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ABSTRACT
The non-canonical Wnt signaling pathway regulates the actin cytoskeleton
controlling cell migration, cell polarity, and cell survival. The protein Profilinl is
a downstream effector of the non-canonical Wnt pathway and directly binds to
actin to facilitate cytoskeleton rearrangement. Profilinl binds to monomeric actin
and brings it to the FH1 (Formin Homology 1) domain of Daam1. The
neighboring FH2 (Formin Homology 2) domain nucleates actin and caps the
growing end of the completed actin filament. It is currently unknown which
amino acids on Profilinl facilitate binding to Daam1 and actin in non-canonical
Whnt signaling. In this study, I identified two residues on the Xenopus protein
Profilinl- Tyrosine 131 and Serine 135- that play a role in non-canonical Wnt
signaling. In this study, | was able to show that non-canonical Wnt signaling leads
to the phosphorylation of Tyrosine 131. Mutating Tyrosine 131 to Alanine
(Tyr131Ala) causes a cytokinesis defect preventing gastrulation in Xenopus
embryos. Additionally, overexpression of PFN1-Tyr131Ala prevents Wnt5a-
mediated actin fiber formation and increases multinucleation in HeLa cells.
Mutating Serine 135 to Alanine (PFN1- Ser135Ala) lowers the binding affinity of
Profilinl to the FH1 domain of Daam1 but does not affect cytokinesis. The
evidence presented in this study suggests that Tyr131 regulates gastrulation, while
Ser135 plays a role in modulating binding of Profilinl to Daam1. Further research
into the molecular mechanism of regulation of Tyr131 and Ser135 in non-

canonical Wnt signaling would be a major step in uncovering the mechanism of



actin polymerization and a better understanding of cell signaling during vertebrate

gastrulation.
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CHAPTER 1

INTRODUCTION

1.1 Wnt signaling

Cell proliferation, polarity, motility, and lineage fate are regulated by a complex
combination of growth factor signal transduction pathways during vertebrate embryonic
development. Early studies in model systems identified and characterized various
signaling pathways that are involved in early development!. These pathways are
regulated by secreted ligands and are classified into five main classes: Wnt, fibroblast
growth factor (FGF), Notch, Hedgehog, and tumor growth factor/ bone morphogenic
protein (TGFB/BMPs). Wnt signaling is an evolutionarily conserved pathway and one of
the central signaling pathways required during early embryonic development. Defects
associated with dysregulation of Wnt signaling include defects in cell fate determination,
cell division, blastopore closure defects, neural tube closure defects, gastrulation defects,

and malformed heads?.

Wnt signaling can be separated into a canonical or Wnt/p-catenin—dependent
pathway and a non-canonical or 3-catenin independent pathway. The canonical pathway
regulates transcription of key developmental genes by regulating the amount of nuclear -
catenin. 3-catenin functions as a transcriptional co-activator. The non-canonical pathway

is crucial for the regulation of cell motility and polarity34.



Whnt proteins are glycoproteins, approximately 400 amino acids in length, and
contain an N-terminal signal peptide for secretion®. The term Wnt is a fusion of the name
of the Drosophila segment polarity gene wingless and the name of the vertebrate
homologue, integrated or int-1°. Humans contain 19 different Wnt ligands that lead to
activation of canonical Wnt signaling or non-canonical Wnt signaling’8. Most Wnt
ligands lead to activation of either canonical or non-canonical Wnt signaling. For
example, Wntl exclusively activates canonical Wnt signaling, while Wnt5a activates
non-canonical Wnt signaling®. Wnt3a, however, is an exception and can activate both

Wnt pathways?°.

Genetic analysis of the Drosophila Wnt-1 gene comprises much of the early
research into the role of Wnt signaling during development. Years of genetic study in
Drosophila and biochemistry in Xenopus have contributed to our understanding of the
molecular components and molecular mechanisms of the identified Wnt signaling
componentstt12, In Drosophila, B-catenin, known as Armadillo, was shown to be a
transcriptional co-activator of canonical Wnt signaling*®. Components of the Wnt
pathway, including B-catenin, are localized to the Spemann-Mangold organizer on the
dorsal side of the embryo*3. Transplanting a piece of the organizer from the upper lip of
the blastopore on the dorsal side to the ventral side of the embryos yielded a secondary
axis. Axis duplication assays were used to characterize the roles of different components

of the Wnt pathway in Xenopus laevis!4.



Injection of Wntl, Dishevelled (Dvl), B-catenin, dominant negative glycogen
synthase kinase B (GSK3p), or lymphoid enhancer-binding factor 1 (LEF1) mRNA into
the ventral side of the developing embryo induced double axis formation®®. The Wnt
signaling pathway in the cytoplasm of cells has been elucidated through rigorous genetic
and biochemical studies. A Wnt ligand binds to the Frizzled (Fz) receptor and (Low-
density-lipoprotein-related protein 5/6) LRP5/6, and a signal is transduced to the
cytoplasmic phosphoprotein Dvl. The Fz receptor is a seven-pass transmembrane protein
and shares structural homology with G-Protein Coupled Receptors (GPCR). All three
members of the Dvl family® have three conserved domains: the N-terminal Dishevelled
and Axin (DIX) domain, a central postsynaptic density protein/Drosophila disc large
tumor suppressor/zonula occludens-1 protein (PDZ) domain, and a carboxyl-terminal

Dishevelled/ Egl-10/Pleckstrin (DEP) domain16.17,

Dvl, the cytoplasmic protein most immediately downstream of the transmembrane
receptor/co-receptor complex, is important in both branches of Wnt signaling. The Wnt
signaling pathway branches out to either the canonical or non-canonical pathway
depending on where a protein binds to either the DIX or DEP domain on Dvl*8, While
most binding partners of Dvl bind to the PDZ domain, proteins that bind to the DIX
domain leads to activation of canonical Wnt signaling while proteins that bind to the DEP

domain leads to activation of non-canonical Wnt signaling?8.



1.2 Canonical Wnt Signaling

Cytoplasmic accumulation and subsequent translocation of -catenin into the
nucleus is the identifying characteristic of canonical Wnt signaling. The canonical Wnt
pathway was first identified from genetic screens in Drosophila. The fundamental
molecular framework was then laid out through extensive studies in Danio rerio,
Xenopus, Drosophila, and C. elegans?®. Co-receptors and interactions between Wnt
ligands and Fz receptors are necessary for transducing Wnt signaling. Low-density-
lipoprotein-related protein 5/6 (LRP5/6) acts as a co-receptor in canonical Wnt signaling
(Figure 1)72021, The Wnt signal is transduced downstream to Dvl after a Wnt ligand
binds to a receptor complex comprising of Fz and LRP5/6. B-catenin is primarily
localized to E-Cadherins on the plasma membrane at adherens junctions, where it
mediates cell-to-cell adhesion. B-catenin also exists in small concentrations in the
cytoplasm through the rearrangement of adherens junctions. This causes [3-catenin to
diffuse into the cytoplasm, where its levels are regulated and kept low by a destruction
complex [consisting of Axin, adenomatosis polyposis coli (APC), casein kinase 1a
(CK1a), and glycogen synthase kinase  (GSK3p)]. Wnt signaling inactivates the
destruction complex leading to cytoplasmic accumulation of f-catenin and subsequent
translocation into the nucleus. In the nucleus, p-catenin binds to TCF/LEF and displaces

the repressor, Groucho leading to transcription of Wnt genes?2-24,

Without an active Wnt signal, CK1a and GSK3[ regulate cytoplasmic p-catenin

levels by phosphorylating B-catenin, targeting it for ubiquitination and subsequent



degradation by the proteasome’25. In the presence of Wnt signaling, the cytosolic
APC/Axin/GSK3 complex localizes to the plasma membrane, preventing the degradation
of cytosolic B-catenin®®. When Wnt binds to Fz, LRP5/6 co-receptors induce the binding
of Dvl to Fz, leading to phosphorylation of LRP5/6 by CK1a and GSK3[ and the
recruitment of Axin 2627, These events lead to the degradation of B-catenin, allowing for
cytoplasmic accumulation and translocation of B-catenin into the nucleus. Custos, a
protein localized to the nuclear membrane, adds an additional layer of regulatory control
in canonical Wnt signaling by controlling the nuclear import of B-catenin®. Custos
blocks secondary axis induction by inhibiting the formation of the Spemann-Mangold
organizer on the dorsal side of the embryo. The canonical Wnt pathway is responsible for

cell proliferation and primary axis formation during development2°:30,

A OFF

LRP5/6

Frizzled

_— _
// Fc% \\ / Tc:r' \

l Wil responsive gene \ ’ Wt responsive gene \

Figure 1. Overview of the Canonical Wnt Signaling Pathway. (A). In the absence of a Wnt ligand, B-catenin
binds to Axin, GSK3, and CK1 forming a destruction complex. B-catenin is phosphorylated by CK1 and
subsequently, GSK3. Phosphorylated B-catenin is targeted for proteasomal degradation. (B). In the presence of a
Wnt ligand, Fz and LRP5/6 form a complex with Dvl. LRP5/6 is phosphorylated and recruits Axin away from the
destruction complex. This results in disruption of the destruction complex and accumulation of B-catenin and
nuclear translocation via Custos. -catenin interacts with TCF and mediates Wnt target genes (adopted from
MacDonald 2009).



1.3 Non-canonical Wnt signaling

The non-canonical Wnt pathway regulates ventral cell fate and mediates tissue
separation and cell movements during gastrulation. In Wnt/Ca?* signaling, a branch of
non-canonical Wnt signaling, Fz mediates the activation of Dvl by G-proteins. Dvl
activates phosphodiesterase (PDE), inhibiting PKy (Protein Kinase gamma), in turn
inhibiting the release of Ca2. Dvl activates (Inositol trisphosphate) IP3 through
(Phospholipase C) PLC, leading to the release of intracellular Ca?, thereby activating
(Ca?*/calmodulin-dependent protein kinase 1) CamKII and calcineurin3L. Calcineurin
activates NFAT (nuclear factor of activated T-cells) to regulate ventral cell fates.
Through PLC and PKC, DAG (diacylglycerol) activates cell division cycle 42 (CDC42)
to mediate tissue separation and cell movements during gastrulation. CamKI| activates
(TGFp-activated kinase) TAK1 and (Nemo-like kinase) NLK to antagonize [3-

catenin/TCF signaling®®:32,

The PCP pathway is the most studied non-canonical Wnt pathway and regulates
cell motility required for organogenesis. It coordinates the polarization of cells within a
single tissue or epithelial plane that is perpendicular to the apical-basal axis>33. This
branch of Wnt signaling regulates the actin cytoskeleton via the organization of polarized

structures such as those found in epithelial cells 34. In Xenopus and Danio, the PCP



pathway regulates cell polarity and movement of mesodermal cells during convergent
extension and neural tube closure during gastrulation#=35,

Apical
S g EEa \ it

Van Gogh Frizzled

r"'< ‘ Dishevelled
Prickle A -
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— Basal / B
<€ >
Distal Proximal

Figure 2. PCP core proteins in drosophila are asymmetrically localized. Frizzled, Dishevelled, and Diego
localize to the proximal side of the cell. Van Gogh and Prickle localize to the distal side. Flamingo localizes to
both ends of the cell?!

The PCP pathway was first identified from genetic studies in Drosophila, similar
to the canonical pathway 3*. Within vertebrate development, planar polarity functions at
three distinct levels. First, at the organismal and tissue level, a gradient of morphogens
coordinates morphogenetic movements, orients cell divisions, and organogenesis, and
establishes embryonic axes. Second, at the cellular level, the core components of the PCP

pathway mediate cell-to-cell communication by directing polarity in a single direction 3.

Some core components of non-canonical Wnt signaling include Fz, Van Gogh-

like (Vangl), Flamingo/Celsr, Dvl, Prickle (Pk), and an ankyrin-domain containing a



protein known as Diego or Diversin3’ (Figure 2). Lastly, at the subcellular level,
components of the non-canonical Wnt signaling pathway are first uniformly recruited to
the apical cell membrane and then asymmetrically distributed in polarized epithelia both
between and within cells®. For example, in Drosphila, Fz, Dvl, and Diego (Diversin
homolog) are localized at the proximal side; Van Gogh-like (Vangl) and Prickle (Pk) are
localized to the distal side of the cell; and Flamingo (Celsr homolog) is localized at both

the proximal and distal sides of the cell3&.

In non-canonical Wnt signaling, the role of LRP5/6 as a co-receptor is unclear
despite the Wnt signal being mediated through Fz in this pathway as well (Figure 3)7:3°
Other potential co-receptors for non-canonical Wnt signaling have been identified, such
as Ryk (Receptor Tyrosine Kinase)*?, ROR24142 (neurotrophic tyrosine kinase), and
PTK74 (protein tyrosine kinase 7). Ryk is a Wnt co-receptor that is activated for neurite
growth%%, ROR2 is a tyrosine receptor kinase that, when activated through Wnt signaling,
mediates filopodia formation for Wnt5a-mediated cell migration*l. The PDZ and DEP
domains of Dvl are necessary to activate two independent pathways, activating the small
GTPases Rho and Rac!8. The activation of Rho GTPase occurs through the binding of
Daam1 to the PDZ domain of DvI*. Activated Rho GTPase activates Rho-associated
kinase (ROCK) and Myosin, resulting in modifications and rearrangements to the actin

cytoskeleton#546, The DEP domain of Dvl is required to activate Rac GTPase, which in



turn activates JNK and plays an important role in regulating convergent extension

movements during vertebrate gastrulation®’.

Rac/
e

-
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Blastopore closure
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Neural tube closure

Figure 3. Schematic of non-canonical Wnt signaling pathway. When a Wnt ligand binds to Fzd, the signal is
transduced downstream to Dvl. Dvl then accumulates at the cell membrane. Dvl activates Rho through interaction
with Daam1 and activates Rac directly. The activation of Rho and Rac activates downstream targets that modulate
the actin cytoskeleton by affecting actin polymerization.

1.4 Vertebrate gastrulation and convergent extension

Before undergoing gastrulation, the embryo is known as a blastula. In Xenopus
and mammalian development, a blastula is a ball of cells (blastomeres) containing a fluid -
filled cavity, known as a blastocoel. In a blastula, the vegetal pole contains yolk cells and
the animal pole contains rapidly dividing cells. The vegetal pole nourishes the rapidly
dividing animal pole cells during development. At the beginning of gastrulation,

mesodermal and endodermal progenitors internalize or move into the blastula via the



blastopore (involution). During the epithelial-mesenchymal transition (EMT), epithelial
cells lose their polarity and transform into mesenchymal cells, which can later
differentiate into fibroblasts, smooth muscle cells, chondrocytes, and osteoblasts*.
Vegetal rotation is the driving force of involution and occurs within the first two hours of
gastrulation. This process distorts the endodermal vegetal cell mass and produces a

rotation in the marginal zone towards the blastocoel*°.

The hallmark of gastrulation is the establishment of the basic body plan and the
formation of the three primordial germ layers: the ectoderm, endoderm, and mesoderm
(Figure 4). Cell behaviors such as cell migration and cell polarity tightly regulate
gastrulation“®. Cells undergo tightly regulated polarization and rearrangement into new
spatial positions, enabling the establishment of a complex body plan. Cell movement, the
establishment of the anterior-posterior axis, and changes in cell fate are integral to
gastrulation, The process of gastrulation generates the ectoderm, endoderm, and
mesoderm®L, The ectoderm gives rise to the epithelial and neural tissues as well as hair
and nails. The endoderm gives rise to the gastrointestinal tract, respiratory tract, and the

endocrine, auditory, and urinary systems. Lastly, the mesoderm forms the connective
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tissues, the endothelium of blood vessels, red and white blood cells, microglia, kidneys,

and the heart®2.

Archenteron (future

Archenteron Blastocoel digestive tract) et

Blastocoel begins to form displaced

Animal pole Archenteron

Mesoderm 8 , Mesoderm
e - (notochord)

Dorsal lip of Dorsal lip of Dorsal lip of
Vegetal pole blastopore blastopore blastopore
Endoderm
Ventral lip of Yolk plug
blastopore

Figure 4. Gastrulation in Xenopus embryos. The blastocoel moves toward the animal pole in the blastula. The
formation of the blastopore at the dorsal side of the blastula signals the beginning of gastrulation. As cells
migrate through the blastopore, the blastocoel shrinks, and the archenteron begins to form. The archenteron
will form the digestive cavity. Along with the archenteron, the three primary germ layers form by the end of
gastrulation. Adapted from James Morris. Biology: How Life Works Fourth Edition MacMillan Publishing
2023.

At the beginning of involution, bottle cells, known for their distinctive, bottle-like
shape, are located on the surface of the archenteron. The activation of myosin Il causes
the network of F-actin and myosin to contract, leading to constriction at the apical end.
Apical constriction is required for gastrulation, neurulation, and organogenesis. Bottle
cells constrict around the large yolky cells in the vegetal endoderm and invaginate to
form the dorsal lip of the blastopore. Mesodermal precursors undergo involution under
the roof of the blastocoel. Cells in the outer layer simultaneously extend around the
embryo surface invoking a process known as epiboly. As the embryo undergoes
gastrulation, a cavity known as the archenteron forms while the blastocoel contracts.
Surrounded by endodermal tissue, the archenteron will form the primitive gut. In this

stage, the cells in the inner layer of the roof of the cavity originated from outside of the

11



embryo. The ventral lip of the blastopore forms when bottle cells and other surface cells

migrate into the embryo.

The cellular mechanisms involved in gastrulation are common to all animals.
During gastrulation, cells undergo changes in cell shape, motility, and adhesion. There
are several types of movements involved in gastrulation: invagination, ingression,
involution, epiboly, intercalation, and convergent extension (Figure 5)%3. Invagination is
the process in which a sheet of epithelial cells bends inwards and forms a pocket.
Ingression occurs when cells migrate from the epithelial sheet into mesenchymal cells.
Involution is an inward movement of cells to form an underlying layer. Epiboly occurs
when a sheet of cells spreads thinner. During intercalation, two or more rows of cells
move between and create a longer but thinner series of cells. Convergent extension is the

directional intercalation of cells®4.

Convergent extension is one of the main driving forces of vertebrate gastrulation
and consists of two separate movements: convergence and extension. During convergent

extension, mesodermal cells intercalate between neighboring cells while migrating

12



toward the future dorsal side of the embryo. This results in a narrowing of the dorsal-

ventral axis (convergence) and a lengthening of the anterior-posterior axis (extension)?6.

‘Invagination
SUDDDDOON
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Figure 5. Morphogenetic cell movements during gastrulation. Cells employ different types of morphogenetic
movements to achieve their objectives during gastrulation 40

Convergent extension is not only a driving factor in gastrulation but also is
involved in later morphogenetic movements, such as neural tube closure®. Convergent
extension movements during vertebrate gastrulation and neurulation require the non-
canonical Wnt pathway. Dvl controls the stability and polarity of lamellipodial

protrusions that drive convergent extension®6.
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1.5 Neural tube closure

After gastrulation, the embryo forms its neural tube through a process known as
neurulation. Neurulation in vertebrates involves a very precise set of orchestrated
morphogenetic movements within the neural plate and the neighboring cells. A flat sheet
of neuroepithelial cells, the neural plate, arises from the dorsal side of the blastoderm
toward the end of gastrulation and forms the neural tube>”-8, There are four steps to
neurulation (Figure 6)°°. First, the thickening of the ectoderm on the dorsal surface of the
embryo forms the neural plate at the end of gastrulation®®. Second, neuroepithelial cells
are cuboidal in shape before neurulation, then become more columnar by elongating
along the apical-basal axis®’. The bending of the neural plate is the third step of

neurulation.

A Colufmnar t?iclkening Elevation of
of neural plate \

neural folds

Bending of
neural plate

Medial movement Medial movement D

C of neural folds A of epidermis Neural fold fusion

Pi

Convergent extension
of neural plate and tube

Figure 6. Morphogenetic cell movements during neurulation. Many types of cell movements and changes to
cell shape are involved in neural tube closure. Panels A-D show changes in cell shape and cell movements
associated with neurulation !
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Neuroepithelial cells undergo apical constriction while the underlying
mesodermal cells undergo convergent extension. The columnar cells undergo constriction
at their apices to adopt a bottle-like shape. Columnar cells in the neural plate undergo
apical constriction resulting in conversion to wedge-shaped cells and the bending of the
neural epithelium®5758_In addition to apical constriction, the mesoderm undergoes

convergent extension to push neural folds toward the midline®®. During the fourth step of

neurulation, the neural folds undergo fusion of epithelial tissue, forming the neural tube!8,

The best supported hypothesis for the mechanism of apical constriction in the
neural plate is the meshwork of F-actin and myosin located underneath the plasma

membrane of neuroepithelial cells (Figure 7)%1:62, In addition to its role in neural tube
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closure, apical constriction occurs also in the removal of apoptotic cells and wound

repair6s-66,

VaY

[F==f]

Figure 7. Apical constriction occurs during different cellular processes. Apical constriction is vital in many
instances of cell motility in development. (A) During gastrulation and neurulation, tissue folding occurs. (B)
Individual cells ingress EMT. (C) Embryonic tissue heals and seals off during wound healing by undergoing
apical constriction 4!

Mediolateral cell intercalation drives convergent extension in the neural plate.
The neural cells migrate along the mediolateral axis by projecting lamellipodia to one
another resulting in a thinner and longer neural tube 7. Neural tube closure and
convergent extension both require non-canonical Wnt signaling. Dysfunction of non-

canonical Wnt signaling causes failures in both processes®#.

Xenopus laevis is an ideal model organism to study the protein function of non-

canonical Wnt signaling components because of the abundance of proteins in the
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relatively large embryo, compared to other model systems such as zebrafish or
Drosophila which have much smaller embryos. They are easy to maintain and produce
large numbers of eggs year-round. The injection of chorionic gonadotropin allows the
production of eggs by a female frog to be controlled by the researcher Xenopus embryos
develop to the tadpole stage in about two days, allowing for quick experimental turnover
and visualization of the effects of experimental interventions (Figure 8). Lastly, the
development of Xenopus more closely mimics human development, as compared to C.
elegans and Drosophila. This makes Xenopus an attractive model for investigating early
developmental defects in humans. Using Xenopus laevis, researchers were able to
identify the function of proteins within non-canonical Wnt signaling. Crucially,
biochemical studies were able to link actin-nucleating proteins, known as Formins, to

non-canonical Wnt signaling*.
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1.6 Formins and Rho GTPases

Formins are evolutionarily conserved and are potent actin nucleating proteins
(ANP)%8 | Formins control the rearrangement of the actin cytoskeleton and regulate
cytokinesis and cell polarity®®. The mammalian genome contains more than 15 Formin
genes that can be grouped into eight different subcategories: Formins; Diaphonous
formins (Dia); the Dvl-associated activators of morphogenesis (DAAM); inverted
Formins (INF); Delphilin; the formin homology domain-containing protein (FHOD);

Formin Formin-like proteins (FMNL); and WH2 domain containing Formin?°,

tadpole

S

\Pre

‘@\ 5‘ blastula

Late tallbud

12 hr

tailbud

gastrula
neurula

Figure 8. Xenopus laevis life cycle. Stages of embryonic development and time required between stages in
Xenopus laevis. (Xenbase)

18



Formins are large (120-200 kDa) proteins containing multiple functional domains.

Most Formins contain the Formin homology 1 (FH1) and Formin homology 2 (FH2)
domains. The FH2 domain contains approximately 400 amino acids and is the actin
nucleating domain of Formins. The structure of the FH2 domains in human Daam1,
mouse mDial, and yeast analog Bnilp were identified by crystallography. FH2 exists as
a dimer and must be dimerized with itself to be active’>"* (Figure 9). Loss of the ability
to form dimers results in an inactive FH2 domain’. Located near the FH2 domain is the

proline-rich FH1 domain. Some Formins contain a less conserved domain known as the

diaphanous inhibitory domain (DID) located at the N-terminus within the GBD domain?2.

Also located in the N-terminus is the Rho GTPase binding domain (GBD). Formins that

contain a GBD domain can be activated by the Rho family of GTPases’374. Diaphanous-
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related Formins (DRF) contain Dia, Daam1, and Formin-related (FRL) subcategories and

are direct effectors of Rho GTPase’>.

GDP
Rho
GAP GEF
GTP
Rho _Activation Autoinhibition
GBD DID DD cC FH1 FH2 DAD
T —— L —————

— —— L ———————
mDiat 73 130 377 452 570 736 1175 1200

Bnit f 1350 1 1760

Figure 9. Schematic of activation of Formins. Formins are autoinhibited by intramolecular forces between the
DAD and DID domains. Autoinhibition is released when GTP-bound Rho binds to the GBD domain. Actin bound
Profilin 1 interacts with the FH1 domain to accelerate filament elongation. Actin binds to the FH2, which then
nucleates actin to barbed end of the growing actin filament 7>

All Formins exist in auto-inhibited states. All formins contain a DID on the N-
terminus that binds to the diaphanous auto-regulatory domain (DAD) on the C-terminus,
thereby auto-inhibiting the formin. The interaction between the DID and DAD domains is
broken by Rho GTPase, thereby opening the FH1 and FH2 domains to actin binding and
nucleation, respectively” 7677, Removing either the DID or the DAD domain results in a

constitutively active Formin?3.78.79,
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The Rho family of GTPases is classified under the superfamily, Ras-related
GTPases. They function in nearly every cellular process. Rho GTPases act as bi-
molecular switches that alternate between an active GTP-bound and an inactive GDP-
bound states (Figure 10)%. Guanine exchange factors (GEFs) activate Rho GTPases on
the plasma membrane by catalyzing the exchange of GDP for GTP. GTPase-activating
protein (GAPs) inactivate Rho GTPases by increasing GTP hydrolysis to GDP. Lastly,
guanine nucleotide-dissociation inhibitors (GDIs) sequester Rho GTPases in their GDP-
bound form and modulate their cellular localization®:. Over 80 GEFs and 70 GAPs have
been reported in mammals, which suggests that regulation of Rho GTPases is highly

complex and influenced by many signaling pathways®.
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Figure 10. Mechanism of cycling of Rho GTPases. GDP bound Rho GTPase is the inactive form whereas GTP
bound is the active form. The GDP-GTP cycle is tightly regulated by GEFS, GAPs, and GDIs. In the absence of a
signal, GDIs maintain Rho GTPases in their inactive state. In the presence of an intracellular or extracellular
signal, Rho GTPase is released from its inhibitory complex (1) and localize to the plasma membrane (2). Rho
GTPase is activated by GEFs (3), enabling downstream effectors. Once the signal is removed, Rho GTPase are
inactivated by GAPs (4), and stabilized and maintained by GDIs (5) 142
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RhoA, Rac, and Cdc42 are the best studied Rho GTPase family members.
Activation of Rho-associated kinase (ROCK) by RhoA leads to phosphorylation and
inactivation of myosin light chain phosphatase and activation of myosin 1182, Interaction
between RhoA and a Formin promotes actin fiber formation and actin-myosin contractile
filaments’3. Rac1 releases WASP-family Verprolin homologous protein (WAVE) from
an inhibitory complex and allows for activation of Arp2/3. This leads to branched actin
filament growth around the plasma membrane and lamellipodia formation82, Lastly,
Cdc42 stimulates filopodia and activates Arp2/3 through direct interaction with Neural

Wiskott-Aldrich protein (N-WASP)84,

Whereas the types of Formins and their respective functions might vary between
organisms and even cell types within organisms, all Formins influence the actin
cytoskeleton”®. Nucleation of actin structures becomes kinetically favorable in the
presence of nucleating factors®. Formins enable the assembly of actin fibers by binding
to proteins that carry actin, such as Profilin, to accelerate the elongation of the filament®®.
The FH1 and FH2 domains mediate interactions between Formins, actin, and the actin-
binding protein (Figure 11). The FH1 domain allows actin binding proteins, such as
Profilin carrying G-actin, to anchor to the Formin. The FH2 domain nucleates the nearby

G-actin molecule to the actin fiber. Formins have been shown to nucleate actin during
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mitosis, embryonic development, meiosis, vesicular trafficking, and cell polarity

maintenance’2.
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Figure 11. Organization of domains of Formins. The crystal structure depicts the DID domain, coiled coiled
region in the N-terminus, FH2 domain in the middle of the protein, and the DAD in the C-terminus. The
dimerization of FH2 is essential for the function of Formins. The FH2 domain alternates binding between itself

and an actin subunit 43

Formins trigger cellular motility and shape changes by modulating the actin
cytoskeleton. Formins accomplish this feat by acting as downstream effectors of signal
inputs and signaling through proteins containing Src Homology 3 (SH3) domains, such as
Src kinase*286, Formins have a wide variety of cellular functions, but their roles in
embryonic development are less characterized. Knockdown and knockout studies have
been crucial in characterizing the role of Formins in early embryonic development.
mDial, the most studied Formin, shows no effect on embryonic survivability or

morphology but affects the ability of T-cells to migrate and adhere correctly (Figure 12).
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Aging mDial-deficient mice show myeloproliferative defects®’-8. Forminl-deficient
mice exhibit limb deformities attributable to improper BMP signaling, whereas Formin2-
deficient mice survive into adulthood but exhibit age-dependent learning disabilities and

are infertile91,
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Figure 12. Model of Diaphanous Related Formins depicting their cellular function and localization. Formins
are involved in the formation of filopodia and lamellipodia, stabilization of actin stress fibers, interaction of
cytoskeletal structures, vesicle formation and trafficking 43

Named after its binding partner in Wnt/PCP signaling, Daam1 plays a crucial role
in gastrulation in Xenopus*. Daam1 exists in an auto-inhibited state because of the DID
and DAD domains binding but is activated when the PDZ domain of Dvl binds to the
DAD domain of Daam17°. Once activated, Daam1 activates RhoA, leading to actin
polymerization**79, In Zebrafish, knockdown of Daam1 results in brain asymmetry and

lower neutrophil counts®. Lastly, Daam1-deficient mice demonstrate severe phenotypes.
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They exhibit reduced fetal size, incorrect cytoskeletal structures, cardiac defects, and

neonatal lethality®:.

Daam2 (Dishevelled-associated-activator of morphogenesis 2) was first identified
in chickens from a screen to identify Daam1 homologs®*. Daam2 shares much domain
homology with Daam1. Their GPD, FH1, FH2, and DAD domains share 77%, 64%,
66%, and 96% homology, respectively®. Like other Formins, Daam2 nucleates actin
through its FH1 and FH2 domains. In Wnt signaling, Daam 2 binds to Dvl and is auto
inhibited through the self-association of its DAD and DID domains. Daam2 localizes to
actin fibers and regulates neural tube closure in early development. Daam 2 does not
affect the formation of skeletal muscle nor does affect convergent extension!. Daam2 is
not nearly as well studied as Daam1, but more recent studies link the former to heart and
placental development®:9, The cascade of proteins activated by Whnt signaling that leads

to the activation of Daam?2 to affect the actin cytoskeleton requires further research.
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Intermediate filaments

Microtubules

Figure 13. Different types of filamentous systems. Intermediate filaments are depicted in green, microtubules
originating from centromeres in purple, and actin filaments are depicted in blue. All three filamentous systems
function together '44

1.7 Actin cytoskeleton and cell migration

Eukaryotic cytoskeletons are comprised of filamentous proteins to maintain cell
rigidity and internal organization, and to carry out essential cellular functions such as cell
division and movement. Animal cell cytoskeletons consist of microtubules, intermediate
filaments, and actin microfilaments (Figure 13). Microtubules radiate from centrosomes
to provide support for the cytoplasm and facilitate protein transport®’. The strongest yet
least dynamic fiber is the intermediary filament, which provides mechanical strength to
cells and tissue®’. Lastly, the highly dynamic actin cytoskeleton consists of actin

microfilaments and many actin-binding and associated proteins. The actin cytoskeleton
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undergoes complex reorganization to facilitate organelle positioning, cell movement and

division, vesicular trafficking, and muscle contractility®®.

Actin is a highly conserved and abundant protein 42 kDa in mass. It participates
in more protein-protein interactions than any other known protein and is necessary for
eukaryotic cell survival®®1%, It exists as either free monomeric globular actin (G-actin) or
as part of a linear polymer microfilament, known as filamentous actin (F-actin). G-actin
and F-actin exist in a state of transitional equilibrium via ATP hydrolysis (Figure 14).
Actin binds to and is under the control of many ABPs. Nucleotide hydrolysis by F-actin
is one of the primary factors regulating the transition between G-actin and F-actin. In
vitro, actin monomers join the fast-growing barbed (+) end of the filament in the ATP

state. Hydrolysis then takes place in the filament, and ADP-actin monomers dissociate
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faster from the pointed (-) end. The addition and removal of actin monomers are known

as actin filament treadmilling and are regulated by ABPs192,
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Figure 14. Regulation of actin treadmilling. (1) ADF binds to the pointed (-) end to increase depolymerization

as well as the concentration of monomeric actin. (2) Profilin increases the rate of exchange of ADP to ATP actin,

which increases the rate of actin polymerization. (3) Capping proteins bind to the the barbed (+) end and block
additional actin polymerization. !0

Polymerization of actin can be triggered in a variety of ways, including increasing
the rate of addition of G-actin to the barbed end, nucleation of new filaments, and
slowing depolymerization’®. Because actin nucleation is not spontaneous, certain proteins
are required to overcome this kinetic barrier. These factors include the Arp2/3 complex
and its associated proteins, the Formins, and the WH2 (WASP-homology domain 2)—
containing nucleators (Figure 15)85 102-104 |n addition to nucleating factors, proteins such
as Profilin regulate intracellular concentrations of monomeric actin. Profilin is a key

exchange factor that regulates the conversion of ADP-bound actin to active ATP-bound



actin. It also aids in actin polymerization and prevents incorrect polymerization by
sterically hindering the addition of monomers to the barbed end 95106, The importance of
Profilin in early embryonic development and adult cell processes is discussed in more

depth in the next section.
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Figure 15. Linear and branched actin polymerization require different actin binding proteins. (A) N-WASP
carries an actin monomer to the Arp2/3 complex which nucleates new actin filaments from the side of existing
actin chains at approximately a 70° angle. (B) Profilin carrying an actin monomer binds to an FH1 domain on a
Formin protein. The FH2 domain binds to the actin monomer and elongates the actin filament at the barbed end of
linear actin filaments 43
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Cell migration is vital for morphogenetic processes such as gastrulation and
neurulation in embryogenesis!?”.198_Cell migration requires generating protrusions known
as lamellipodia and filopodia to create the required force to migrate (Figure 16). Cells
form new adhesions and retract their lagging edges to inch forward toward their intended
locations!®. Formed by the Arp2/3 complex, lamellipodia are composed of a dense
network of short, branched actin fibers®>11%, Conversely, filopodia are temporary, thin,
hair-like protrusions composed of parallel actin fibersi1l, Whereas filopodia direct cell
migration based on sensory cues from the environment such as food or a toxin,

lamellipodia remain constant on the cell surface!!2,
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Figure 16. Types of actin structures in cells. (A) The formation of the three types of actin structures (stress
fibers, filopodium, and lamellipodium) is crucial for proper tissue organization. Stress fibers are formed when
individual actin filaments and myosin-II bind and span the length of the cell. Stress fibers are anchored by focal
adhesions. Lamellipodium are formed when actin bundling occurs at the cell’s leading. Filopodium are long,
linear projections of actin filaments. (B) Actin bundling that creates lamellipodium form large net-like structures
to promote cellular motility %3
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1.8 Previous studies on Profilin

There are four identified Profilin genes reported to date. Profilinl (PFN1) is
expressed ubiquitously in humans and mice, whereas the other isoforms are tissue
specific. Profilin 2 (PFN2) is brain-specific and required for early neuronal
development!3, Profilin 3 (PFN3) is expressed in the testis, kidney, and in developing
spermatids!?4. Profilin 3 and Profilin 4 (PFN4) show only about a 30% amino acid
conservation to the much more heavily conserved Profilinl and Profilin 2. This suggests
that PFN3 and PFN4 are more evolutionary divergent from the much older PFN1 and
PFN2 genes 115, All Profilins are 15-kDa, structurally conserved proteins containing
seven B-sheets and four a-helices!!>116, In addition to their many kinase and phosphatase
binding partners, Profilins bind to two other types of ligands: actin and proteins

containing proline repeat motifs (PLP).

PFN1 has a five-fold higher affinity for actin than PFN217. PEN1 enables
eukaryotic cells to undergo actin cytoskeletal reorganization in a coordinated manner!e,
PFN1 accomplishes its cellular functions by maintaining a pool of ATP-bound G-actin
for polymerization and delivering it to actin nucleating proteins'’®. Interactions between
Profilin and its many binding proteins dictate the type of F-actin network formed (linear
or branched) and the development of different cellular projections (lamellipodia,

filopodia). Ultimately, these intricate series of events will direct cell motility20.
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PFN1 sequesters ATP-bound G-actin for polymerization by accelerating the
exchange of ADP to ATP 1000-fold*?%, PFN1 carrying an ATP-bound actin monomer
interacts with the fast growing, barbed end (+) of the actin filament to release the actin
monomer, adding it to the filament. Due to the ATPase activity of actin, the ATP bound
to the actin molecule is hydrolyzed into ADP in the older sections of the filament. This

releases ADP bound actin from the pointed (-) end by depolymerization!??.

PFNL1 is required for cytokinesis during embryogenesis. Despite the cellular
importance of PFN1 and a plethora of in vitro data, its role in development is less
understood. A genetic knockout of Profilinl in mice is embryonically lethal due to the
inability of dividing cells to undergo cytokinesis!!3. In Drosophila, the Chickadee gene
encodes Profilinl. Genomic deletions of the Chickadee locus result in embryonic lethality
after the maternal deposition of PFN1 mRNA is exhausted!?3, In addition, binucleated
cells, stalled cell migration, abnormal regulation of mitosis, and improper actin filament
formation were detected in Drosophilal23. In Xenopus, either overexpression or depletion
of PFNL1 results in the inhibition of blastopore closure, but tissue separation, convergent

extension, and neural tube closure remain unaffected 124

Poly-L Proline (PLP) sites are strings of three or more proline residues that were
shown to mediate binding to actin, Profilin, and the Src homology 3 domain!?5>127, Many
proteins contain PLP sites, but two of the most studied families are the
enabled/vasodilator-stimulated phosphoproteins (Ena/VASPSs) and the Formins?7:93.128,

Ena/VASP localizes to the plasma membrane and through its interaction with PFN1,
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forms branched networks of actin filaments to modulate filopodia formation and cell-to-

cell adhesions129.130,

PFN1 binds to Formins at the PLP region between the FH1 and FH2 domains’’.
Profilinl is a component of non-canonical Wnt signaling that co-localizes with Daam1 to
actin fibers in response to Wnt stimulation. The kinases that regulate Profilinl during
cytoskeletal rearrangement via Daam1 during embryogenesis and in adult organisms
remain unknown. However, several studies identify both serine and tyrosine kinases that
phosphorylate Profilin on its C-terminus!31.132, The residues that enable the binding of

PFN1 to PLP sites have not yet been elucidated.

Tyrosine 129 (Tyr) and Serine 137 (Ser) are two residues that appear to regulate
the function of HPFNL. In vitro assays show Src kinase phosphorylates Tyr129 under
VEGF-A treatment in mice endothelial cells32. A conditional mouse mutant expressing
Tyr129Phe shows severely decreased angiogenesis and greatly delayed wound closure,
suggesting phosphorylation of Tyr129 is critical for cell motility and proliferation®2,
Hyperphosphorylation of Tyr129 correlates with increased tumor aggressiveness in
glioblastoma®®3, ROCK phosphorylates Ser137 and is dephosphorylated by protein
phosphatase 1 (PP1)131.134 Dysregulation of Ser137 does not impact PFN1’s ability to
bind to actin but may interfere with PFN1’s ability to bind to PLP sites!3%. Moreover,
phosphorylation of Ser137 shows an increase in tumorigenesis, suggesting it may play a

role in regulating mitosis.
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Dysregulation of Profilin has been implicated in several disease pathogeneses,
ranging from solid tumor cancers to amyotrophic lateral sclerosis (ALS)15,
Overexpression of Profilinl is associated with increased aggressiveness of breast and
renal carcinoma'36:13’, Moreover, due to its many binding partners, there is a high
possibility of crosstalk between signaling pathways, adding an extra layer of complexity.
In non-canonical Wnt signaling, for example, it is unknown which residues on Profilinl
facilitate interaction with Daam1. Even though Src and ROCK kinase phosphorylate
Tyr129 and Ser137 respectively, the ANPs that interact with Profilin through these
residues are unknown and individual residues functions have not been elucidated. The
residues that facilitate Profilin1’s function as a downstream effector of non-canonical
Whnt signaling and its crucial role in early embryonic development are also unknown.
Tyr129 and Ser137 are highly conserved in humans, mice, Xenopus, and chickens. In
Xenopus, they correspond to Tyr131 and Ser135 (Figure 17). As yet, no research has
been published on the roles of Tyr131 and Ser135 in Xenopus Profilinl despite their
conservation with Tyr129 and Ser137. Identifying whether Tyr131 and Ser135 confer the
function of Profilinl in non-canonical Wnt signaling would be an important step forward

in understanding and controlling actin filament assembly.
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Figure 17. Amino acid allgnment of human and Xenopus PFNL1.
Alignment of human and Xenopus Profilinl shows a high degree of
conservation at the C-terminus. Properties of amino acids are characterized
by color. Red: small hydrophobic and aromatic. Blue: acidic. Pink: basic.
Green: hydroxyl, sulfhydryl, amine. The amino acid composition of the
binding domain of HPFN1 is similar XPFN1. Ser138 is conserved in human
and Xenopus and while Tyr131 on XPFNL1 is putative to Tyr129.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Tissue culture and transfection

HEK293T and HeLa cell lines (ATCC) were grown in DMEM, high glucose,
GlutaMAX supplement (Life Technologies); 10% fetal bovine serum (FBS; Fisher
Scientific); and 1% penicillin-streptomycin (ThermoFisher) and split every 2-3 days to
40-50% confluency. Cells were cultured in 10cm tissue culture dishes (VWR). Cells were
grown in 6-well tissue culture dishes (VWR) and transfected with appropriate plasmid(s)

using Polyfect (Qiagen).
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2.2 Generation of Profilin mutant plasmids

GFP-Profilinl previously cloned into the CS2+ vector was used as template and

mutated with QuikChange XL2 (Agilent) using the following sets of primers from IDT:

Plasmid Forward Primer 5°to 3 Reverse Primer 5°to 3°
Name
GFP-P1 TACCTGAGATGTGCAGGCTACTGACTCGA AGGCTCGAGTCAGTAGCCTGCACATC
S135A GCCT TCAGGTA
GFP-P1 TACCTGAGATGTGAGGGCTACTGACTCGA AGGCTCGAGTCAGTAGCCCTCACATC
S135E TCAGGTA
GCCT
GFP-P1 GACATGGGCAAGGCCCTGAGATGTTCT AGAACATCTCAGGGCCTTGCCCATGT
C
Y131A
GFP-P1 GACATGGGCAAGGCCCTGAGATGTGCA TGCACATCTCAGGGCCTTGCCCATGTC
Y131A;
S135A

Table 1. Primers used for generation of Profilin Mutants

2.3 Co-IP

HEK?293T (ATCC) cells were seeded 24 hours before transfection at a density of

6x10° cells. The cells were co-transfected with 2ug of each plasmid. After 48 hours, cells

were treated with 50ng/mL Wnt5a (R&D Sciences) for 1 hour. Cells were then collected

in PBS and lysed in 1% NP-40 lysis buffer (50 mM Tris-HCI pH 8.0, 150mM NaCl, 1%

NP-40) containing Complete Mini Protease Inhibitor Cocktail (Sigma Millipore).

Samples were poured over a 50ul bed of Protein A agarose beads coupled to either Myc
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or GFP antibodies and incubated for 1 hr at 4*C. The beads were then washed 5x with
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RIPA buffer (150mM NaCl, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 50mM
Tris pH 7.4). 50ul of loading buffer containing 2-mercaptoethanol (BME) was then added

to each sample and incubated for 5 mins at 95*C before Western Blotting.

Pulldowns were tested by Western Blotting. Samples were run on 12% SDS-
PAGE gel and transferred onto nitrocellulose membranes (Biorad). Membranes were
washed with 3x for 5 mins in TBST (20mM Tris, 150mM NaCl and Tween 20 0.1%
wi/v), then blocked for 1 hour in 5% BSA in TBST (Fisher Scientific). The antibodies
used were anti-c myc 9E10 (Santa Cruz), anti GFP (Abcam), Goat Anti-Mouse 1gG HRP
(Abcam), and Goat Anti-Rabbit IgG HRP (Abcam). Agarose Protein A beads (SCBT)

were used for Co-IP pulldowns.

2.4 Preparation of Recombinant GST-Fusion Proteins

GST-fusion plasmids (GST-cDaam1, GST-FH1, and GST-6PEG empty vector),
were transformed into BL21 bacterial cells and plated onto LB-amp (100mg/L) petri
dishes at 3C. Single colonies were then picked and grown overnight in 20ml LB-amp
(100mg/L) at 30*C. The culture was then diluted into 1L of LB-amp (100mg/L) and
grown at 30*C until the optical density at 600nm reached 1.0, approximately 5-7 hours
depending on starting optical density. Bacterial cultures were induced with 1mL of 1M

IPTG and incubated at 30*C for 3 hours. Cells were sonicated in 1mL PBS containing
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cOmplete Mini Protease Inhibitor Cocktail (Sigma Millipore). The lysate was pelleted at

15,000 rpm for 15 mins at 4*C.

2.5 Extraction of GST Fusion Proteins

Glutathione sepharose beads (Fisher Scientific) were prepared by swelling with
100ul of Wash Buffer (1x PBS/10mM DTT/1% Triton-X 100) for 1 hour on ice, then
washed three times with 500uL. Wash Buffer (1x PBS/10mM DTT/1% Triton-X 100).
After the final wash, one aliquot of frozen GST Fusion Protein was added to preswollen
beads and incubated on a nutator at 4* for 45 mins. The beads were then washed five

times with wash buffer.

2.6 GST Pulldown Assay

50ul of whole cell lysates containing GFP-Profilinl mutants were incubated with
a 50ul bed of GST-cDaam1, GST-FH1, or GST empty vector coupled beads for 1 hour at
4*C on a nutator. Samples were then washed five times with wash buffer. 50ul of
loading buffer containing 2-mercaptoethanol (BME) was then added to each sample and

incubated for 5 mins at 95*C before Western Blotting.

2.7 Immunocytochemistry
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HelLa cells (ATCC) were seeded 24 hours prior to transfection at a density of
4x10° cells into a 6-well tissue culture dish containing a fibronectin treated coverslip
(Corning). Before transfection, full growth media was replaced with DMEM. Cells were
transfected with 1ug of plasmid. After 24 hours, cell media was replaced with Opti-MEM
reduced FBS serum (Fisher) to induce serum starvation. 24 hours later, cells were treated
with 100ng/uL Wnt5a for 2 hours (R&D Sciences). The cells were then washed three
times in cold PBS for 5 mins on low agitation and fixed in 5% PFA solution for 5 mins at
-20*C. Actin was stained with Phalloidin-Alexa Fluor 555 (Fisher Scientific) and DAPI

stain was used to visualize DNA (ThermoScientific).

2.8 mMRNA overexpression in Xenopus embryos

Cs2+GFP-Profilinl and mutants were linearized with Notl (NEB) and in vitro

transcribed using mMessenger mMachine SP6 Transcription Kit (ThermoFisher).

2.9 Xenopus embryos

Xenopus embryos were in vitro fertilized and de-jellied using L-Cysteine in 0.1x
MMR (1M NaCl, 20mM KCI, 20mM CaCl,, 10mM MgClz, 50mM Hepes) at pH 8.
Xenopus embryos were then injected with mRNA at the 4-cell stage into the two dorsal
cells or into the two ventral cells in 3%Ficoll in 0.5x MMR. Two hours after injection,

embryos were changed into 0.1x MMR and cultured to approximately stage 35. Embryos
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were fixed in MEMFA (1M MOPS, 20mM EGTA, and 10mM MgSQa4) in pH 7.4 and

stored in 4*C.

2.10  Src Assay

HEK293T cells were seeded 24 hours before transfection at a density of 6x10°
cells. Cells were co-transfected with GFP-xPFN1 and control sSiRNA or siRNA targeting
human Src kinase using Dharmafect Duo (Dharmacon) and allowed to express for 48
hours. Cells were then treated with 100ng/uL. Wnt5a for 2 hours. Cells were then
collected in PBS and lysed in 1% NP-40 lysis buffer (50 mM Tris-HCI pH 8.0, 150mM
NaCl, 1% NP-40) containing cOmplete Mini Protease Inhibitor Cocktail (Sigma
Millipore). Samples were run on 12% SDS-PAGE gel and transferred onto nitrocellulose
membranes (Biorad). Membranes were washed with 3x for 5 mins in TBST (20mM Tris,
150mM NaCl and Tween 20 0.1% w/v), then blocked for 1 hour in 5% BSA in TBST
(Fisher Scientific). The antibodies used were anti-GFP (Abcam), anti-Profillin 1 (CST),
anti-Actin (CST), and anti-phospho Tyr129 (ECM). The secondary antibodies used were

Goat Anti-Mouse 1gG HRP (Abcam), and Goat Anti-Rabbit IgG HRP (Abcam).
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CHAPTER 3

RESULTS

3.1 Generation of mutant PFN1 constructs

I chose to investigate the functions of Tyr131 and Ser135 because Tyr131 is
orthologous to Tyr129 on HPFN1 and Ser135 is conserved in HPFN1. Whether Tyr131
or Ser135 have a role in non-canonical Wnt signaling and whether they can regulate
development in Xenopus is unknown. To answer this question, | generated various
mutants of Tyr131 and Ser135 by PCR to investigate the functions of these residues.
EGFP CS2+XPFN1 plasmid expression vector was used as a template to generate
Tyrosinel31Alanine (PFN1-Tyr131Ala), Serinel35Alanine (PFN1-Ser135Ala),
Ser135Gluatmic acid (PFN1-Ser135Glu) single mutants, and PFN1-
Tyrl31Ala;Ser135Ala double mutant (Figure 18). Alanine was chosen because it is a
neutral amino acid and mimics a protein that mimics an unphosphorylated state.
Conversely, glutamic acid is negatively charged and acts as a phosphomimetic form of

PFN1 at Ser135.

| generated mutants of Tyr131 and Ser135 using the QuikChange PCR method to

investigate the potential functional role of these residues (Figure 18). All generated
constructs were sequenced to ensure the mutations were present in the correct position

and no additional mutants were detected anywhere else in the coding sequence.
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Figure 18. PFN1 mutants were successfully generated by QuikChange
mutagenesis. GFP-XPFN1 was used as a template for a PCR based mutagenesis of
Tyrl131 and Ser135.The regions on PFNL1 1 that were targeted for mutagenesis are
highlighted in blue. Confirmed mutations are highlighted in green.
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3.2 The roles of Tyr131 and Ser135 in early embryonic development

Having successfully cloned the mutant constructs, | first tested their effects when
expressed during early Xenopus development. Previous studies have shown that
overexpression or knockdown of PFN1 mRNA in Xenopus results in a blastopore closure
defect!?*, mRNA was transcribed in vitro, injected into four-cell-stage Xenopus laevis
embryos dorsally or ventrally, and injected embryos were allowed to develop for
approximately 72 hrs before fixation. Images were taken using a fluorescent microscope
to confirm the successful translation of MRNA (Figure 19). Injected embryos were
collected, lysed, and a Western blot was performed to confirm the sizes of mutant XPFN1

proteins (Figure 20.)

GFP-PFN1 GFP PFN1-5135A GFP PFN1-S135E GFP PFN1-Y131A;5135A

Br‘htfed. . . -
GFP . . . . .

Figure 19. GFP-PFN1 and GFP tagged PFN1 mutants express in Xenopus embryos.
Embryos were injected with 250pg of GFP-PFN1, GFP PFN1-Ser135Ala, GFP PFN1-
Ser135Glu, GFP PFN1-Tyr131Ala, and GFP PFN1-Tyr131Ala; Ser135Ala mRNA at the
four-cell stage. Images were taken 24 hours after injection on a fluorescent microscope.
Visual confirmation of GFP signal shows that injected mMRNA was successfully translated
into protein.

_ GFP PFN1-Tyr131A
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Figure 20. Injected Xenopus embryos express mutant XPFNL1 proteins at the
correct size. 250pg of each MRNA was injected into Xenopus embryos and lysed
after 48 hours. Samples were run on a western blot to confirm the size of the
translated proteins. The membrane was blotted with a GFP polyclonal antibody.

I next injected embryos with XPFN1 and XPFN1 mutant mRNAs test the roles of
Tyrl131 and Ser135 in gastrulation. Embryos were scored for severity in gastrulation
defects. Embryos that displayed a small open blastopore were scored as having a mild
gastrulation defect. Embryos that had a large open blastopore were scored as having a
severe gastrulation defect. Embryos that arrested prior to gastrulation were scored as did
not gastrulate. Overexpression and knockdown of PFN1 has been shown to cause an open
blastopore'?4, Overexpression of PFN1-Ser135Ala has no effect on gastrulation while
PFN1-Ser135Glu produces an open blastopore phenotype, as compared to XPFN1
(Figure 21). Overexpression of PFN1-Ser135Glu, however, shows a 20% increase in
penetrance of the phenotypes at both 250pg and 500pg compared to PFN1.
Approximately 40% of embryos injected with 250pg of either mMRNA demonstrate severe

gastrulation defects. At 500pg, approximately 50% of injected embryos show a severe

gastrulation defect.
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PFN1-Tyr131Ala produces a higher frequency of open blastopore defects in a
dose-dependent manner. At 250pg, 65% of embryos show severe gastrulation defects
while almost 90% of embryos display severe gastrulation defects in embryos injected
with 500pg of mMRNA. Embryos injected with the double-mutant PFN1-Tyr131Ala;
Serl135Ala display a cytokinesis defect: embryos arrest before gastrulation occurs. In
addition to the 80% of embryos injected that failed to gastrulate between stages 9 and 10,
15% display an open blastopore. Statistical analysis on total number of phenotypes in
embryos injected with 250pg and 500pg shows that PFN1-Ser135Ala, PFN1-Ser135Glu,
PFN1-Tyr131Ala, and PFN1-Tyr131Ala;Ser135Ala are statistically different from PFN1.
At 250pg, embryos injected with PFN1-Ser135Ala display 35% fewer phenotypes,
compared to PFN1. Embryos injected with PFN1-Ser135Glu display a 5% increase in
phenotypes, compared to PFN1. Embryos injected with PEN1-Tyr131Ala and PFN1-
Tyr131Ala;Ser135Ala both show an almost two fold increase in phenotypes, compared to
PFN1 (88% and 93%, respectively). At 500pg, embryos injected with PFN1-Ser135Ala
display 47% fewer phenotypes, compared to PFN1. Embryos injected with PFN1-
Ser135Glu display a 12% increase in phenotypes, compared to PFN1. Embryos injected
with PEN1-Tyr131Ala and PFN1-Tyr131Ala;Ser135Ala show an increase in phenotypes,
compared to PFN1 (95% and 99%, respectively) (Figure 22).

Embryos injected ventrally displayed no phenotype and developed the same as

wild-type embryos. (Figure 23).
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Figure 21. Dorsal injection of Tyr131Ala causes cytokinesis defects. Embryos
were injected at the 4-cell stage with mRNA expressing XPFN1 and each mutant
at 250pg or 500pg. Embryos were then scored based on the phenotypes
observed. Embryos with a small open blastopore and a curved axis with scored
as mild gastrulation. Embryos with a large open blastopore were scored as
severe gastrulation. Developing embryos that arrested before gastrulation
occurred were scored as did not gastrulate. This experiment was done in
biological and technical triplicates.
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Figure 22. Quantification of phenotypes of dorsal MRNA injections. A) Total
phenotypes of embryos injected with 250pg of each mRNA mutant were
quantified and tested for statistical difference from PFN1 using T-test. B) Total
phenotypes of embryos injected with 500pg of each mMRNA mutant were
quantified and tested for statistical difference from PFN1 using T-test.
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Figure 23. Ventral injection of XPFN1 mutants produces no effects. Embryos
were injected at the 4-cell stage with mRNA expressing XPFN1 and each mutant
at 250pg or 500pg. Embryos were then scored based on the phenotypes observed.
Embryos with a small open blastopore and a curved axis with scored as mild
gastrulation. This experiment was done in biological and technical triplicates.

3.3 Visualizing the effects of PFN1 mutants on the actin cytoskeleton in HeL a cells

To investigate the roles of Tyr131 and Ser135 on the actin cytoskeleton, PFN1
plasmids expressing mutant PFN1 protein were transfected into HeLa cells. Cells were
serum starved in Opti-Mem low serum media to visualize changes in actin fibers without
negatively affecting cell health or morphology. Wnt5a was used to activate non-canonical
Whnt signaling. 1ug of GFP-empty vector was transfected into HeLa cells and allowed to
express for 48 hours before being treated with Wnt5a (Figure 23A). Cells were then fixed
and stained with Alexa-555-conjugated Phalloidin to label F-actin. Actin fibers were

counted to test whether each mutant interferes with Wnt5a mediated actin fiber
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formation. HeLa cells have an average of 10 actin fibers. Cells with greater than 10 actin
fibers in control media or those treated with Wnt5a were then quantified. The lengths and
widths of images obtained by confocal microscopy were measured on imageJ*3. The cell
measurements were completed blinded. Wntba increased actin fiber formation, as shown
by the 20% increase in percentage of cells with greater than 10 fibers (62% control and
82% in Wntba treated cells) (Figure 23B). Treatment of Wnt5a increases the length to
width ratio in HelLa cells. The average length/width ratio is 2.25 in control media, and
2.75 in Wntba treatment, demonstrating a 22% increase in the ratio of length to width

(Figure 23C).

1ug of pCS2+GFP-XPFN1 was transfected into HeLa cells and allowed to
express for 48 hours before being treated with Wnt5a (Figure 24A). The average
length/width ratio is 3.75 in control media, and 4.25 in Wnt5a treatment, demonstrating a
13% increase in the ratio of length to width (Figure 24B). GFP-XPFNL1 increases Wntba
mediated actin fiber formation, as shown by a 45% reduction in cells with fewer than 10

fibers in the Wntba treated condition (Figure 24C).

lug of pCS2+GFP PFN1-Ser135Ala was transfected into HeL a cells and allowed
to express for 48 hours before being treated with Wnt5a (Figure 25A). The average
length/width ratio is 1.75 in control media, and 2.25 with Wnt5a treatment, demonstrating
a 29% increase in the ratio of length to width (Figure 25B). GFP PFN1-Ser135Ala does
not prevent Wnt5a mediated actin fiber formation, as shown by a 40% reduction in cells

with fewer than 10 actin fibers in the Wnt5a treated condition (Figure 25C).

51



1ug of pCS2+GFP PFN1-Ser135Glu was transfected into HelLa cells and allowed
to express for 48 hours before being treated with Wnt5a (Figure 26A). GFP PFN1-
Ser135Glu does not prevent Wnt5a mediated actin fiber formation, as shown by a 44%
reduction in cells with fewer than 10 actin fibers in the Wnt5a treated condition (Figure
26B). The average cell length/width ratio is 2.80 in control media, and 3.75 in Wnt5a

treatment, demonstrating a 33% increase in the ratio of length to width (Figure 26C).

1ug of pCS2+GFP PFN1-Tyr131Ala was transfected into HeLa cells and allowed
to express for 48 hours before being treated with Wntba (Figure 27A). GFP PFN1-
Tyrl31Ala also prevents Wnt5a mediated actin fiber formation, as shown by a 45%
reduction in cells with greater than 10 actin fibers in the Wnt5a treated condition,
compared to GFP-EV (Figure 27B). The average length/width ratio is 4.75 in control
media, and 2.05 in Wnt5a treatment, demonstrating a 43% decrease in the ratio of length

to width (Figure 27C).

1ug of pCS2+GFP PFN1-Tyr131Ala;Ser135Ala was transfected into HelLa cells
and allowed to express for 48 hours before being treated with Wnt5a (Figure 28A). GFP
PFN1-Tyr131Ala;Ser135Ala prevents Wntba mediated actin fiber formation, as shown
by a 49% reduction in cells with greater than 10 actin fibers in the Wnt5a treated
condition, compared to GFP-EV (Figure 28B). The average length/width ratio is 6.1 in
control media, and 3.05 in Wnt5a treatment, demonstrating a 51% decrease in the ratio of

cell length to width (Figure 28C).
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To test the effects of Tyr131 and Ser135 on cytokinesis defects, | measured
multinucleation in transfected HeLa cells. Multinucleation was defined as at least 2
nuclei. Multinucleation is associated with an inability to fully complete cytokinesis
(Figure 29). Quantification of multinucleation shows that overexpression of GFP-PFN1
and the mutants increases the incidence of multinucleation. Overexpression of GFP-
PFN1, GFP PFN1-Ser135Ala, and GFP PFN1-Ser135Glu produced a two-fold increase
in incidence of multinucleation compared to GFP-EV. Incidence of multinucleation
doubles in cells transfected with PFN1-Tyr131Ala and PFN1-Tyr131Ala;Ser135Ala,
compared to GFP-PFN1 and the serine mutants (Figure 29). Treatment of Wnt5a
increases the frequency of multinucleation in all conditions except GFP-empty vector by
approximately 10%. Overexpression of PFN1-Tyr131Ala and PFN1-

Tyr131Ala;Ser135Ala causes a 60% and 65% incidence of multinucleation, respectively.

I next compared the effects of the mutants to produce multinucleated cells to

PFN1 using an independent samples T-test in control and Wntba treated samples.

Incidences of multinucleation in PFN1-Ser135Ala and PFN1-Ser135Glu was not found to

be statistically different from PFN1 in either control or Wnt5a treated cells (Figure 31).
Incidences of multinucleation in PFN1-Tyr131Ala and PFN1-Tyr131Ala;Ser135Ala is
statistically different from PFN1 in both control or Wnt5a treated cells. Overexpression
of PFN1-Tyr131Ala and PFN1-Tyr131Ala;Ser135Ala result in a 25% and 27%,
respectively increase in multinucleation compared to PFN1. The incidence of
multinucleation in Wnt5a treated cells increased by 31% and 35% in PFN1-Tyr131Ala

and PFN1-Tyr131Ala;Ser135Ala respectively, compared to PFN1 (Figure 31).
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Figure 24. Wnt5a increases actin fiber formation and the ratio of length/width in
HeLa cells. A)1ug of GFP-empty vector was transfected into HeL a cells and treated with
Whntba after 48 hours. Cells were fixed in 4%PFA and F-actin was labelled with an
Alexa 555 conjugated Phalloidin stain. B) Images were taken and the lengths and widths
of transfected cells were measured using ImageJ, according to Hassan 2019. The ratio of
length to width was then plotted and a T-test was used to determine if the observed
differences are statistically significant. C) Quantification of cells with fewer than 10
fibers shows that Wnt5 increases actin fiber formation. Number of cells evaluated is
shown at the top of each bar. All experiments were done in biological and technical
triplicates. Image quantifications were completed blinded. * Signifies a p value of >0.05
and ** signifies a p value of >0.005.
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Figure 25. Wnt5a increases actin fiber formation and the ratio of length/width in
cells transfected with GFP-XPFN1. A)lug of GFP-XPFN1 was transfected into
HelLa cells and treated with Wnt5a after 48 hours. Cells were fixed in 4%PFA and
F-actin was labelled with an Alexa 555 conjugated Phalloidin stain. B) Images
were taken and the lengths and widths of transfected cells were measured using
Imagel, according to Hassan 2019. The ratio of length to width was then plotted
and a T-test was used to determine if the observed differences are statistically
significant. C) Quantification of cells with fewer than 10 fibers shows that GFP-
XPFN1 increases Wnt5a-mediated actin fiber formation. Number of cells evaluated
is shown at the top of each bar. All experiments were done in biological and
technical triplicates. Image quantifications were completed blinded. * Signifies a p
value of >0.05 and ** signifies a p value of >0.005.
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Figure 26. GFP PFN1-Ser135Ala does not prevent Wnt5a-mediated actin fiber
formation nor the increase in cell length/width ratio. A)lug of GFP PFN1-
Ser135Ala was transfected into HelLa cells and treated with Wnt5a after 48 hours.
Cells were fixed in 4%PFA and F-actin was labelled with an Alexa 555 conjugated
Phalloidin stain. B) Images were taken and the lengths and widths of transfected
cells were measured using ImageJ, according to Hassan 2019. The ratio of length
to width was then plotted and a T-test was used to determine if the observed
differences are statistically significant. GFP PFN1-Ser135Ala does not prevent an
increase in the cell length/width ratio associated with treatment Wnt5a. C)
Quantification of cells with fewer than 10 actin fibers shows that GFP PFN1-
Ser135Ala does not prevent Wnt5a-mediated actin fiber formation. Number of
cells evaluated is shown at the top of each bar. All experiments were done in
biological and technical triplicates. Image quantifications were completed blinded.
* Signifies a p value of >0.05 and ** signifies a p value of >0.005
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Figure 27. Wnt5a increases the ratio of length/width and actin fiber formation in
cells transfected with GFP PFN1-Ser135Glu. A)lug of GFP PFN1-Ser135Glu was
transfected into HeLa cells and treated with Wnt5a after 48 hours. Cells were fixed
in 4%PFA and F-actin was labelled with an Alexa 555 conjugated Phalloidin stain.
B) Images were taken and the lengths and widths of transfected cells were measured
using ImageJ, according to Hassan 2019. The ratio of length to width was then
plotted and a T-test was used to determine if the observed differences are statistically
significant. GFP PFN1-Ser135Glu does not prevent an increase in the cell
length/width ratio associated with treatment Wnt5a. C) Quantification of cells with
fewer than 10 fibers shows that GFP PFN1-Ser135Glu does not prevent Wnt5a-
mediated actin fiber formation. Number of cells evaluated is shown at the top of each
bar. All experiments were done in biological and technical triplicates. Image
quantifications were completed blinded. * Signifies a p value of >0.05 and **
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Figure 28. GFP PFN1-Tyr131Ala prevents Wnt5a-mediated increases in cell
length/width ratio and actin fiber formation. A)lug of GFP PFN1-Tyr131Ala was
transfected into HelLa cells and treated with Wnt5a after 48 hours. Cells were fixed
in 4%PFA and F-actin was labelled with an Alexa 555 conjugated Phalloidin stain.
B) Images were taken and the lengths and widths of transfected cells were
measured using ImageJ, according to Hassan 2019. The ratio of length to width was
then plotted and a T-test was used to determine if the observed differences are
statistically significant. GFP PFN1-Tyr131Ala lowers the ratio of cell length to
width and prevents Wnt5a mediated actin fiber formation. C) Quantification of
cells with fewer than 10 fibers shows that GFP PFN1-Tyr131Ala prevents Wnt5a-
mediated actin fiber formation. Number of cells evaluated is shown at the top of
each bar. All experiments were done in biological and technical triplicates. Image
quantifications were completed blinded. * Signifies a p value of >0.05 and **
signifies a p value of >0.005.
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Figure 29. GFP PFN1-Tyr131Ala; Ser135Ala prevents Wnt5a-mediated increases
in cell length/width ratio and actin fiber formation. A)lug of GFP PFN1-
Tyr131Ala; Serl35Ala was transfected into HelLa cells and treated with Wnt5a after
48 hours. Cells were fixed in 4%PFA and F-actin was labelled with an Alexa 555
conjugated Phalloidin stain. B) Images were taken and the lengths and widths of
transfected cells were measured using ImageJ, according to Hassan 2019. The ratio
of length to width was then plotted and a T-test was used to determine if the
observed differences are statistically significant. GFP PFN1-Tyr131Ala; Ser135Ala
lowers the ratio of cell length to width and prevents Wnt5a mediated actin fiber
formation. C) Quantification of cells with fewer than 10 fibers shows that GFP
PFN1-Tyr131Ala; Serl135Ala prevents Wnt5a-mediated actin fiber formation.
Number of cells evaluated is shown at the top of each bar. All experiments were
done in biological and technical triplicates. Image quantifications were completed
blinded. * Signifies a p value of >0.05 and ** signifies a p value of >0.005.
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Figure 30. Visual representation of multinucleation. Multinucleation is defined
as a large single cell with more than one nucleus. Multinucleation is associated
with defects in cytokinesis. Cells were fixed in 4% PFA, F-actin was labelled
with an Alexa 555 conjugated Phalloidin stain, and DAPI was used to label the
nucleus. All experiments were done in biological and technical triplicates.
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Figure 31. GFP PFN1-Tyr131Ala increases multinucleation in HeLa cells, compared to
GFP-PFENL1. A)lug of each plasmid was transfected into HeLa cells. They were fixed and
scored for multinucleation. B) 1ug of each plasmid was transfected into HeLa cells and
treated with Wnt5a. They were fixed and scored for multinucleation. Number of cells
evaluated is shown at the top of each bar. * Signifies a p value of >0.05 and ** signifies a
p value of >0.005. This experiment was completed in biological and technical triplicates.
Image quantifications were completed blinded.
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3.4 Ser135 has a role in binding of PFN1 to the FH1 domain of Daam1

Having shown that overexpression of PFN1 mutants produces different effects on
the actin cytoskeleton in cultured cells, | next investigated whether the binding of PFN1
to Daam1 is regulated by Tyr131 or Ser135. I performed GST pulldown and co-
immunoprecipitation binding assays to examine the binding of PFN1 and its mutants with

Daam1. The plasmids used in this study are diagramed in Figure 32.
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Figure 32. PFN1 and Daam1 constructs used in binding assays. GST-
cDaaml and Myc-cDaam1 both contain the FH1 and FH2 domains. PLP
sites are present in between the two domains. GST-FH1 and Myc-FH1
contain only the FH1 domain. Myc-Daam1 is the full-length version of
Daaml. It contains the DID, FH1, FH2, and DAD domains. The GFP
tagged PFN1 constructs used in this study are displayed below. Numbers
indicate the position of amino acids.
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Previous studies show that PFN1 binds to the FH1 domain of Daam1 and this
binding occurs within the c-Daam1 region. To test whether the binding of PFN1 to
Daaml is affected by Tyr131 or Ser135, | performed a GST-pulldown assay. GFP-tagged
PFN1 mutants were transfected into HEK293T and samples were incubated with

Glutathione agarose beads coupled to GST-cDaam1, GST-FH1, or GST-empty vector.

Input GST-cDaam1 GST-FH1  GST-EV

GST-cDaam1 GST-FH1 GST-EV GFP PFN1-
110 kDa Tyr131Ala;Ser135Ala
o ——

GFP PFN1-Tyr131Ala

o:GFP
GFP PFN1-Ser135Glu

37 koa [ o
| i
25 kDa & GFP PFN1-Ser135Ala

GFP-PFN1

]!

Figure 33. PFN1-Ser135Ala lowers binding affinity of PFN1 to FH1. GST-
cDaaml, GST-FH1, and GST-EV were grown in E.coli cells, lysed, purified
using GST beads, and visualized by Coomassie Staining to confirm correct
protein sizes. GFP-PFN1 and mutants were then transfected into HEK293T
cells and allowed to express for 48 hours before lysing. Lysates were
incubated with beads coupled to each GST protein overnight, washed, and
changes in binding were then evaluated by Western blotting. A polyclonal
GFP antibody was used.

GST-cDaaml1, GST-FH1, and GST-Empty Vector (EV) were grown and purified from
E.coli cells and visualized by Coomassie staining (Figure 33) GFP PFN1 was shown to
bind to GST-cDaam1 and FH1 equally, as does GFP PFN1-Ser135Glu. However, GFP
PFN1-Ser135Ala does has a lower binding affinity to GST-FH1. GFP PFN1-Tyr131Ala
binds equally to GST-cDaam1 and GST-FH1, while the double mutant binds weakly to

GST-cDaaml and loses binding to GST-FH1(Figure 33).



Quantification of GST pulldown binding assays shows GFP-PFN1 shows an
almost equal binding affinity between GST-cDaam1 and GST-FH1 (Figure 34). GFP-
PFN1-Ser135Ala has a 44% decrease in binding affinity to GST-FH1, compared with its
binding to GST-cDaam1. The change in binding affinity between GFP-PFN1-Ser135Ala
and GST-cDaam1 is not statistically significant from PFN1. However, the change in
binding efficiency between GFP PFN1-Ser135Ala and GST-FHL1 is statistically different
from PFN1. The binding affinity of GFP-PFN1-Ser135Glu to GST-cDaaml and GST-
FH1 has no statistical difference from GFP-PFN1. The binding affinity of GFP-PFN1-
Tyrl31Alato GST-cDaaml and GST-FHL1 has no statistical difference from GFP PFN1.
Lastly, the double mutant displays a lower binding affinity to GST-FH1 than PFN1-
Ser135Ala, 29% compared to 15%. This change is statistically significant when
compared to PFN1. Like PFN1-Ser135Ala, the double mutant does not exhibit a

statistically significant change in binding to GST-cDaam1.
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Figure 34. Quantification of GST pulldown assays. Average pixel intensities of
GST-cDaaml and GST-FH1 pulldowns was measured to quantify the effects of
each mutant on their binding efficiencies to cDaam1 and FH1.The pixel intensities
of bands from PFN1 and each mutant were compared using data from three
technical and biological replicates. A T-test was performed comparing changes in
pixel intensities between PFN1 and each mutant to GST-cDaam1 and GST-FHL1.
The resulting average pixel intensities were then plotted as a percentage.
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To investigate whether Wnt signaling affects the binding of PFN1 to Daam1
through Tyr131 and Ser135, | conducted a co-immunoprecipitation assay (Co-1P). GFP-
tagged PFN1 constructs were co-transfected with Myc-tagged Daam1, c-Daam1, or FH1
into HEK293T cells. Cells were treated with Wnt5a to induce activation of non-canonical

Whnt signaling. Cells were then lysed, and a Co-IP was performed.

Myc-Daaml binds to GFP-PFN1 and the mutants with equal intensity. Treatment
of Wntba strengthens this interaction (Figure 35). Quantification of binding intensities
shows no statistical differences between binding of PFN1 nor the mutants to Daam1
(Figure 36). Treatment of Wntba does strengthens the overall average binding affinity of

each PFN1 to Daam1 but shows no difference between the populations. Daam1 interacts

with GFP-PFN1 and the PFN1 mutants equally.
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Figure 35. Tyr131 and Ser135 have no effect on binding of PFN1 to Daam1. 2ug
of each PFN1 construct and 2ug of myc-Daam1 were co-transfected into HEK293T
cells and treated with Wnt5a for 2 hours. Cells were lysed and samples were pulled
down with Myc or GFP antibodies then run on a Western Blot.
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Figure 36. Quantification of binding of mutant PFN1 to Daam1. Average pixel
intensities of each pulldown were measured to quantify the effects of each mutant on
their binding efficiencies to Daam1 in control and Wntba treated samples. The pixel
intensities of bands from PFN1 and each mutant were compared using data from three
technical and biological replicates. A T-test was performed comparing changes in
pixel intensities between PFN1 and each mutant to Daam1 in control and Wntba
treated samples.
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Myc-cDaam1 binds to GFP-PFN1 and the mutants with equal intensity. Treatment of

Whnt5a strengthens this interaction (Figure 37). Quantification of binding intensities

shows no statistical differences between binding of PFN1 nor the mutants to cDaam1

(Figure 38). Treatment of Wntba does strengthens the overall average binding affinity of

each PFN1 to cDaaml but shows no difference between the populations. cDaam1

interacts with GFP PFN1 and the PFN1 mutants equally.
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Figure 37. Tyr131 and Ser135 have no effect on binding of PFN1 to cDaam1l. 2ug
of each PFN1 construct and 2ug of myc-cDaam1 were co-transfected into
HEK293T cells and treated with Wnt5a for 2 hours. Cells were lysed and samples

were pulled down with Myc or GFP antibodies then run on a Western Blot.
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PFN1-Ser135Ala and PFN1-Tyr131Ala;Ser135Ala lose binding affinity to Myc-FH1,
while PFN1-Ser135Glu and PFN1-Tyr131Ala bind equally compared to PFN1.Treatment
of Wntba rescues the loss in binding of PFN1-Ser135Ala and the double mutant to myc-
FH1 (Figure 39). Quantification of binding intensities shows statistical differences
between binding of PFN1-Ser135Ala and PFN1-Tyr131Ala;Ser135Ala to FH1 (Figure
40). Treatment of Wnt5a rescues the loss in binding of PFN1-Ser135Ala and PFN1-

Tyrl31Ala;Ser135Ala to FH1.
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Figure 38. Quantification of binding of mutant PFN1 to cDaam1. Average pixel
intensities of each pulldown were measured to quantify the effects of each mutant on their
binding efficiencies to cDaam1 in control and Wnt5a treated samples. The pixel intensities
of bands from PFN1 and each mutant were compared using data from three technical and
biological replicates. A T-test was performed comparing changes in pixel intensities
between PFN1 and each mutant to cDaam1 in control and Wnt5a treated samples.
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Figure 39. Ser135 affects binding of PFEN1 to FH1. 2ug of each PFN1

construct and 2ug of myc-cDaam1 were co-transfected into HEK293T cells

and treated with Wntba for 2 hours. Cells were lysed and samples were
pulled down with Myc or GFP antibodies then run on a Western Blot.
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Figure 40. Quantification of binding of mutant PFN1 to FH1. Average pixel
intensities of each pulldown were measured to quantify the effects of each mutant on
their binding efficiencies to FH1 in control and Wntba treated samples. The pixel
intensities of bands from PFN1 and each mutant were compared using data from three
technical and biological replicates. A T-test was performed comparing changes in
pixel intensities between PFN1 and each mutant to FH1 in control and Wntba treated
samples.
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3.5 Wnt5a-mediated phosphorylation of Tyr129 is Src independent

Previous studies have identified several kinases that phosphorylate Tyr131 and Ser135
through different signaling pathways. However, the kinases that are recruited by non-
canonical Wnt signaling to phosphorylate Tyr131 and Ser135 have not been explored.
Using a predictive software that identifies the most likely kinase to phosphorylate a
particular residue called Group-based prediction system v5 (GPS 5.0), | identified several
kinases that may phosphorylate Tyr131 and Ser135 (Table 2). The software identifies the
likelihood of a kinase phosphorylating a particular residue and generates a
phosphorylation score. The higher the value, the more likely the residue is
phosphorylated by the identified kinase. The most likely kinases identified to
phosphorylate Tyr131 were activated cdc42 kinase (ACK1), Ephrin kinase (Eph), Insulin
receptor tyrosine kinase (InsR), and Src kinase with similar predictive phosphorylation
scores ranging from 21.512 to 18.525. The protein kinase A/G/C family (PK A/G/C),
dystrophia myotonica protein kinase (DMPK), and ROCK were the most likely kinases to
phosphorylate Ser135. The protein kinases family? and DMPK scored high predictive

scores of 555.416, while ROCK scored a significantly lower 16.005.
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Position Code Kinase Peptide Score Cutoff

131 Y TK/Ack KVFDMGKYLRCSGY  21.512  20.344
131 TK/Eph KVFDMGKYLRCSGY  20.237  15.808
131 X TK/InsR KVFDMGKYLRCSGY  20.153  15.529
131 Y Src/VEGFR ~ KVFDMGKYLRCSGY  18.525  17.626
135 S AGC MGKYLRCSGY***** 555416 521.745
135S AGC/DMPK  MGKYLRCSGY***** 555416 521.745
135 S ROCK MGKYLRCSGY***** 16.005  15.808

Table 2. List of predicted kinases that may phosphorylate Tyr131 and Ser135. The
sequence of Xenopus PFN1 was scanned using GPS 5.0 to identify potential kinase
targets.

Because Tyr131 effects gastrulation in Xenopus embryos and cytokinesis in HeLa
cells, I decided to identify the kinase that is recruited through non-canonical Wnt
signaling that phosphorylates Tyr131. Currently, only Src kinase has been shown to
phosphorylate Tyr129 through VEGF signaling on HPFENL1. I hypothesized that non-

canonical Wnt signaling and VEGF signaling use Src to regulate PFN1.

To test this hypothesis, SIRNA targeting Src was transfected into HEK293T cells
and treated with Wnt5a. Cells were lysed and a western blot was performed using an
antibody that detects phosphorylated Tyr129 in human cells. Actin was used as the
loading control. Treatment of Wnt5a in cells transfected with control sSiRNA shows an
increase in phosphorylation of Tyr129, compared to untreated cells. The p-Tyr129
antibody was unable to detect Xenopus PFN1. Cells that were transfected with Src SIRNA
and treated with Wnt5a show an increase in phosphorylation of Tyr129 compared to cells

transfected with siRNA only (Figure 41). Cells treated with Wnt5a show an increase in
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endogenous PFN1 despite both GFP-XPFN1 and actin levels remaining equal. This

suggests that Wnt5a-mediated phosphorylation of Tyr129 is Src independent.
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Figure 41. Wnt5a induces phosphorylation of Tyr129 on HPFN1 and this is
Src independent. A) HEK293T cells were co-transfected with GFP-XPFN1
and Src siRNA or control siRNA and incubated for 48 hours. Cells were then
treated with Wnt5a for 2 hours. Knockdown of Src was confirmed using an
antibody that detects endogenous human Src. A phosphor-specific antibody that
recognizes the phosphorylated form of Tyr129 in human, mouse, and rat was
used to probe for phosphorylation of Tyr129. GFP-xPFN1 was used for visual
confirmation of transfection and to test whether the phosphor-specific antibody
detects Tyr131 in Xenopus PFN1 1. An antibody that detects PFN1 1
successfully recognizes endogenous hPFN1 and transfected GFP-xPFN1. Actin
was used as the loading control. B) Quantification of phosphorylation of
Tyr129 shows knockdown of Src does not prevent Wnt5a mediated
phosphorylation of Tyr129. Average pixel intensity was measured using
ImageJ. A T-Test was performed on the values to determine statistical
significance. * Denotes a statistical significance of >0.05 and ** denotes a
statistical significance of >0.005. This experiment was completed in biological

and technical triplicates.
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CHAPTER 4

DISCUSSION

How ligand based signaling pathways lead to downstream actin
polymerization remains an essential question in non-canonical Wnt signaling and in
developmental biology. Researchers have tackled this problem from different angles
using genetic and biochemical approaches Much research has been done characterizing
the cellular effects of signaling cascades from different Wnt ligands, as well as
identifying LRP5/6 as co-receptors to Fz. Researchers have identified Ryk, Vangl, and
Celsr as crucial co-receptors in non-canonical Wnt signaling?3°. Years of research has led
to identification of crucial signaling components and their roles in non-canonical Wnt
signaling. However, less data exists on how the downstream effectors, such as PFN1,
directly execute their primary function of actin cytoskeletal remodeling in response to
ligand-based signaling pathways. In this study, | addressed this question by examining
roles of two conserved amino acids on XPFN1, Tyr131 and Ser135, in regulating non-

canonical Wnt signaling and in developmental biology.

PFN1 has been the focus of research since it was discovered in the 1970s%2!,
Most of the research on PFN1 has been focused on its ability to affect actin
polymerization, characterizing its many binding partners, and its role in early embryonic
development. However, minimal research has been done on which ligand-based signaling
pathways utilize PFN1 to affect the actin cytoskeleton and even fewer studies identify

how phosphorylation of PFN1 affects its function. In response to VEGF signaling, Src
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kinase phosphorylates Tyr129 on HPFNL1 to regulate endothelial cell migration and
angiogenesis during wound healing®32. In this study, the researchers showed that
substitution of Tyr129 for Ala prevents actin polymerization in vitro, slows wound
healing, and prevents angiogenesis during tissue repair. In TGF- signaling, PFN1
regulates cardiac muscle development but no phosphorylation site for this function has
yet been identified'*°. There is some evidence suggesting that phosphorylation of Ser137
on HPFNL1 regulates binding of Profilin to PLP sites and may affect cytokinesis!3. In
non-canonical Wnt signaling, PFN1 and PFN2 were shown to have different roles during
early development. XPFN1 regulates blastopore closure during gastrulation, while
XPFN2 regulates convergent extension movement and axial extension during
gastrulation'?4141, PEN1 binds to the formin Daam1 to affect non-canonical Wnt-
mediated actin cytoskeletal reorganization!?*. While PFN1 is a known downstream
effector of non-canonical Wnt signaling, how PFN1 executes its function is unclear.
Here, | provide evidence of the roles of Tyr131 and Ser135 on XPFN1, the analogous
amino acids to Tyr129 and Ser137 on HPFNL1, in non-canonical Wnt signaling and their
roles in regulating development in Xenopus. It is worth nothing that while Ser135 is

conserved on XPFN1, Tyr131 is not. Tyr131 is likely orthologous to Tyr129 on HPFN1.

Extensive research has been done on the role of PFN1 during development
in several animal models. Maternal knockout of PFN1 in mice prevents cell division at
stage 2 resulting in embryo death!13, In Drosophila, deletion of the Profilin locus, known

as Chickadee, results in lethality due to cells being unable to dividel23. In C. elegans,
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PFNL1 is necessary for PAR protein localization, centrosome formation, and mitotic
spindle orientation, which are necessary for cell division and ultimately, development42,
In Zebrafish, knockdown of PFN1 prevents epiboly during gastrulation.
Overexpression of PFNL1 led to defects in cell migration in zebrafish embryos. This was
evidenced by abnormal migration of cells in the developing brain and spinal cord, as well
as defects in the formation of the neural crest!*®. Lastly, in Xenopus, morpholino
knockdown or mRNA overexpression of PFN1 results in an open blastopore!?4, Despite
the clear importance of PFN1 on development, no residues have yet been identified that
regulate its function during development. In this study, | was able to show that an alanine
substitution at Tyr131 arrests developing embryos preventing gastrulation from
occurring. | further explored this effect at the cellular level in and provide some evidence

of how a mutation Tyr131Ala may prevent gastrulation from occurring.

As mentioned earlier, only a small handful of studies have directly linked a
ligand based signaling pathway to PFN1’s downstream role in actin fiber formation.
While this is not the first study to link non-canonical Wnt signaling to PFN1, it is the first
to explore which residues on PFN1 play a role on the downstream cellular effects of
activation of non-canonical Wnt signaling. Mutating Tyr131 to alanine, which mimics an
unphosphorylated form of PFN1, prevents Wntba mediated actin cytoskeletal
organization and interferes with cytokinesis while Ser135 has no such effect. Normally
with Wntb5a stimulation, formation of actin fibers increases, and changes in cell
morphology. Overexpression of PFN1-Tyr131Ala prevents these Wnt-mediated effects,

suggesting that PFN1-Tyr131Ala prevents downstream cellular effects of non-canonical
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Whnt signaling. Furthermore, | was able to show that PEN1-Tyr131Ala prevents
gastrulation by causing a cytokinesis defect, a previously observed phenomenon in

studies on PFN1 for which an explanation was never presented.

Previous studies have shown that mutations in PFN1 result in higher
incidences of multinucleation in C. elegans, Drosophila, and cancer cells lines!45:146.147,
Multinucleation occurs in cells that are unable to complete cytokinesis. Multinucleation
was noted as an effect of deletions of the C-terminus of PFN1 in an early Drosophila
study of the Chickadee gene but no specific residues were ever implicated 123, In this
study, | observed similar incidences of multinucleation when the residues are changed in
PFN1-Ser135Ala and PFN1-Ser135Glu. However, overexpression of PFN1-Tyr131Ala
and PFN1-Tyr131Ala; Ser135Ala shows a two-fold increase in incidence of
multinucleation compared to PFN1 in control and Wnt5a treated cells. This is the first
study linking a specific amino acid to the known increase in incidence of multinucleation

observed with mutations on PFN1.

PFNL1 is known to bind to proteins containing PLP sites such as Formins and
WASP. The binding regions on Formins and WASP that modulate binding to PFN1 have
been identified. PFN1 binds to the FH1 domain on Formins and to the proline rich N-
terminus of WASP15144In non-canonical Wnt signaling, PFN1 binds to the FH1 domain
on the C-terminus of Daam124, No studies have yet shown which residues on PFN1
regulate binding to ANPs although some evidence exists that phosphorylation of Ser137

on HPFN1 prevents binding of PFN1 to PLP-fused beads!3.. In this study, | present
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contrary evidence suggesting that PFN1-Ser135Ala on XPFNL1 prevents binding of PFN1

to the FH1 domain of Daam1, while Tyr131Ala has no such effect.

PFN1-Ser135Ala led to disruption of binding of PFN1 to the FH1 domain of
Daam1, and this loss in binding was rescued by treatment of Wnt5a. This suggests that
non-canonical Wnt signaling may phosphorylate other residues in addition to Ser135 to
regulate binding of XPFN1 to FH1. In addition, it was surprising that PFN1-Ser135Ala
binds to cDaam1 and Daam1 but not to FH1, as the FH1 domain is located on the C-
terminus of Daam1. One possible explanation is that replacing Ser135 with a
hydrophobic residue such as Alanine sterically prevents binding of PFN1 to FH1. This
can be tested by mutating Ser135 to Threonine, a structurally similar amino to serine.
This would test whether binding of PFN1 to FH1 is being disrupted by steric inhibition or

regulation.

While Tyr131 on XPFN1 showed no role in regulating binding of PFN1 to
Daam1, phosphorylation of Tyr129 on HPFN1 by Src kinase through VEGF signaling
was shown to cause downstream actin polymerization during wound healing in what
system?32, A phospho-inactive version of Tyr129 shows decreased ability to polymerize
G-actin in vitro, slow endothelial cell migration, and prevent wound healing!32, Given the
known roles of PFN1 in VEGF and non-canonical Wnt signaling, | hypothesized that

these two ligand-based signaling pathways use Src kinase to regulate PFN1.
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I was able to show that while Wnt5a leads to phosphorylation of Tyr129 on
HPFN1, this phosphorylation event is Src-independent because siRNA knockdown of Src
did not prevent Wnt5a-mediated phosphorylation of Tyr129. Two different ligand-based
pathways, VEGF and non-canonical Wnt signaling, separately lead to phosphorylation of
Tyr129 on HPFN1. As previously described, | identified several kinases that may
phosphorylate Tyr131 and Ser135 on XPFN1 using GPS v5.0. The most likely kinases
identified to phosphorylate Tyr131 were activated cdc42 kinase (ACK1), Ephrin kinase
(Eph), Insulin receptor tyrosine kinase (InsR), and Src kinase with similar predictive
phosphorylation scores ranging from 21.512 to 18.525. siRNA knockdown experiments
could be used to test whether non-canonical Wnt signaling recruits ACK1, Eph, or InsR
phosphorylate Tyr129 on HPFN1. Because Cdc42 is a known downstream effector of

non-canonical Wnt signaling, it is the most sensible target to phosphorylate Tyr129.

This study presents evidence that Tyr131 and Ser135 have different roles on
PFN1. Tyr131 regulates gastrulation, Wnt5a mediated actin fiber formation, cytokinesis,
and cellular elongation while Ser135 regulates binding of XPFN1 to Daam1 but the
molecular mechanism is unclear. These findings expand our understanding of non-
canonical Wnt signaling and actin dynamics. ldentification of the importance of Tyr131
on XPFN1, and by extension Tyr129 on HPFN1, is poised to expand our knowledge of
non-canonical Wnt signaling and actin dynamics. Here, | propose a model whereby
Tyr131 regulates PFN1’s role in Wnt5a-mediated actin cytoskeletal reorganization and

Ser135 regulates binding of PFN1 to Daam1.
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Figure 42. Tyr131 is necessary for proper function of PFN1 and Ser135 may be
one of several residues that regulate binding to Daam1. Activation of non-
canonical Wnt signaling by Wnt5a leads to phosphorylation of Tyr131 by an
unknown kinase. Regulation of Tyr131 appears to be crucial for the role of PFN1 in
actin fiber formation and gastrulation. Tyr131Ala prevents Wnt5a mediated actin
fiber generation while Ser135 has no effect on the actin cytoskeleton. Ser135 may
act in tandem with other residues to modulate binding of PFN1 to FH1 via PLP
sites. Alanine substitutions of both Tyr131 and Ser135 prevents gastrulation and
Whnt5a-mediated actin fiber formation.
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