blue channel (DAPI). This mask was used to identify nuclei and 

to determine the mean average intensity for the far-red channel (-CATENIN levels) in the nuclear 

masks (N=4 wells per drug). The mean average intensity for nuclear -CATENIN levels was 

normalized to the untreated control (RUES2 cells only). Also, the mean object total intensity per 
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field was used to quantify the total -CATENIN intensities per well and was divided by the total 

number of nuclei per well (N=4 wells per drug). The total -CATENIN intensities per well was 

normalized to the untreated control (RUES2 cells only). 

3.2.5 Plasmid transfection, immunostaining, and imaging of constructs 

RUES2 cells were first transfected with CTNNB1 – human shRNA constructs in retroviral 

RFP (OriGene Technologies, Cat. #. TF313664) in 2D monolayers to determine by how much these 

constructs reduce -CATENIN levels. The DNA of shRNA constructs was amplified with Max 

Efficiency™ Stbl2™ competent cells (Thermo Fisher, Cat.#. 10268019) prior any transfection 

experiments. The bacterial transformation with E. coli competent cells was performed with 

chloramphenicol at 34 µg/mL, agar plates, and liquid broth for 12 hours. In addition, the amplified 

DNA constructs were isolated via QIAprep Spin Miniprep (Qiagen, Cat. #. 27104) and further 

purified with UltraPure Phenol: Chloroform: Isoamyl alcohol (Thermo Fisher, Cat. #. 15-593-031). 

Lastly, the purified DNA of constructs was verified via diagnostic restriction enzymes, SalI (New 

England Biolabs, Cat.#. R0138T) and Ecori (New England Biolabs, Cat.#. R0101T), respectively. 

In this case, the amplified plasmids DNA were found to be identically to the original constructs.  

RUES2 cells were pre-treated with 10nM of ROCK for two hours prior single cell 

dissociation with TryplE. Thus, 30,000 cells per well were transfected with 0.5µg of purified 

shRNA constructs diluted in MEF-CM with 10nM of ROCK, and nucleofection solutions in a 4D-

Nucleofector™ System from Lonza at the Cell and Molecular Biology Research Core at RPI. The 

CE-118 was the transfection program used along with the nucleofection solutions P3 Primary Cell 

4D-Nucleofector X Kit (Fisher Scientific, Cat.#. NC0638767). The shRNA constructs used in the 

study were: scrambled control, Plasmid I (TF313664-Plasmid B), and Plasmid II (TF313664-

Plasmid C). After cell nucleofection, knocked-down RUES2 cells were seeded into µ-Plate 96 well 
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black culture plates previously coated with Matrigel. The cell solution contained 10nM of ROCK 

in MEF-CM to enhance their survival rate, and cells were incubated at 37C for 21 hours. The cells 

were fixed and stained as described in Section 3.2.4. While the shRNA constructs were 

fluorescently labeled with RFP, cells were stained with antibodies to determine -CATENIN 

levels after transient transfection.  

The images of stained cells were acquired on the ThermoFisher Cellomics ArrayScan VTI 

HCS in the stem cell core at RPI. The stained cells were imaged using a 20X objective lens with a 

multiple bandpass emission and excitation filters in blue in blue (386nm) for DAPI, red (549nm) 

for RFP, far-red (647nm) for -CATENIN, and brightfield. The exposure times used were 0.5, 

0.25, and 0.30 milliseconds for the blue, red, and far-red channels, respectively. The negative 

controls were incubated only with fluorescently-labeled secondary antibodies to determine the 

cutoff criteria for a positive -CATENIN signal. The positive controls were samples transfected 

with scrambled constructs and were not stained for -CATENIN to obtain the cutoff criteria for 

RFP signals. In this study, we first determined the total number of RFP+ responders and then to 

quantify the mean average intensity of -CATENIN in those RFP+ responders. The first analysis 

assessed the total number of nuclei with a nuclear mask and quantified the percentage RFP+ 

responders in the red channel, which allowed us to calculate the total number of RFP+ responders. 

The second analysis measured the mean average intensity of -CATENIN per field only in the 

RFP+ responder cells. These analyses were performed using the HCS Cellomics Software. The 

mean average intensity for nuclear -CATENIN levels for the different constructs was normalized 

to the scrambled DNA control group (N=6 wells per condition).  

In order to determine the chiral bias of transfected RUES2 cells, these were loaded onto 

the 3D chirality assay as described in Section 3.2.2. In this case, 30,000 cells per well were 
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transfected with 0.5µg of scrambled, Plasmid I, and Plasmid II using CE-118 program and a 4D-

Nucleofector™ System. To guarantee cell survival during the nucleofection, cell solution was 

diluted in MEF-CM with 10nM of ROCK along with nucleofection solutions. After nucleofection 

and seeding of transfected cells onto the 3D chirality system for 21 hours, time-lapse images were 

collected and analyzed as described in Section 3.2.3. 

3.2.6 Immunostaining and imaging of pluripotency gene expression 

RUES2 cells were pre-treated with 10nM ROCK for two hours prior single cell dissociation 

with TryplE and seeded at 22,400 cells per well into a µ-Plate 96 well black tissue culture treated 

plate as described in Section 3.2.4. Then the cells were treated with small-molecule WNT 

inhibitors diluted in MEF-CM at the concentrations listed on Table 3.1, then loaded into the wells 

and allowed to diffuse for 21 hours prior immunostaining. The protocol for immunostaining was 

described in Section 3.2.4. The pluripotency gene markers examined were: OCT4 (Abcam, Cat. 

#. Ab184665), SOX2 (Cell Signaling, Cat. #. 50-191-736), and NANOG (Thermo Fisher, Cat. #. 

MA1-017) at 1:100, 1:400, and 1:200 dilutions, respectively for their primary antibody. For their 

secondary antibodies Alexa Fluor 488 (Thermo Fisher, Cat. #. A-11001) for NANOG, Alexa Fluor 

647 (Fisher Scientific, Cat. #. A-31571) for OCT4 dilutions, and Alexa 647 (Thermo Fisher, Cat. 

#. A-21206) for SOX2 at 1:500 dilutions respectively. For this assay, SOX2 and NANOG were co-

stained for all drug treatments.  

The images of stained cells were acquired on the ThermoFisher Cellomics ArrayScan VTI 

HCS in the RPI stem cell core. The stained cells were imaged using a 20X objective lens with a 

multiple bandpass emission and excitation filters in blue (386nm) for DAPI, green (485) for 

NANOG, and far-red (647nm) for OCT4 and SOX2. To obtain the nuclear levels of OCT4, SOX2, 

and NANOG for each small-molecule WNT inhibitor at the dosages described in Table 3.1, a 
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cellular mask was created for the blue channel (DAPI). This mask was used to identify nuclei and 

to determine the mean average intensity for the far-red channel (OCT4) as well as the green 

channel (NANOG) and far-red channel (SOX2) in the nuclear masks (N=2 wells per condition). 

3.2.7 Statistical analysis 

To determine the dominance of CW versus CCW rotational bias within the 3D chiral assay, 

the binomial cumulative distribution function (binocdf) in MATLAB was used as described in 

Chapter 2. On the other hand, a two-tailed t-test (for two-sample comparisons) were measured 

with SigmaPlot Windows Version 12.5 for the nuclear and total -CATENIN levels for WNT 

inhibitors as well as to detect differences in -CATENIN levels in transfected samples. For all 

experiments, only p-values <0.05 were considered statistically significant.  

3.3 Results 

This work confirms the changes in chiral bias of hESCs under treatments of small-molecule 

inhibitors of the canonical WNT signaling pathway as previously studied in Chapter 2. In 

addition, we further explored their effects of WNT inhibition on -CATENIN translocation and 

pluripotency gene expression and validated the effects of WNT inhibition on cell chirality with 

targeted shRNA constructs. 

3.3.1 WNT inhibition significantly alters hESCs chiral bias 

While the default chiral bias of RUES2 GFP/RFP clone 2 (untreated group) displays no 

chiral bias (Figure 3.2.(A)), the number of cells rotating in plane versus other rotating categories 

(no rotation and complex rotation) were reported to be statistically significant different (Figure 

3.2.(B)). The inhibition of the canonical WNT pathway was achieved via treatments with 

transcriptional inhibitors (iCRT3, FH-535, ICG-001); inhibitors of elements in the -CATENIN 
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destruction complex (XAV-939, IWR-1-endo, WIKI-4, and KY02111); and porcupine inhibitors 

(IWP-2, LGK-974, and WNT-C59). These transcriptional inhibitors affect nuclear -CATENIN 

activity by blocking signaling between -CATENIN and coactivators of several transcription 

factors such as T-cell factor (TCF) or CREB-binding protein (CBP)177. Treatments with these 

inhibitors resulted in a statistically significant increase in CCW rotational bias (Figure 3.2.(A), 

(C)). The -CATENIN destruction complex is composed of the molecules Axin, CK1, GSK3, and 

APC, and works to constantly degrade cytoplasmic -CATENIN in the absence of WNT 

ligands210. Enzymes like tankyrases (TNKS) antagonize the -CATENIN destruction complex 

activity by destroying Axin, and thus preventing -CATENIN accumulation and excess WNT 

signaling177,210. Here, it was observed that -CATENIN destruction complex inhibitors 

significantly reverse the default chiral bias of hESCs to a CCW dominant bias (Figure 3.2.(A), 

(C)). On the other hand, porcupine inhibitors are characterized by blocking WNT protein 

palmitoylation required for WNT to be released from the Golgi apparatus to the cell surface, so it 

can bind to the Fzd receptors and shuttles -CATENIN to the nucleus177,211,212. In the absence of 

porcupine, WNT ligands are not secreted and previous studies show gastrulation defects in mouse 

embryos213. Treatments with these inhibitors displayed a statistically significant CCW bias (Figure 

3.2.(A), (C)). In addition, it was reported a statistically significant number of cells rotating in plane 

versus other categories for all WNT inhibitors examined (Figure 3.2.(B), (C)) 
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Figure 3.2. Rotational biases of hESCs under the effect of small-molecule inhibitors of the WNT pathway. 

(A) Percentage of CW and CCW hESCs under treatments of WNT inhibitors that significantly altered 

their chiral bias. (B) Percentage of planar rotation and other rotation categories. (C) Table indicates the 

number of cells undergoing all rotational directions along with their respective p-values. *p<0.05. 
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3.3.2 WNT inhibitors prevent β-CATENIN nuclear translocation 

To examine if the WNT inhibitors would prevent nuclear translocation and accumulation 

of -CATENIN, RUES2 cells were treated with transcriptional inhibitors, porcupine inhibitors, 

and inhibitors of elements in -CATENIN destruction complex for 21 hours (detailed in Table 

3.1). In addition, a small-molecule WNT activator, CHIR990291, was utilized to activate the 

canonical WNT pathway and compare the nuclear translocation and expression levels of -

CATENIN with untreated controls as well as with WNT inhibitors.  

Additional studies examined whether certain concentrations of the WNT protein and GSK3 

inhibitors (evaluated in Chapter 2) would mimic WNT signaling activation through direct 

stabilization of nuclear -CATENIN in hESCs. The nuclear -CATENIN levels in BIO, 

CHIR990291, and TWS119-treated cells were significantly higher than the untreated group 

(Appendix Figure B.1.). These results are consistent with previous research on the activation of 

the canonical WNT pathway with stem cells214-216. However, there were no statistical difference 

between untreated control, WNT3A, and IM-12 (Appendix Figure B.1.), which are contradictory 

to published work214,215,217,218. These results might indicate that certain drugs were not effectively 

activating the WNT pathway, and therefore our solely focus was the inhibition of the pathway.   

The nuclear -CATENIN levels in CHIR990291 were significantly higher than the 

untreated group as expected (Figure 3.3.(A), (B)). However, the protein levels of -CATENIN in 

the nucleus were no statistical different between untreated controls and most of the WNT inhibitors 

examined (Figure 3.3.(A), (B)). WNT-C59 (porcupine inhibitor) did show a significantly lower 

level of expression than the untreated control (Figure 3.3.(B)). Likewise, there was no statistically 

significant difference for most WNT inhibitors and the untreated group for total -CATENIN 

levels (Figure 3.3.(C)). However, KY02111 (APC inhibitor) did show a significantly lower level 
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of -CATENIN total expression than the untreated control (Figure 3.3.(C)). Overall, there was no 

difference in nuclear and total -CATENIN levels for the untreated control and WNT inhibitors 

(Figure 3.3. (A)). These results together imply that WNT inhibitors used in this screen kept -

CATENIN localized at the cell membrane and prevented -catenin signaling to the nucleus.  

Figure 3.3. Nuclear and total β-CATENIN levels under treatments of WNT regulators. (A) 

Immunofluorescence images of untreated groups, a WNT activator (CHIR990291), and WNT-C59 

(porcupine inhibitor). The images display a nuclear mask in blue to outline cell nuclei and in green to 

outline nuclear β-CATENIN levels after drug treatments. (B) Represents the normalized nuclear β-

CATENIN expression levels against the untreated control. (C) Represents the normalized total β-

CATENIN expression levels against the untreated control. *p<0.05 values were considered statistically 

significant. N=4 samples per treatment. 
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3.3.3 Modulation of pluripotency gene expression during WNT inhibition 

Treatments with WNT inhibitors were also evaluated to determine changes in the 

pluripotency gene expression of hESCs via immunostaining of OCT4, SOX2, and NANOG. The 

transcriptional inhibitors displayed OCT4 levels relatively close to the untreated group with 92% 

of cells expressing the marker for iCRT3 and ICG-001 treatments (Figure 3.4. (A) and Table 3.2). 

For the inhibitors of elements in -CATENIN destruction complex, OCT4 levels were slightly 

higher than the untreated group and more than 94% of the cell population expressed this 

transcription factor (Figure 3.4. (B) and Table 3.2). On the other hand, porcupine inhibitors 

showed a decrease in OCT4 expression levels and 92% of their population expressed this marker 

for IWP-2 and WNT-C59 treatments (Figure 3.4. (B) and Table 3.2). For NANOG, the 

transcriptional inhibitors and porcupine inhibitors expressed low levels of the marker and more 

than 92% of the cells expressed this marker with exception of iCRT3 (80%), ICG-001 (85%) and 

WNT-C59 (73%) (Figure 3.4. (C) and Table 3.2). For SOX2, all WNT inhibitors showed a 

decrease in expression levels with exception of FH-535 and XAV-939 (96% each), and only 

iCRT3(89%) and ICG-001 (89%) exhibited a low number of expressors as compared to the 

untreated control (95%) as shown in Figure 3.4. (C) and Table 3.2. These preliminary results 

together indicate that within 21 hours of drug treatments, some small-molecule inhibitors can 

slightly alter the expression of pluripotency gene markers.  
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Figure 3.4. Modulation of pluripotency gene expression via WNT inhibitors. (A) Immunofluorescence 

images of untreated and WNT inhibitors displaying the expression of pluripotency gene markers such as 

OCT4, SOX2, and NANOG. Gene expression levels were normalized against the untreated control for 

OCT4 (B), NANOG (C) and SOX2 (D). Scale bars: 100µm (in white). N=2 samples per treatment. 
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Table 3.2. Pluripotency marker efficiencies for WNT inhibitors after 21 hours of drug treatments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

OCT4 Efficiency for WNT Inhibitors 

 

Experiment Dose 

Anticipated 

Efficiency (%) 

Number of Cells 

Evaluated 

Actual 

Efficiency (%) 

Untreated - - - > 95% 14148 92 

iCRT3 100 µM > 95% 8068 92 

FH-535 3µ M > 95% 11997 94 

ICG-001 1 µM > 95% 10487 92 

XAV-939 3 µM > 95% 14720 94 

IWR-1-endo 30 µM > 95% 16861 95 

WIKI-4 10 µM > 95% 15733 94 

KY02111 30 µM > 95% 14083 94 

IWP-2 10 µM > 95% 8403 92 

LGK-974 10 µM > 95% 12705 94 

WNT-C59 100 µM > 95% 11794 92 

 

SOX2 Efficiency for WNT Inhibitors (Double stained with NANOG) 

 

Untreated - - - > 95% 6949 93 

iCRT3 100 µM > 95% 5508 80 

FH-535 3 µM > 95% 7178 96 

ICG-001 1 µM > 95% 5870 85 

XAV-939 3 µM > 95% 11447 96 

IWR-1-endo 30 µM > 95% 15118 94 

WIKI-4 10 µM > 95% 13430 95 

KY02111 30 µM > 95% 12473 94 

IWP-2 10 µM > 95% 11636 95 

LGK-974 10 µM > 95% 8173 94 

WNT-C59 100 µM > 95% 8019 73 

 

NANOG Efficiency for WNT Inhibitors 

 

Untreated - - - > 95% 6949 95 

iCRT3 100 µM > 95% 5508 89 

FH-535 3 µM > 95% 7178 98 

ICG-001 1 µM > 95% 5870 89 

XAV-939 3 µM > 95% 11447 98 

IWR-1-endo 30 µM > 95% 15118 96 

WIKI-4 10 µM > 95% 13430 97 

KY02111 30 µM > 95% 12473 98 

IWP-2 1 µM > 95% 11636 96 

LGK-974 10 µM > 95% 8173 96 

WNT-C59 100 µM > 95% 8019 94 
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3.3.4 Knocked-down β-CATENIN samples exhibited a counterclockwise bias 

To investigate whether the inhibition of WNT signaling by small-molecule inhibitors 

regulates changes in chiral bias of hESCs, we proceeded to explore the potential molecular 

mechanisms behind these biases. We hypothesized that hESCs cellular chirality might be affected 

by downregulating the canonical WNT pathway. To test this hypothesis, we silenced -CATENIN 

expression levels in hESCs via shRNA knockdown constructs to transiently reduce -CATENIN 

levels. While the transfection efficiency was low (approximately 2.8%), Plasmids I and II 

displayed low expression levels of -CATENIN as shown in Figure 3.5.(C). The fluorescence 

intensity of the scrambled DNA control served as control to determine baseline fluorescence. 

Individual cells transfected with Plasmids II, reported significantly lower levels of -CATENIN 

than control plasmid (Figure 3.5.(B) and (C)).  

In separate experiments, the transfected cells were embedded within the 3D self-assembly 

system, and time-lapse images were obtained to characterize their rotational bias. Overall, hESCs 

transfected with Plasmid I and Plasmid II demonstrated a CCW-dominated bias (Figure 3.5.(D), 

(F)). In contrast, the cells transfected with the control plasmid did not exhibit a change in chiral 

bias, which was similar to the non-transfected group (Figure 3.5.(D), (F)). In addition, it was 

reported a statistically significant number of cells rotated in plane versus other categories for non-

transfected cells and Plasmid II (Figure 3.5.(E), (F)). These findings indicate that inhibition of the 

canonical WNT pathway might be strongly associated with changes in inherent cellular chirality 

of hESC. 
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Figure 3.5. Transient β-CATENIN expression levels and rotational biases of β-CATENIN knocked-down 

cells. (A) Timeline for 2D and 3D transient transfection. (B) Illustrates β-CATENIN levels of RFP+ cells in 

Plasmid II. The arrows and dashed rectangles show transfected cells (RFP+) with low levels of β-

CATENIN as compared to non-transfected cells. (C) Represents the normalized β-CATENIN intensity 

levels for Plasmid I and Plasmid II against the scrambled control. (D) Percentage of CW and CCW hESCs 

under transfection treatments that significantly altered hESCs chiral bias. (E) Percentage of planar 

rotation and other rotation categories. (F) Table indicates the number of cells undergoing all rotational 

directions along with their respective p-values. *p<0.05. Scale bar: 100µm (in white). N=8 samples per 

treatment. 
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3.4 Discussion 

In this study, we show that the regulation of the canonical WNT signaling pathway alters 

the inherent cellular chirality of human embryonic stem cells within a 3D self-assembly platform. 

Human ESCs show no chiral bias for their intrinsic chirality which is consistent with previous 

findings197. Assessment of biased rotation using this platform demonstrated disrupted biases under 

treatments with small-molecule WNT inhibitors. The inhibition of the canonical WNT signaling 

pathway resulted in predominantly CCW rotational bias. These regulators were examined to 

determine if inhibitors prevent the activation of the canonical WNT pathway via nuclear 

translocation and accumulation of β-CATENIN. We show that inhibitors exhibit similar nuclear 

levels as the untreated control (no activation of the pathway). In addition, we quantified the 

expression levels and percentage of positive responders for pluripotency gene markers. Indeed, 

some of these drugs slightly reduce the expression levels of OCT4, SOX2, and NANOG after 21 

hours of treatment. Lastly, the transient modulation of the canonical WNT pathway via shRNA 

knockdowns confirmed that inhibition of the pathway might be linked to alterations in hESCs 

rotational bias.   

The dysregulation of components of the WNT pathway has been implicated in heart, liver, 

pancreas, and anorectal malformations206,207,219-221. The inhibition of the WNT signaling pathway 

via small-molecule WNT inhibitors (transcriptional inhibitors, porcupine inhibitors, and inhibitors 

of elements in β-CATENIN destruction complex) significantly changed hESCs chiral bias. In 

addition, the chemical compounds examined in this study prevented nuclear translocation and 

accumulation of cytoplasmic β-CATENIN as expected. The development of small-molecule 

transcriptional WNT inhibitors (iCRT3, FH-535, ICG-001) aim to facilitate events downstream of 

β-CATENIN stabilization without affecting upstream processes such as cell adhesion since β-
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CATENIN binds to α-CATENIN and E-Cadherin222. It has previously shown that molecules such 

as iCRT3 potently and efficiently block β-CATENIN-responsive transcription (CRT) while 

displaying minimal or less prominent effect on non-canonical WNT signaling in various 

mammalian and cancer cell lines222,223. Studies with mouse embryonic stem cells treated with low 

dosages of iCRT3 (10µM) maintained expression of classical pluripotency genes (OCT4, 

NANOG, SOX2) with significant reduced expression of differentiation markers (Brachyury)224. 

Our results for iCRT3 are similar to the untreated group, which might indicate that treated cells 

did not experience any differentiation. On the other hand, tankyrases are enzymes that antagonize 

the β-CATENIN destruction complex activity by destroying Axin177. Tankyrase inhibitors such as 

XAV-939 have been shown to promote cardiomyogenesis in mouse embryonic stem cells while 

KY02111 (downstream of APC and GSK3β) differentiates human pluripotent stem cells into 

functional cardiomyocytes225,226. Our results showed a slightly increase in OCT4 and NANOG 

expression levels with no statistical significance for XAV-939 and KY02111 treatments, which 

might indicate early differentiation phenotypes in hESCs. Comparison of the results obtained in 

this study with existing literature are challenging due to the low number of replicates (N=2 wells 

per treatment). An alternative to block the WNT signaling pathway is via small-molecule drugs 

that suppress WNT production through porcupine inhibition. Porcupine, an endoplasmic reticulum 

enzyme catalyzes the palmitoylation of WNT protein, subsequently leading to its secreation177. 

High dosages of IWP-2 have been shown to block morphogenesis of tailfin in zebrafish while 

LGK-974 inhibits WNT signaling by reducing LRP6 phosphorylation and Axin2 

expression177,227,228. Functional and molecular analysis with mouse embryonic stem cells portrayed 

OCT4, SOX2, and NANOG work interdependently to maintain self-renewal genes and act as 

differentiation repressors, which is not the case for hESCs. It has been shown that instead of 
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working as repressors of differentiation genes, each transcription factor repress specific cell 

fates229. While modulation of WNT signaling activity with small-molecule drugs reveal changes 

in chiral bias and pluripotency gene expressions, these might not represent the whole spectrum of 

signaling activity or receptor-binding affinities on congenital anomalies.  

Unlike WNT inhibitors, some GSK3 inhibitors and WNT3A did not activate the pathway 

as expected. For instance, most of the GSK3 inhibitors showed high expression levels of nuclear 

β-CATENIN (BIO, CHIR990291, TWS119), indicating the activation of the WNT pathway, 

except for WNT3 and IM-12. Previous literature with stem cells has demonstrated that activation 

of the pathway via GSK3 inhibition with small-molecules (BIO, CHIR990291, IM-12, and 

TWS119) increases β-CATENIN mRNA levels and accumulates β-CATENIN in the nucleus 

compared to untreated controls177,214,215,217. Although the dosages used in this study are similar to 

the ones reported in literature, perhaps off target effects might be attributed to WNT3A and IM-

12. Because of these inconsistencies with the WNT activators, we focused on the WNT inhibitors 

and downregulation of β-CATENIN levels in hESCs.  

The transient modulation of the canonical WNT pathway via β-CATENIN knock-down 

confirms the CCW rotational bias in hESCs which matches WNT inhibition results. These short 

hairpin RNAs (shRNAs) with RFP retroviral vectors were introduced into hESCs via 

nucleofection, allow for stable transfection of β-CATENIN via RNA interference (RNAi) in the 

cytosol. The shRNA structures double-stranded RNA, which is cleaved by ribonuclease to produce 

micro-RNA inside targeted hESCs230,231. Once incorporated into the RNA-induced silencing 

complex (RISC), these guide the repression of β-CATENIN levels in hESCs230,231. In this study, 

two β-CATENIN specific shRNA constructs (Plasmids I and II) showed their evident effect on 

silencing the β-CATENIN gene in hESCs. Our results demonstrate that after transfection with β-
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CATENIN specific shRNA vectors, a predominant switch in the inherent hESCs chiral bias was 

observed while the scrambled control and non-transfected cells displayed no chiral bias as 

expected. Viability of transfected cells was significantly compromised since approximately 2.8% 

of the population survived the transfection treatments after 21 hours. Recent studies have 

suggested that shRNA targeted against β-CATENIN not only reduces its cytosolic expression 

levels but also suppresses the expression of its downstream genes, c-myc (protein regulator of cell 

growth and cell cycle) and cyclinD1 (regulatory kinase of cell cycle) at the mRNA and protein 

levels in cancer cells230. Most importantly, recent literature work has detailed all the implications 

associated with deficiency of β-CATENIN during LR asymmetric development in zebrafish 

embryos. This is one of the first studies that provide evidence that the downregulation of β-

CATENIN genes is implicated in LR asymmetric development. Zhang and colleagues has showed 

that two β-catenin genes, β-catenin 1 (ctnnb1) and β-catenin 2 (ctnnb2), are indispensable for 

Kupffer’s vesicle (LR organizer in zebrafish embryos) and cilia formation, and for normal organ 

laterality207. Their study demonstrated that knockdown of ctnnb1 and ctnnb2 disrupts organ 

laterality resulting in unlopped hearts. Those embryos with low levels of β-Catenin in nuclei and 

membrane revealed randomized heart, liver, and pancreas in laterality. In addition, the deficiency 

of ctnnb1 or ctnnb2 were shown to ruin the midline barrier and disturb spaw expression (Nodal 

ligand gene regulator of organ laterality) in the lateral plate mesoderm (LPM). It is likely that the 

counterclockwise bias in transfected samples might be explained by the downregulation of β-

CATENIN, and this might be linked to defective organ laterality later on during embryonic 

development.  

The WNT pathway has been shown to be an important element of embryonic development 

and its downstream components such as β-CATENIN should be further explored to enhance our 
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understanding of embryonic LR asymmetry in human development. Future studies exploring other 

branches of the WNT pathway (non-canonical planar cell polarity and WNT-calcium pathways) 

would expand our knowledge on LR patterning and embryogenesis. While this study did not 

explore the role of cytoskeleton components on inherent cellular chirality, future studies will 

determine how the downregulation of the canonical WNT signaling pathway affects actin 

cytoskeletal components. This information would allow us to connect changes in hESCs chiral 

bias with changes in cytoskeleton dynamics and structure.  

3.5 Conclusions 

The mechanisms underlying chiral biases in cell rotation and effects of inhibition of the 

Canonical WNT signaling pathway via small-molecule drugs are still unclear. While the inhibition 

of this pathway might affect other signaling including other branches of the WNT signaling 

pathway, the downregulation of β-CATENIN expression in hESCs via specific shRNA silencing 

vectors is identified as a potential molecular mechanism that alter rotational bias in hESCs in a 

physiologically relevant 3D self-assembly platform for modeling LR asymmetry during embryonic 

development. Based on the results obtained in this study, further investigations on the 

downregulation of the canonical WNT pathway at different stages of embryonic development 

would enhance our understanding of how changes in embryonic cellular chirality could be 

associated with LR asymmetric defects.  
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4. CONCLUSIONS AND FUTURE WORK 
4.1 Conclusions 

The establishment of the overall LR asymmetry of human body emerges during the first 

two weeks post-fertilization before giving rise to organogenesis8,23,24. This sensitive period has 

been widely studied with in vivo, in vitro, and computational models to understand the right timing 

for the establishment of embryonic LR asymmetry and the possible biochemical and 

environmental factors that could lead to human laterality disorders (HLD). However, the link 

between developmental signaling pathways and the establishment of LR asymmetry, specially the 

role of newly discovered cell chirality, is still unknown due to a lack of human-specific clinically 

relevant models and platforms that evaluate changes in left and right biases at the cellular level.  

This dissertation strove to explore the potential role of several signaling pathways on the 

establishment of embryonic LR asymmetry through the use of hESCs. The use of a 3D in vitro 

microengineered platform was essential to determining the default chiral bias of hESCs and 

alterations in their bias after inhibition of key molecular targets. The screening of selective small-

molecule inhibitors at different dosages demonstrated the ability of some drugs in the ROCK, 

TGF-β, JAK/STAT, GSK3, BCR-ABL, and WNT signaling pathways to alter cellular chirality. 

These results may indicate how sensitive embryonic cellular chirality is when key developmental 

signaling pathways are upregulated or downregulated before the formation of the primitive streak, 

which compromises the differentiation of the three germ layers. As a consequence of the disruption 

of these pathways with pharmaceutical drugs, anatomical defects in embryos might occur.  

Further studies delved into the molecular role of the canonical WNT signaling pathway on 

the establishment of embryonic LR asymmetry via its inhibition with small-molecule chemical 

compounds. This Inhibition with pharmaceutical drugs displayed a predominant CCW rotational 

bias. Moreover, the role of inhibitors was closely assessed to understand the molecular 
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mechanisms behind the directionality of hESCs chiral bias. The transient knocked-down shRNA 

constructs lead to a dominance for CCW rotation. Moreover, inhibitors slightly modulate the 

expression levels of pluripotency gene markers (e.g., OCT4, SOX2, and NANOG), which might 

provide evidence for changes in chiral biases preceding changes in gene expression. These findings 

together may suggest a link between the canonical WNT signaling pathway and early disruption 

of LR asymmetry and ultimately to HLDs. While these results suggest important associations 

between LR asymmetry and the downregulation of the canonical WNT pathway, how these 

interactions play a role during our embryonic development remains to be discovered.  

Overall, the studies presented in this dissertation are one of the firsts to our knowledge to 

employ a 3D screening platform that assess changes in cellular chirality during embryonic 

development after pharmacokinetic drug treatments. This work not only identified complex 

signaling pathways that might be associated with human laterality disorders, but will significantly 

contribute to our ability to implement new diagnostic and therapeutic platforms to study HLD. In 

order to improve the screening capabilities of the 3D platform, future studies will be required to 

develop it into a high-throughput screening technology like microarrays. This sophisticated 

platform not only would measure the potential teratogenic effect of commonly used 

pharmaceutical drugs during the first trimester of pregnancy but would have the potential to 

evaluate changes in embryonic LR asymmetry among different racial/ethnic groups and investigate 

the incidence of several HLD disorders and laterality diseases that widely varies across different 

populations.  

4.2 Future work 

The studies presented in this dissertation examined the role of downstream effectors of 

developmental signaling pathways on inherent embryonic cellular chirality and their possible links 
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to HLD. However, future research questions and experiments will be required to further our 

understanding of intrinsic cellular chirality during human development. The following sections 

will discuss some key questions and relevant experiments for future researchers. 

4.2.1 Validation studies with human embryonic stem cells 

Prior to validate our screening results with pharmacological drugs, other types of human 

embryonic stem cells (e.g., HUES, WA01, CHB-1) can be used to further validate the default chiral 

bias of embryonic stem cells and their chiral bias after drug treatments. The rationale behind this 

validation is to confirm that the default chiral bias of stem cells of similar embryonic stages is 

consistent among different cell lines (exhibited no chiral bias). In addition, these lines can be used 

for drug treatments and compare results among them to answer: is the inhibition of certain genes 

(e.g., canonical WNT pathway) related to alterations in cellular chirality? 

4.2.2 In-depth lineage-specification analysis and RNA sequencing 

The expression of pluripotency genes (OCT4, NANOG, SOX2) in this study provided us 

with a minimal amount of evidence on the side effects of small-molecule compounds on hESCs. 

Further examination of the role of WNT regulators on early fate specification genes such as 

BRACHYURY (early mesoderm marker), OTX2 (early neuronal marker), and SOX17 (definitive 

endoderm marker) will concretely inform us as to which lineage differentiation was most likely to 

be expressed after 21 hours of treatments with these regulators. This would likely be an important 

piece of evidence for possible links between changes in chiral biases and lineage-specification 

phenotypes before gastrulation, which would be compared to recent published work197. While 

several small-molecule drugs with specific molecular targets were screened using the 3D self-

assembly chirality platform, our studies did not examine a broader set of genes that might be 

altered after pharmacological treatments. A high-throughput RNA-seq screening to obtain a 
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comprehensive transcriptome profile would allow for the identification of functional pathways and 

how these pathways are being regulated by small-molecule drugs of interest at the single and multi-

cell level232. The information generated from this assay will be instrumental in our understanding 

of lateralization disorders and the use of pharmaceutical drugs during early stages of pregnancy. 

4.2.3 In-depth signaling pathway analysis 

In this study the focus was on the activation and inhibition of the canonical WNT signaling 

pathway with a limited set of molecular targets within the screened library. The signal transduction 

of any signaling pathway is highly complex and always subject to cross-talk between pathways. 

Here, only one branch of the WNT signaling pathway was examined while future studies will 

require investigation into the non-canonical WNT signaling pathway (planar cell polarity and Ca2+ 

pathway) in the establishment of embryonic LR asymmetry. The information obtained from a 

screening with non-canonical WNT regulators would enhance our understanding on the role of the 

WNT pathway as a whole during development. Previous studies have emphasized the role of 

primary cilia during Nodal flow to achieve symmetry breaking61,65. There are several studies that 

support the connection between cilia and the canonical and non-canonical WNT pathways based 

on knocked-down genes associated to ciliopathies233. Thus, to further our understanding of the 

non-canonical WNT pathway, future studies will rely on measuring how cell polarity and actin 

regulation are modulated after drug treatments233.  

4.2.4 Cytoskeleton dynamics and structure 

Recent literature studies have suggested the importance of cytoskeleton elements (e.g., 

alpha-actinin) and their dynamics for the establishment of LR asymmetry234,235. Examination of 

the alignment of intracellular actin structures in two-cell spheroids within the 3D self-assembly 

chirality system would likely shed some light on the molecular mechanisms behind the rotational 
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bias of hESCs under drug treatments. In this case, reporter lines overexpressing alpha-actinin will 

be used along with confocal microscopy to observe their dynamics in real time as well as their 

structure after drug treatments. This study would help us to answer: what is the chiral swirling of 

actin filaments? and how are actin structures affected by modulating the canonical WNT signaling 

pathway with small-molecule drugs?  

4.2.5 Lab-on-Chip platforms 

To better recapitulate some characteristics of the native 3D cellular microenvironment 

during embryonic development, the implementation of gradient generator devices would be used 

to generate defined and controlled gradients of morphogens determined by pre-existing positional 

cues provided by the AP axis (vertical gradients) and the DV axis (horizontal gradients). Limited 

in vitro studies on the effect of gradients in the establishment of LR asymmetry are available due 

to the lack of physiologically relevant 3D platforms along with in vitro humanized models to study 

our own development on a chip. These microfluidic platforms would investigate: How morphogen 

gradients affect the orientation and rotational bias of single and two-cell spheroids? How polarity 

is regulated by gradients of morphogens? Recently, Regier et al. developed a method to determine 

how human pluripotent stem cells (hPSCs) fate stratification results from different exogeneous 

morphogen gradients (of small-molecule drugs) with different dosages, profiles, and dynamics. 

Interestingly, this study demonstrated how exogeneous morphogen gradients could trigger spatial 

patterning of hPSCs fates when cells interpret gradients with varying dosages236,237.  

4.2.6 High-throughput screening and machine learning algorithms 

The drug screening conducted in this dissertation used ibidi 8-chambered glass slides per 

drug examined, and further replicates were carried out with these ibidi plates on separate 

experiments. However, this system has the potential to be scaled-up with 3D bioprinting, which 
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not only would promote high-throughput screening into large well plates, but also would better 

control the layer-by-layer deposition of the bottom layer (100% Matrigel™) and distribute cells 

evenly throughout the wells238. As for the analysis, the rotational bias of cells was performed 

manually using the NIH ImageJ software which was laborious and increased the potential for 

human error. An alternative solution would be utilizing machine learning algorithms to train and 

to supervise support-vector machine (SVM) models that can access the rotational bias of embedded 

cells onto the 3D self-assembly platform. These algorithms would facilitate unbiased verification 

of data analysis and improve the efficiency of the screening in a consistent and reproducible 

manner. 
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APPENDICES 

 

A. Supplementary data for screened small-molecule drugs. 

Table A.1. Rotational bias of screened Gamma-secretase inhibitors. *p<0.05. 

 

Table A.2. Rotational bias of screened β-Secretase (BACE) inhibitors. *p<0.05. 

 
Table A.3. Rotational bias of screened PKC inhibitors. *p<0.05. 
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Table A.4. Rotational bias of screened ROCK inhibitors. *p<0.05. 

 

Table A.5. Rotational bias of screened BCR-ABL inhibitors. *p<0.05. 
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Table A.6. Rotational bias of screened TGF-β inhibitors. *p<0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

105 

 

Table A.7. Rotational bias of screened JAK/STAT inhibitors. *p<0.05. 
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Table A.8. Rotational bias of screened GSK-3 inhibitors. *p<0.05. 
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Table A.9. Rotational bias of screened WNT inhibitors. *p<0.05. 
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B. Supplementary data for WNT pathway activation. 

Figure B.1. Nuclear and total β-catenin levels under treatments of WNT activators. (A) 

Immunofluorescence images of untreated and GSK3 inhibitors displaying DAPI, nuclear and cellular β-

catenin levels. (B) Represents the normalized nuclear β-catenin expression levels against the untreated 

control. (C) Represents the normalized total β-catenin expression levels against the untreated control. 

Concentrations examined: 500ng/mL WNT3A, 3µM BIO, 10µM CHIR990291, 10µM TWS119, and 3µM 

IM-12. *p<0.05 were considered statistically significant. Scale bar: 100µm (in white). N=4 samples per 

treatment. 

 

 

 

 

 


