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ABSTRACT

During the early stages of pregnancy, exposure to certain pharmaceutical drugs can
potentially leadto human laterality disorders (HLD). These disorders are characterized by
alterations in the shape and positioning of tisaresorgans within the body along the Jeght
(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, lithiumJ)ead) 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 thanhhfetag 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 bnegland their molecular mechanisms.
Current studies in embryonic development rely ongastrulating animal embryos to identify
teratogenic drugs and the disturbance of key developmental signaling pathways, which are often
inapplicable to human developmehite 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 dring development, hESCs were embedded within a Matrigel bilayer of different
concentrations, exposed to different doses of smalecule drugs within various signaling
pathways, and their LR chiral bias (clockwise versus counterclockwise) were assdssed. T
canonical WNT s iCATEAINidependeptanwiasideatiffed 4sfa key mediator of
cellular chirality. Transient modul-GATENINN of

exhibited a dominant counterclockwise bias as WNT inhibitors. Oultsgsovide evidence that

Xii
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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 reguldtey developmental signaling pathways such as the WNT

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

Embryonic development controls cellular behaviors such as cell proliferation, migration,
differentiation, tissue/g@an 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 organisfasDuring embryogenesis, embryonic stem cells
undergo migration, which alters their proliferation and differentiation in response to gradients of
morphogensThe secreted ghals, or morphogens, form concentration gradients across cells in the
embryo, which have positional identities through a coordinate system induced by these gradients
Thus, morphogens influence the specifmabf body axes, and later gastrulation, which gives rise
to the germ layer formatiofectoderm, mesoderm, and endodérinfFurther migration along a
complex extracellular matrix leads to the accumulation ofdétht constantly break the local
symmetry, resulting in the coordinated formation and establishment of different body axes:
anteriorposterior (AP), dorsalentral (DV), and lefright (LR), which are essential for normal
embryonic developmeht’. 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 embryonpdaintation
period, a very sensitive stage to environmefaelors and toxic ageritsin humans, this period
occurs during the blastocyst stage (approximatedydays postertilization), where the embryo

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

Portions of tis chapteipreviously appeared as
Ri c o MaHo,dl &Wan, L. Q In vitro microscale models fomebryogenesisAdv. Biosystem3, 1-12 (2018)

Worley, K. E., Rico-Varela J., Ho, D. & Wan L. Q. Teratogen screening with human pluripotent stelts.déntegr.
Biol. 10, 491-501(2018)



differentiatior?"°. At the time of implantation, the AFxia, or headail axis, is specified by key
signaling pathways such as fibroblast growth factor (FGF), wingless (WNT) and retinoic acid (RA)
while the DV axis, or fronback axis, is defined by bone morphogenic proteins (BMP) pathway

as previously reported zebrafish embryd& The LR axis is oriented perpendicular to the AP and

DV axes during embryonic developm&nfThe proper specification of the LR axis requires the
generation of asymmetries between the left and right sides resulting in organ handedness, or
orientatiod?. The specification of left and right asymmetries is attributed to a Nismndent
mechanism during embryogenedtggure 1.1) as will be discussed Bection 1.2 Much research

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

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

Step 1 Step 2
Right
. Left
Left Right i
© 9 asymmetric asgr_nmeltrlc
Signals Ignais
MNode
Step 3
A
D
Nodal Lefty2
B R Signals in signals in

V LPM LPM

P

Figure 1.1. LR asymmetry during morphogenesis. (A) Schematic representation of all developmental axe
anterior-posterior (AP), dorsakventral (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
the lateral plate mesoderm, or LPM (Step 2), and tbh asymmetric expression of Nodal and lefty2 are
established in the lateral plate mesoderm (Step 3). Adapted and modified figufe



Over the past decades, researchers from multidisciplinary backgrounds have been
interested in understanding h@mbryos 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 devéfo@uehodies
regulate symmetries and asymmetries in the proper tissues and organs to guarantee fully functional
organisms. For instance, v&sal 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 lingysranetric
for biomechanical purpos®s® In many animal species it has been demonstrated that anomalies
in the establishment of the LR axis lead to a spectrum of laterality défdttwas originally
thought that during human development most birth defects occur during the first trimester of
pregnancy, particarly the 3% to 8" weeks postertilization, which is the period of
organogenesid®?’. However, new insights into embryonic development indicatethidirst two
weeks of pregnancy is a very sensitive pesinde the establishment of the body axes takes place
there, and embryos are susceptible to localized defects and spontaneous abortions due to
teratogenic exposure?*,

One example of localized defects affectihg 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 popdfatiticD
are characterized by alterations in the patterning and positioning of visceral organs along the
embryonic LR axis, unlikesitus solitus which is the normal arrangement of orgakgy(re

1.2.(A)). Thus, errors in LR patterning tésin a spectrum of disorders: heterotaxia, which is



improper arrangement of thoracic and abdominal organs, also knositwg@smbiguusright or

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

of organs, Bo termed asitus inversugFigure 1.2.(D)?>?® The molecular mechanisms behind

HLD remain poorly understood. However, besides genetic causes, it is speculated that exposure to
teratogens (e.g., radiation, v&@s, pharmaceutical and recreational drugs) results in anatomical

defects in embryos that were initially differentiating according to the body®plan

(A) (B)

RIGHT LEFT

Lungs Heart

Liver Stomach Spleen
SITUS SOLITUS  RIGHT ISOMERISM LEFT ISOMERISM SITUS INVERSUS

Figure 1.2. Graphical representation of human laterality defects. Unlike normal shaped and positioned
organs, orsitus solitus(A), human laterality disorders come in a spectrum of disorders that range from
right and left isomerisms (B, C) tositus inversugD). Adapted and modified figure?®.

For the last six decades, some pharmaceutical drugs have been idasti§estogenic for
human embryos during pregnadt3f. The effects of medications on embryos depends on their
specificity, strength, and dosage. For example, thalidomide, akm@Wn morning sickness
relieverbe k i n early 196006s, resulted in balnies bo
vivoandin vitro studies with rodents demonstrated that it did not lead to malformations on murine
embryo$>3’. Drug intakeduring pregnancy is not limited to prescribed drugs to alleviate morning
sickness symptoms, but also used to treat chronic medical conditions and temporary illness of the
expecting mother (e.g., asthma, epilepsy, depression, diabetes, hypertensiometadaches,
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etc.). Drugs taken by pregnant woman could be deleterious to the embryo by crossing the placenta.
Besides allowing the embryo to adhere to the uterine tissue, the placenta is a protective barrier that
provides nutrients to the embryo, servesams exchanger and waste removal sy$tebrugs
with molecular weights less than 50@& (g/mol), lipophilic, with low protein binding, and weak
bases, permeate readily across the placenta via passive diffusion, and could lead to teratogenic
effect£23%%9, 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, antidepgsessatihistamines, antibiotics,
prenatal vitamins, antiretrovirals, a@atsthmatics, antihypertensive, steroids, and antidiabetic
drugs among other8)*® Due to limitations on working with human embryos beyond thBay
rule, which allowsn vitro culture of human embryos up to 14 days, the preface of gastrulation,
research efforts to determine theategenic risks of pharmaceutical drugs are restritted

Work in experimental models and engineetiraged platforms has been critical to the
understanding of general principles of LR asymmetry in development and disease. This
introduction will summarize ¢w birth defects have been previously studied usingtro 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. Finalhaphtes c
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 sereng 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



assays taletermine which molecular mechanisms alter specific lineage differentiation, and then
correlate those with laterality disord&%® The mouse embryonic stem cell test (MEST) was
developed to measure the embryatdy 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 developmentafstegevever, the mEST provided limited
information about oudevelopment 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 humarf§¢“S Years later, tt human pluripotent stem cell test (hPST) was introduced

as a highthroughput screening platform, which relies on the mesendoderm differentiation of
hPSC#. The hPST reduces the dependency on animal studies aidg 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 (hESCBased teratoguc 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 anohthi&ro cultures of human embryos

on a dsh to the generation of artificial embryos.

Microcontact printing is a highly efficient approach to emulate, control, and reproduce the
dynamicin vitro stem cell microenvironments during developmént® Micropatterns are usually
fabricated from Polydimethylsiloxane (PDMS) stamps using photolithography with consist of
patterns of different geometriesThese geometries are transferred to 2D substrates for cell
attachmerd, allowing for tight control of celtell and ceHlextracellular matrix interactions and
better recapitulation oin vivo developmertt Warmflash and colleaguesbserved the radial

patterning of ectoderm, mesoderamnd endoderm layers. In addition, they observed what looks



like an early placenta (trophectoderm) in the outer layer of thalairenicropatterns (500 and

1000 em in diameter) wunder

t r e at “hehis tvas one bf

bone

the first studies that showed that extended BMP4 treatments displayed a similar pheratype th

looks like the beginning of gastrulatioRigure 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 bfyg®.
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Figure 1.3. Micropatterns and synthetic embryos to study development and disease. (A) hESCs patterne
onto single circular islands displayed radial patterning of germ layers based on early lineage specificatio
markers. Adapted figure®. (B) lllustrates the generation of an artificial mouse embryos from two
population of cells, embryonic stem cells (ESCs) and trophoblast stem cells (TSCs). Adapted fidure

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

For instance, Xing and colleagues used a method for human teratogen detegiaiteinng

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

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



epitheliatmesenchymal cells, and prompt migration on the micropatterned geometries via the
micropatterned human pluripotent stem cell tesB{PSTf°. A few known teratogens and non
teratogens were tested and classified based on their ability to disrupt the differentiation of the
mesoendoderm lay®r The reslis from this patterned screening platform were comparedimith
vivo animal and human data as well as the mouse embryonic stem cell test {rmB&&)of the
highlights of this study was its sensitivity to morpigital changes in the patterned hPSCs in
response to the dosagependency of known teratogens. A follow up study from the same group
used the same FhPST platform to expose hPSCs and adult dermal fibroblast cells to 30
pharmaceutical compoundis determine their effects on mesoendoderm differentitiém this
study, authors simplified the method of cléisation via a twestep teratogen classification assay,
and results were within the FDA guidelines for pregnancy classification ofdrligsir screening
results were compared itovivoteratogenicity resultsa generated 97% accuracy to classify the
compounds, with 100% specificity and 93% sensitiityunlike the previously mentioned
patterned platforms, this FhPST 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 robwst and quantitative micropatterning system that recapitulated several developmental events
and regions at the microscale levelowever, these systems often do not accurately reflect
conditionsin vivo. It is difficult to precisely model human developmen8D in a humasspecific
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 gyob. Different strategies have emerged to either mimic the



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 organsidsto understand their
function and determine pathogenesis and malformations. However, organoids have several
limitations including their inability to fully recapitulate tirevivomicroenvironment in which, for
instance, embryos sedissemble and organize, grow, and dev&ldpecently two research groups
have successfully cultured human embiiyogtro within the stipulated 4lay culture rule limi®
°6 This rule restricts the culture of hamembryos on a dish beyond 14 days of development since
it involves the first organogenesis signs (primitive streak), and neural tube devefdpment

The pioneering study of Deglinceet al.revealed for théirst time that human blastocysts
cultured in a dish could be observed to -eefanize and recapitulate lineage differentiation,
equivalently toin vivo human embryonic developmeéhtLikewise, Shahbazt al. presented an
in vitro culture of human embryos that allows observation of key events durirgagtrilation
stages (i.e., formation of p@mniotic cavity, segregation of PSCs, morphogenic
rearrangement%) Althoughthese 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. Harrisoet al.revealed the potential of artificial embryos using a mouse model
(Figure 1.3.(B)®8. This study recapitulated key architectural comgnts of the embryo from two
different populations of stem cells (embryonic and trophoblast stem cells) along witscaBald
and a cocktail of signaling molecules. This study was the ifirstitro self-organized mouse
artificial embryo with structuie notably similar to natural embryos, revealing the localized
expression of the germ layers more accurately than embryoid Bodiesaddition, Shaet al.

mimicked the microenvironment in which human amnide tissue (amniotic cavity) self



organized in the absence of biochemical cues from maternal sources by using®hB&Cstudy
was the first to establish a hE®@sed model for pemnplantation of human amnion
development. The above studies presented the clinical relevance and pafpiitations that

make embryos desirable, but only if the appropriate ethical guidelines are féft6tved

1.2 Establishment of embryonic LR asymmetry

The ability to properly establish the LR axis in the develogntpryo 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
axist*®% 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 latera plasoderm (LPM); (3) asymmetric
expression of Nodal and Lefty2 (transforming growth fatieta or TGFb proteins) on the left
side of the LPM; (4) asymmetric organogenesis generated as a result of asymmetric expression of
Pitx2 (Figure 1.1)'45% The genetic studies with animal embryos have led to the identification of
conserved genes in the LR pathway (Nodal, Leftyl, Lefty2, Pitx2) among various species
including mouse, chicken, frog, and fiéh

The mechanisms for LR symmetry breakage among certain species are similar despite
differences in their developmental programs. The breaking of LR symimetnpuse 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 mesendod&¥hThese node structures are very intriguing
sysems also recognized as lefght organizers (LROs) of vertebrates, and are known by different
names depending on the vertebrate: Hensenods

zebrafish embryos, and ventral node for humdigufe 1.1)%%%% The nodes facilitate the flow
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produced by mechanosensing structures, the primary cilia, in order to achieve symmetry
breaking®. The asymmetric signals are transmitted iigry 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 inversugsnd canpromises the respiratory track (immotile cilia in airways) and the ability to
procreate children (immotile flagella in spefffy.

The maotile cilia and its fluid flow play a role in LR asymmetry breaking arolR@4<.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 sindjie (monociliaf:. 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 260nm/sec Figure 1.4.(A)**88° 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 LPMe Nodal signaling
cascade promotes the expression of FG@Jenes such as Nodal, Leftyl, Lefty2, and Pitx2. When
Nodal is expressed exclusively in the LPM on the left side of the emhsfoy2 (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)%%. On the other hand, Leftyexpression 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 embrd/d®®. TGRb pathway activation along with primary cilia leftward

flow are essential for establishisgus solitusor normally shaped and arranged visceral orgfans
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3. However, the impact of asymmetric cilia orientation on whole LROs of vertebrate embryos
remains unknown since cilia are not present during LR deveopof snails, flies, chicks, and
pigs’*" For instance, there is ample evidence that chick and pig embryos do not have cilia and
nodal flow, respectively, which suggests that nodal-ciépendent flow is not eessary for their

LR patterning®. 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 nod& 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 R'% In addition, the authors reported that the
establishment of LR signals in the KV was dynamic and relied on the planar cell polarity (PCP)
pathway*. These previous stlies 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 withsitus inversus.

Although several organisms shared a conserved leftward nodal flow during the
establishment of embryonic LR axis, different researchers still debate how the nodal flosv break
symmetry at the LROs. There are tiwgpotheseshat 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 asymmetré €ignal gpears at the left side of node and
spreads out on the lateral plate. This suggests that asymmetric signals require meriidgt(left
dynein or Ird) and nomotile (polycystin2) cilia to sense the nodal flow that later introduces the
intracellular movemet of C&* at the left side of the LROS% Several studies suggest that thé"Ca

channel activity and PkD1{RPkD2 complex work collectively to sense the flow in crown cells
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(nonmotile cilia cells at the edge ofdhnode), while Pkd2 serves as an upstream effector of
Cerberus (Cerl2 or fluid flow target gene) for the correct LR establisftigft Pkd2 mutant
mouse embryos demonstrate aberrant LR patterning due to Nesl@fexpression in the LPM
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 entbngule, and
several models of cilia functiéh The second hypothesis proposes that Nodal asymmetric
expression travels directly from the node to the LPM through the extracellular $haffidx
instance, experiments with mouse embryos demonstrated that the Newaleptor Cryptic

(Cfcl) is necessary in the LPM but not in the rfdd€his study found that Nodal interacts with
sulfated glycosaminoglycans (GAGS) localized at the basement membrane below the ectoderm
and endoderm layers at mouse embryonic day (BJ. &0rthermore, scientists reported that Nodall
expression is disrupted in tlasence of sulfated GAGs in mutant mice emiffydhe precise
mechanisms that associate?Cgignaling and Nodal expression in the LPM still remain unclear.
Similarly, another three hypotheses have been proposkscribe how embryos sense or perceive

the leftward flow in LROs. The first two hypotheses describe trantsed processes while the

third depicts a mechanosensing model. According to the morphogen gradient hypothesis, an
unknown signaling moleculer snorphogen, is secreted within the node and transferred to the left
side of the embryo via the nodal flgtwThus, creating a high concentration gradient localized on
the left side that breaks the LR symmetry of the embryo. To date, severaddemrproteins (15
50KDa in size) have been theoretically examined to determine their LR determinant candidacy on
the developing embryo using computational fluid dynamic meffidesHiowever, none of them

met the transport requiremerntsrecapitulate physiological flow during LR symmetry breaking

since the fluorescent proteins are washed away by fast flow that generates different concentration
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gradient8®8>8¢ The second hypothesis was furtdeveloped from the previous hypothesis, and

it describes the presence of morphegentaining vesicles dubbed as the nodal vesicular parcel
(NVP)®87 This hypothesis argues that vesicles carrying morphogenisaasferred with the
leftward flow by motile cilia in the interior left side of the node, where the cargo is released to
continue subsequent intracellular signalifgg(re 1.4.(B)®878% Even though this hypbeésis

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 detfat€inally, the third hypothesis details a
mechanosensory model, or teia model Figure 1.4.(C). This agues 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%Caignal that promotes Cerl2 mRNA degradation on the

left side of the embryo.

The conceptual models of flow generation are still a mystery because there is no universal
mechanism that describes how this flowiiginated and how it affects the symmetry breakimg
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 feld 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 ediaven 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 antedsete during tissue and organ

development as will be discussedSections 1.2and1.4.
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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 twecilia hypothesis. A for anterior and P for posterior; R for right and
L for Left. Adapted and modified figure®.
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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 lateliaation 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 Xenopusembryos ended up with gut malformatibhsAlthough the effect of many
pharmaceutical drugs and theiolacular 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 lareelthought to be introduced by a
Nodaldependent 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 differencesliR asymmetry among model organisms are important to
consider during the development of certain organs that arise from simptérgasional sheets
and threedimensional tubes of ceffs During development these sheets get folded into tubes and
follow a series of deformations and twisting until they reach more complexdhimasmsional
tissuelike structures that give rise to fully déeped organs. This tissue morphogenesis driven by
cell deformations and cetlell 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 i
different vertebrate models. The heart and gut are initially a tube that grows longitudinally and

deforms until it reaches its final shdpeThe 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 morphogenesiBigure 1.5.(A)%. The intrinsic mechanisms regulate cell
proliferation and orientation so that the tissue is polarized, and cells orient along a LR axis to
generate a thredimensional tubeRigure 1.5.(A)%. Extrinsic forces drive mechanical sideways
deformations (buckling) acting on the tube with biased rotatiBitgi(e 1.5.(A))%. 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
obstructiony. In zebrafish embryos, dextral heart looping is controlled by a fiodapendent
mechanism, wich requires actin polymerization and myosin Il expreséioRay et al.
demonstrated that chicken myocardial cells are intrinsically chiral before and during the looping
of heart and displayed dominant clockwise rotation that sgultardiac looping. 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 \heyg)showing a
dextral gut looping, and recently found to exhibit planar cell polafiuie 1.5.(B) and (C)%°".

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 distnibaot E-cadherin and Myosin

ID®"%8 Together these studies indicate that intrinsic cellular chirality and biophysical forces during
vertebrate organogenesis regulate directional organ rotatiorriantation.

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 beeltealgang to determine the embryonic
origins of spleen asymmetry due to its position in the embryo and limited-spgaific markers.

The development of the spleen displays handgohaeetry during embryonic stages. Pattersbn
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al. found that homeobox gene Nk&2(marker for spleen precursor tissue Xienopusmbryos

was expressed on the left side of the embryo, and only the left side formed the matuf& spleen
Interestingly, this gene acts downstream of Nodal and Pitx2, and this could explain the asymmetric
mechanism for its developmé&htOn 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 morphog&dsishe fly, apoptosis
regulated the spdeand directional rotation of male genitalia, thus looping it around the hiféigut
Thus, Myosin31DF(Myo31DF) mutants not only exhibited reversed LR asymmetric development
in several organs, but also their male genital
its speed was impaired under reduced levelshfrcNterminal Kinase (JNK) signaling®10 A
thorough understanding of the internal and external factors that influence LR symmetry breaking
during developmat 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 organsSection 1.4will briefly describe the role ofissue polarization during LR
symmetry breaking in different model organisms wiSkction 1.5will detail how single and
multiple cells contribute to the LR alignment and orientation based on evidencenfratro

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 modifiedfigure®®. (B) Visualization of Drosophila embryonic hindgut during
twisting of the tube. The hindgut rotates counterclockwise andompletes its rotation in 2 hours. Adapted
and modified figure®”. (C) lllustration of hindgut before rotation with views described as L for left, R for
right, A for anterior, and P for posterior. Adapted and modified figure®”.
1.4 LR asymmetry at the tissue level
Polarity is a unique feate 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
polarizatiod®2 Polarity of individual and collectively migrating cells contribute to epithelial
structures that line organs such as the heart and Ki3ri&yTwo types of polarity describe tissue
polarization of epithelia cells: apiehhsal and planar cell polarity (PCHigure 1.6.(A)510€

The apicalbasal polarity of epithelial cells requires the presence of two plasma membrane
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domains: the apical membrane which faces the lumen (free hollow structure) while the basal
membrane contactie extracellular matrix, and connects to neighboring cells and to connective
tissué®. At the same time, cells can coordinftgher polarization along the tissue surface, on a
plane perpendicular to the apidmisal axis via PCP. The PCP signaling integrates global
orientation and directional cues distributed throughlogitepithelium, and adjacent cells interpret
these signals to finally translate this information into tissue poldfitute 1.9.(B)'%. The PCP
pathway was originally identified as the noanonical WNT pathway since its signaling cascade
isindeendent from the c a-nateniddepantentf®NT pat hway (b
The PCP signaling has been widely characterized in Drosophila embryos and recently in
some vertebrates. Drosophila has served as a genetic maghelexstand 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}®”11% These genes not only regulate the orientation of bristles, but also hairs and eyes in
the fly. Therefore, mutations to thesengs are associated with the wrong tissue polarization and
subsequently wrong organ asymmetritsMorphogenetic defects resulting from planar polarity
requires not only the participation of edPCP 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 tisst®. 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 axiduring gastrulation, neural tube and eye closure, orientation of ear sensory

cells and hair follicles in the skit. 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 patternthdy In principle, the core PCP genes that play a role in tissue
polarizationin 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 inuseaop
zebrafish!%. Studies with invertebrate and vertebrates support WNT signaling in somehow
activating PCP proteins, however, it is still unclear how upstream WNT gradients provide
directioral 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 gertés 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, Rkinase, and JNK signaling pathvg¥?. Although there are

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

The connection between PGRd 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), bu
also in some vertebrate LR®% The node, or LROs, contain hundreds of primary cilia that are
properly oriented and through cilia beating they direct leftward fluid flow, therebyiskialthe
LR axis of the embryo. Alterations to the fluid flow and to cilia structure results in ciliopathies or
LR patterning defects such Bardgiedl syndrome (BBS}. The emergence of PCR ihe node
not only requires asymmetric positioning of cilia among neighboring cells, but also a coordinated

alignment of polarized cefl§. 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 syStemisruption of certain BBS genes such as BBS1
and BBS alleles affect their interactions with Vangl2 (a PCP core gene), which leads to abnormal
PCP during embryonic CE in zebrafish embiy®sAnother example thassociate PCP with cilia
comes from another ciliopathy in mice and humans, known as nephronophthisis, particularly its
type Il gene inversin (Invs). This Invs gene has been identified in mice and its homologe is
Dgo'tt13 Studies with transfected mouse cells suggested that Invs stabilizes the signaling
between the canonical and rcainonical WNT pathways via direct Dvl interactions, which favors
the PCP signaling at high activity levels while at low activities prefersahenical WNT signals
leading to nephronophthisid113

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 densteanding the factors
that lead to LR symmetry breaking. The integratiomafivoandin vitro studies will significantly
contribute to our understanding of epithelial cell signaling and tissue morphogenesis during
PCP'". This would allow us to explore upstream or downstream PCP core genes during the
asymmetric distribution of PCP signals on uisgatterning, as previously shown with different
animal models and organs such as the heart and tHé Ge nexSection 1.5will briefly review

the role of cellular chirality in determining LR asymmetry wittvitro systems.
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Figure 1.6. Mechanisms of tissue polarity via PCP signaling pathwa (A). Schematic representation of
apical-basal polarity along a vertical axis and PCP along the orthogonal axis. Then, illustration shows the
Integration in a tubular structure. Adapted and modified figure'®®. (B) In Drosophila, the PCP pathway is
proposed as global signals regulated by gradients of morphogens (Ds= disheveled, Fj=Fminted, and

WNT), then these signals provide directional input (blue arrow) to core module that ter amplifies
subcellular asymmetries within the cell. The green dashed arrows show direct communication between
gradients and tissuespecific effectors without a core module. Adapted and modified figuré”.

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 shapcannot be superimposed on its mirror inffageecenin 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 orgahi$r@ellular chirality
has been observed at the multicellular and singlElevel with weltcontrolled microsystems that
utilize geometrical patterns and biomatebaked threglimensional (3D) approaches along with

different cell type®11°12L |n addition to these engineerbdsed 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 priting 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 LRO#. Previous works have utilized twimensional (2D)n vitro micropatterns to
confine cells onto weltlefined geometric shapes (e.g. rsttaped, linear stripes, single islands),
which change the local mechanical and biochemical microenvirohténtFor 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)'®"> By using an automated MATLABased algorithm, cellular chirality with
respect to the circumferential boundaries was identified as clockwise (CW) and counterclockwise
(CCw)e>119123 By ysing these 2D systems, the chirality of several cell lines was determined to
be phenotypepecific. For instance, C2C12 (mouse myoblasts) exhibited a dominant CCW
orientation while hUVECs (human umbilical vein endotHetills) displayed a significant CW
orientatiort®">119123 The cellular alignment observed was associated with cell polarization and
directional migration at the physical boundaries of the rings. Through dafization, different
cell lines were able to establish a consistent LR axis near to the physical boundaries of the rings.
The 2D ringshaped micropatterns showed that treatments with snaddicule actin inhibitors
reversed the chiral bias of CG@#éminantcell types while treatments with tubulin inhibitors did
not affect it® 5119123 Similarly, Singhet al. utilized these 2D micropatterns to grow C2C12 and
hUVECs onto them, then exposed them to shwgddled cabon 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 pattetti$?4 The loss of cellular chirajitresulted from disintegrated
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centrosomes and alterations in microtube structtir&¢ Another study by Worlegt al. grew
Madin-Darby canine kidney cells (MDCKSs) onto 2D linear strip micropatterns and reghgted
chiral bias could not be determined in the interior region of the stripes despite collective cell
migration and polarization on the boundariEg(re 1.7.(B)!1%122 Taken together these studies
indicate thacells 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 multicelular level. For instance, Chen 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 rightwardl gy migration across the
PEG regions (unbiased substrate) and exhibited a coordinated alignment at an anglelatizo
to interfacé!®!? The study proposed that accumulation of stress fibers and cpthldaity at the
interface were critical mechanical cues to break LR asymmetry based on loss of chiral alignment
in cells treated with Rh&inase inhibitiors®!?> On the other hand, Chat al. developed ain
vitro 3D graded hydrogel system to asses biased cell rotation of MDCK cells, hESCs, and chick
heart cells Figure 1.7(C)%>!1%121 This 3D cellular chirality system was developed to better
recapitulate the nativim 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 -axis across the hydrogel interface that allows for observation offhwitaneous
rotation (rotation categories: CW, CCW, no rotation, and complex rot&iofhe results
demonstrated that MDCK cells s@fganized into luminal microspheres and rotated with a
dominant CCW bid<° In addition, it was demonstrated that actin disruption with Latrundulin

at high dosages reversed MDCK rotational bias from CCW to CW diré&idinvo biomaterial
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based pproaches 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 onn vivo and in vitro evidences. A study by Danilchit al. showed thaXenopuseggs
have -Wesatsd or CCW chirality of the actin cyt
influence the LR directionality of the embry®'?’. 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 directionalt§ Another study by Xuwet al. examined the polarity and
chirality of blood neutrophilike differentiated cells, HL60 (DdHL60) cells, attached to
fibronectincovered coverslips and treated with uniform concentrations -MetfLeuPhe
(fMLP)*%8 In the study, single cells with fluorescently labeled nuclei and centrosomes determine
the relationship between their alignments. Single cells weredfdanextend pseudopodia
preferentially with a leftward bias alignment of the nucleus with respect to the centt&some
However, the disruption of key upstream elemehtS@C42, Par6, and aPKC resulted in loss of
polarity while activation of the WNT signaling pathway via GSiK3eversed polarityt®128
Recently, live cell imaging with algorittinased imaging analysis approaches aave identified
organelles to study cell chirality using 2D risjaped micropatteri§12%13% Another study
suggests that single cells exhibit chiral asymmetries that depemdactinin-l dynamics on
circular island$®%. The study demonstrated that human foreskin fibroblast cells patterned on
circular fibronectin islands exhibited a chiral setfjanization of the actin cytoskeleton with CCW
swirling'3:132 The swirling was mediated by actin polymerization of radial fibers via formin-(Rho
GTPase effectol}>31132 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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models$!®132 These studies are worthy of further investigation to better understand the role of
cytoskeleton elements with el organisms ania 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, amtrsisic
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.

anticlockwise clockwise

©)

2%
Matrigel

100%
Matrigel

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 ringshaped micropatterns present clockwise and
anticlockwise alignment of cells (nuclei in lwe dots; and centrosome in green dots). The confinement of
cells onto linear strips allows for their alignment and migration. Adapted and modified figuré'®. (C) 3D
biomaterial-based platform to measure spontaneauchiral rotation of single cells and multiple cells
encased in two layers of Matrigel of different stiffnesses. Adapted and modified figur#.
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1.6 A unified model for LR asymmetry

Through this introduction, an oveew of the most ground breaking vivo andin 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; trastssatl and
mechanosensing models; and disruption of cell migration, alignment, and polarity via signaling
molecules and its potential link to birth defects. However, tisedtep during the breaking of LR
symmetry in the embryo is one of the most debated topics in the field due to compelling agreements
and disagreemenfS. Some have agrdethat 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 studsghave also shown that some invertebrate (e.g., Drosophila and snails) orient their
LR axis with the actin cytoskeleton and associated molecular motors without prima#ritia

Recently a unified model for lefight 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 patterniti§ 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 maiittatheir LR-biase$*® The first model combines early ciliary flow
mechanisms by which LR asymmetry is initiated, amplified, and later the ciliary flow could serve
as a chkckpoint for correct expression of genes and organ morpholdgsd 1.8.(A)**3 The
second model proposes that individual embryos choose the mechanisms by whiwarth&y
initiate the LR axis orientation and patterniriggure 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 thergmlwvhile the other route with a low
probability uses chiral cytoskeleton mechani§fhd his second model has broader implications
since it points out the variability drnrobustness of developmental programs used by different
organism&®. However, debates are far beyond these models since there are additional steps and
signaling moleculg 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 determinesveade 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.

( A) further gene
initiation amplification amplification expression morphalogy
' Y A
chiral cytoskeleton, v SHT PCP iary flow asymmeiric morphogens, | r:‘zf;' . | OM@an
chromatid imprinting | | Yo chary calgium fons : b2 situs
A -
unidentified™ ™~
checkpoint?

A

| LAY 1
‘ Y,

nodal
lefty
pitx2
(B)
+ PCP )
P | imprinted chromatids P caytow [P
g "IN
pibc2 situs
chiral cyloskeleton || Vmerm, SHT, PCP >
+ - —)' ciliary flow
> | moptogem, [
asymmeiric
calcium ions

Figure 1.8. A unified model for LR asymmetry. This model consists of two models that describe the origir
and timing the of LR asymmetry pathways. (A) First model that describes amplification of early events
that combine ciliary flow mechanisms, corretgene expression and organ morphologies. (B) Second mod
details that there are two paths that can lead to proper organogenesis. Adapted and modified figtite
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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 plethostugfies that have utilized
vertebrate and invertebrate gyastrulating embryos to determine themgdex signaling
molecules implicated in the establishment of LR asymrffetiyowever, 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 thes reigkpregnant 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 harmitige life of the developing embris.

1.8 Overview

The aims of this thesis are to identify key signaling pathways that regulate icalitych
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 gmbic 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 expmssind 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 longerm 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
animalembryos is inapplicable to human developmé@imie use ofclinically relevant models
such as hESCas an alternativén vitro model to study the establishment of embryonic LR
asymmetrycould have the potential to identify complex signaling pathways likebived during
our own development. Alsahe urgent need tatroduce screening methodologieso examine
the effects of pharmaceutical drugs on embryonic LR asymmetry and their association with HLD.
The use ofn vitro engineeredbased systems that sgeally study LR asymmetry at the cellular
level is crucial to better understand our own embryonic development and pathéfsgidy
using the 3D selssembly chirality platform as a screening platform teatlly 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 aspectd) the use ofn 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 chiralt 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
understading 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 C ELL
SIGNALING PATHWAYS DISTURB THE CHIRAL BIAS OF

HUMAN EMBRYONIC STEM CELLS
2.1 Introduction

One of the essential aspects ofrigrbdr y(olgRe)n
asymmetry among differenthivateelt datyes.ym@et r bo
organs exhibit a consistent asymmet Eyrbobnsshap
patterning results in a .spRwerntirrugn ermb rlyaotgeernael sii

signaling pathways such as wingless ((BWNT), 1

Fibroblast Growth Factor (FGF), among oashers,
well as orgmanogenesi s
Devel opment al signaling pathways operate d

oo the embryo to regul.8bomecofetbeséubat hpaypse
response to concentdr agtrioovmt hg rf aactit eomrtss (aro r pehorgetn
di fferentiation and morphogenesi s. Gradient s

patterning and positioning of tissues and Vi s
poster idor-s@AP) al (DVvphta((@dTRRebti s a plethora

conservation of organ asymmetries and the sig
di ffeineatt &species, but mini mal i nformation 1is

LR asymmetry in humans

Portions of this chapter previously appeared as:
Rico-Varela, J. & Wan, L. QStudying human laterality disorders with vitro biomimetic systems. Poster
presentationKeystone Symposia Conference Organd Tissue®n-Chips Mountain Village MT, USA (2018).

Rico-Varela, J. & Wan, L. QMicroengineered platforms to study human laterality disorders. Podium presentation,
SACNAS National Conferencgan Antonio, TX, USA (2018).
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A major challenge in the field of LR patt

resmsi bl e for t he movement of cell s wi thin
mor phogenesis during our own devel opment. Th
i nformati oni i rsoinwy dpireesv,i obuust al so i mwyaant iagytmmen r

with engasecrptatforms that study L.R TBlsgamnet

pl atforms would significantly impact our Kknowl
i nt outslres ®wd | aterality disorders and possi bl
heart and stomach are | ooped via biomolecul ar
etuakd a microengineered pl atufloarrm ctha rdad manys trre
symmetry breaking during c.arTdhiaxc dtopgpy nagl s ;m rce

activation of the protein kinase C (PKE&€habkign:

of cardiacTheogowgstream transcription factor
has been found to control the curvature of th
epi tlhdleifa wall i n mic.e Rencde xtednyd, ppuydodelnddyrat o 5 e g L

of signaling pathways such as Nodal and WNT
specific difibeerteabmphes highlight the i mpo
systems and methodol ogies to Wi sbevearssbicomble
congenital abnormalities.

Al t hough there are |l imited studies on the
devel opmenthi s chapter exjmodbres | crhse ndarnbteviaét r of
establ i shment of LR asymmetry tbraosne dc Imondied asl.|
hypot hesi zed that specific signaling pathway

function could play aiengoffiemantyonotecehl tlhe
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stem cel l compound | ibrary with inhibitors of

t hrdeenensi-asaémbBleVyfchirdloi tdetphant fnter thrhal bi as

embryonic stem cells (hESCs). These cell s wer
identify signaling pathways involved in the 8
wor k i dentifi ed wsaeyvse r ail n calsugdoieniga nrgldoppt 6t ei n Kk |

gl ycogen synthase-bkhpadanus( &EKaype/ $GHENnal tra
transcription (JAKABEAITH, aandoWbimti al regul e

asymmetry.

2.2 Materials and Methods

2.2.1 Cell culture

Al | experiments in this chapter were perfo
RUES GFP/ RFP cl one , derived at the Renssel
core facility directednty rDrf.orBrBiigittetcen nforl dougiyn |
Studies (CBIS) at Rensselaer Polytechnic I nst
Rockefeller Unidveenrtsiiftiye df rhounmiache dirnbmtg d 3 z &t D on

procedur ersmewdi tdo nisnefnot f.r oTmh et hter achemaems ¢ cel |

components: the green fluorescent protein (GFI
nucl ei sbual weaFyPs iexpressed while RFP only gets
Cells were cultured and maintained in the RCS
medi a-CMJEFSuppl emented with ng/ mL offerbyasi c
four .dalylki s media for mihloatsieomywd 1 ep RCELRe & oir re
cell s wer eCand ®n300 at X mm tissue culture

Cat .-#. ) previously coated with-Quatlnifgeld Mad:
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Cat . #. ) at dilutions suggest e@dMband he
passaged approximately every five dabDyiss ptahsreoug
(STEMCELL technol ogi es, Cat . #. ) . After
di sh was gently rinsed with advanced DMEM/F

hESCs <col onies from the scuyr foafc et hoefs et hcee Idliss hwa
visual i nspection of their mod iprhend igyn a(ll ag rgae\
flattendd ker anomk @rhol ogy) and differmnpsi.ated c
Mont hly mycoplasma testing was performed by t

contaminated.

2.2.2 Three-dimensional selfassembly chirality platform

Before |l oading single RUES -ddFnkRe nRsHiPaanca b yceh i
assay, c etl 1 sa tweed ewiptrhe nNM of RodICIi fiBiebhil te@rk,c
S ), for two hours to enhance cell survival
of embedding single hESE€sfiwetdnn «t Matme gel b

% for bottomehagerthe IBdtitdem wenell lofglas®
Cat . #. ) was coated wEMat r& Medrhb rodne Mad rM

mL , Cat . # . “C fo) 15 animudes o satidifjb thet Mauligelalt the

meant i me, RUES G/ R cells were -EDmM4IlI €Gcbtb, p€&

# . ), and then s eceedlelds apnetra csnkedbogt de
(Fi gure). . Af (&) mi n u C,ehe cetisfattached; anth the mediamwas t
replaced with cold media containing % Matr.i

embedded betweentrai gel .biSiarygelre oHEMas spontane
directionality via the MdiregeiomecAfnercal Bbo

35



single hESCs within trmadlsecpullaet froegm | adtiofrfserveeirte

dogas f or hours prior i maging.
Z
A Aﬂ
Single hESCs
100% Matrigel
Layer
(B) Counterclockwise Rotation =~ Complex Rotation

Clockwise Rotation No Rotation

Figure Schematic reprediemé¢ensiasaslembélgechhraéeit)

view illustration of hESCs Bmbeddeld, wwbhch defi
i n tdhier ezct i on. (B) Top view of hESCs rotating
complex rotation, and no rotati

2.2.3 Small-molecule drug treatments

The drug treatmento®nim@ma tshiesn steldy samgeabaas:
(Sell eckchem, )Caaof. d¢i.f fLerent signaling pathway
function and differenti amoiloenc.ul Tehiisn hliibbrtarrys cao

functi onebfFsssemh -ABL ROWEtFa BCRSIKAK/ ST A Th: and

catenin signaling pabhwavse d@dhegseweral-ssmakh
assembly chirality platform to debéemiand t he
). Once RUES GFP/ RFP cl one cells were emb

hour s, cells were treatenb|lwirt { ndho ldag eni @M)od
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for hours. The concentr atsoorne @minmgge smawsdised

and mouse embryonic stem cell s.
Ti me | apse i magi g witmh ca oseyy®precevaBZ conduc
i mages taken every mi nutes. Then, FHiogurtd ons

.. (Bf)derducting the screening with the D chi
in the switching of hESCs chiral bias were id

not cause RUES GFP/ RFP ¢l oha&bl esc,alnlds tFordi e

control conditions, RUES GFP/ RFP cl one cel
without any drug treat ment. Before the drug
ROCK- (Y ) was evaluat eldi nd hEdHLes diod arscturiend

their default cHmod @lcubbieadrpumrgi amr etad mema Is|.

2.2.4 Analysis of threedimensional selfassembly chirality assay

Af ter hours of i ncubation withi mttelde D
resulting in twoeorcgeadnisz eodr inmmotroe stphhaetr csiedsf. The
observed to exhibit di fferent rotati onal beha

and-pliane rFatgaitrieon ..( T-pedamBé& r ot ati on was purel:’
spheroids whose -axitsatiis nclad okumids ¢ h(eCVWd) and c ol
the other hand, compl ex rotation was describe

undergo diintedtiingnalFoswthe tables that summar.

pat hways, al | contr ol groups of all i nhibitor
rotated in the different c-abay o elsayssti pragyweiso uosf|
rotating cells were acquired for at | east h «
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treat ment s.

t

O categori ze

The

their

rotati on

of

rotation

t hese

recti onal

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

Drug Signaling Pathway  Molecular Target Activator/ Concentrations
Inhibitor
Gandotinib
(LY2784544) JAK/STAT JAK2 Inhibitor 1, 3,10 uyM
AZD1480 JAK/STAT JAK2 Inhibitor 0.1,03,1, M
AZ960 JAK/STAT JAK2 Inhibitor 0.1, 0.3, IuM
TG101209 JAK/STAT JAK2, STATS, Inhibitor 0.1, 0.3, uM
STATS
Pacritinib JAK/STAT JAK2 and FLT3 Inhibitor 1, 3,10, 300™M
(SB1518)
AG-490 JAK/STAT JAK2 and EGFR Inhibitor 1, 3, 10, 30, 10M
(Tyrphostin
B42)
Tofacitinib (CR JAK/STAT JAK3 Inhibitor 1, 3, 10uM
690550) Citrate
Tofacitinib JAK/STAT JAK3 Inhibitor 1,3, 10uM
Momelotinib JAK/STAT JAK1 and JAK2 Inhibitor 0.1,0.3,1, M
(CYT387)
Barcitinib JAK/STAT JAK1 and JAK2 Inhibitor 0.1,0.3,1,3,1¢gM
(LY3009104)
Ruxolitinib JAK/STAT JAK 1 and JAK2 Inhibitor 0.1,03,1, M
S-Ruxolitinib JAK/STAT JAK 1 and JAK2 Inhibitor 0.1,0.3,1, M
Filgotinib JAK/STAT JAK1, JAK2, JAK3, Inhibitor 10, 30, 1000M
TYK2
XL019 JAK/STAT JAK1, JAK2, JAKS, Inhibitor 1, 3, 10uM
TYK2
SH-4-54 JAK/STAT STAT3 and STATS5 Inhibitor 0.1,03,1, M
Ho-3867 JAK/STAT STAT3 Inhibitor 0.1, 0.3, IuM
WHI-P154 JAK/STAT JAK3, EGFR, Src, Inhibitor 1, 3, 10uM
VEGFR, ABL,
MAPK
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Table 2.2. Listof smalk-mo | ecul e

d r u gGATENIN@amd GBMK\T sighaling pathways.

Drug Signaling Molecular Target Activator/ Concentrations
Pathway Inhibitor
iCRT3 WN T fcétenin b-catenini TCF4 Inhibitor 0.1,0.3,1,3,10,30,100
uM
FH535 WN T fcétenin b-catenin- TCF Inhibitor 0.1,0.3,1, 3, 10, 30 uM
ICG-001 WN T fcéitenin b-catenin- CBP Inhibitor 0.1,0.31uM
XAV -939 WN T fcéitenin Tankyrase/Axin Inhibitor 0.1,0.3,1, 3,10 uM
IWR-1-endo  WN T £cétitenin Tankyrase/Axin Inhibitor 0.1,0.3,1, 3, 10, 3aM
WIKI -4 WN T Lcétenin Tankyrase Inhibitor 0.1,0.3,1,3,1QuM
KY02111 WN T fcétenin APC Inhibitor 1, 3,10, 3QuM
IWP-2 WN T fcétenin Porcupine Inhibitor 1, 3, 10uM
LGK-974 WN T Lcétenin Porcupine Inhibitor 0.1, 0.3,1,3,1uM
WNT-C59 WN T £céitenin Porcupine Inhibitor 0.1,0.3,1,3,10,30,100
(C59) uM
BIO GSK-3 GSK-3 U an Inhibitor 1, 3, 10uM
CHIR99021 GSK-3 GSK-3 U an Inhibitor 0.1,0.3,1, 3, 1M
TWS119 GSK-3 GSK-3 b Inhibitor 1, 3, 10uM
IM-12 GSK-3 GSK-3 b Inhibitor 0.1,0.3,1, 3, 10, 3aM
WNT3A WN T fcéitenin LRP 5/6 Activator 1, 3,10, 3QuM
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Table 2.3. List of small-molecule drugs from ROCK, BCRABL, and TGF-b

pat hways.

Drug Signaling Pathway  Molecular Target Activator/ Concentrations
Inhibitor
Thiazovivin ROCK ROCK-I Inhibitor 0.1,0.3,1, M
GSK429286A ROCK ROCK-I Inhibitor 1, 3,10 uM
RKI-1447 ROCK ROCK-I Inhibitor 0.1 and 0.3uM
Y-27632 2HCI ROCK ROCK-1 & II Inhibitor 1,3,10 uM
Fasudil (HA ROCK ROCK-II Inhibitor 1,3,10 uM
1077) HCI
GNF-5 BCR-ABL ABL1 T315I Inhibitor 0.1,0.3,1,3,10,3pM
PD173955 BCR-ABL ABL Tyrosine Inhibitor 0.1, 0.3, uM
kinase
Galunisertib TGFb TGFb Rec: Inhibitor 1, 3,10, 30, 10¢M
(LY2157299) (ALK5)
Hesperetin TGFb TGFb Rec: Inhibitor 0.1, 0.3,1,3,10,30,100
(ALK5) UM
RepSox TGFb TGFb Rec: Inhibitor 0.1,0.3,1, 3, 1M
(ALK5)
GW788388 TGFb TGFb Rec Inhibitor 0.1,0.3,1, 3, 10, 3aM
(ALK 5)
2.2.5 Statistical analysis
To determine the dominance of CW versus CC\
the binomial cumul ative distribution function
R a. |l #k, |l icense) was wused. This function
success of two mutually exclusive outcomes o
outcomes are CW and CCW rotating cell snahewhi
i s %. Li kewi se, the MATLAB function was use
pl ane (CW and cCCcw) and cell s rotating i n o]
directionality):vaHaresboat h c asvestei awalnhsy mseirgendi fsi
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2.3 Results
This work examined whet hRRUES n tQF PvsRdePl tcd ol nue
or their handedness was dimotlwercudde umdcearbi t oe a
signaling @RESwayESFP/TREL|I cs$owere treated for
i nhi bitors after beaismsge mdbngygasehd rianitlye pl Bt el i

candi dates or hits that al ter the biased rota

2.3.1 hESCs exhibit no chiralbias in rotation

The default chiral bias of RUES2 GRP/RPI clone 2 cells was found to be approximately
even for CW and CCWHjgure 2.2.(A)and(C)). However, the number of cells rotating in plane
versus the number of cells rotating with complex and noiootaire shown to be statically
significant differentFigure 2.2.(B)and(C)). The pretreatment of low ¥27632 dosage (10nM)

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

(A) (B)

100 100

q 7 H Planar Rotation 1 No Rotation
z CW 7 CCW o
€ ",,,’ O Complex Rotation
) 0 80 - w 8o
[T = *
5 U s
0> 60 - P 60
o e =)
sSs 0]
e 3 t a0
S 3 :
o °
Q [ 1]
-9 a. 20
0
RUES2 GFP/RFP Cl2 RUES2 GFP/RFP Ci2
Cell e CW_CCW -value Planar Rotation No Rotation Complex Rotation _Total -value
RUES2 GFP/RFP Cl2 1106 1038 _ 0.0739 2144 373 693 3210 _1.66E-81

Figure 2.2. Rotational bias of untreated hESCs. (A) Summary of data showing the percentage of clockwis
(CW) and counterclockwise (CCW) untreated hESCs. (B) Percentage of planar rotation compared to othe
rotation categories (no rotation and complex rotéion). (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 pvalues. 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

Usi ng t haes s ebnbdegl fsyst em, we screened a |i6b
mo luedce i nhibitors of different signaling pathw
and potent inhibitors, which were examined at

were Gamomat a-be ,PKICGABRCR RBCKc,r et ase WBRACEGSK |

JAK/ STAT signaling pathways. Di fferent number
on hESCs <chiral bisaecrdcaesleeatase ¢ BAGEMNmMa and
did not affect hESES$ gahaemAhp p ebiidabsk eass As.hCGnpwnA .i n,
the other haROCK, pPABCR I theGFs, -o6SK AK/ STAThH and

CATENsiNgnaling pat hways affected hESCs rotatic

Figure 23.Su mma rryo toaft i on al b-malse ¢ olre commaluhds exan

assembly chirality platform. This pie chart il

exhibited clockwise and countercloakiveee hBEBEES
bi as.
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