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Abstract
Embryonic development requires precise regulation of large-scale tissue

movements. During morphogenesis, many cell movements occur in response to
chemokines, morphogens, and soluble growth factors that guide directional movement.
Platelet-derived growth factor (PDGF) signaling is required for directional Xenopus
mesendoderm migration on the fibrillar fibronectin (FN) matrix of the blastocoel roof.
Gradients of PDGF ligand can direct cell migration ex vivo, but in the context of the
developing embryo it remains unclear whether PDGF gradients are present. The PDGF
ligand can attach to FN and act as a short-range signal. However, signaling via the PDGF
receptor (PDGFr) can be upregulated without direct interaction with PDGF ligand but
rather by cooperation with integrin receptors. Because the developing embryo is dynamic
and gradients of soluble cues are difficult to regulate, the spatial-temporal regulation of
PDGFr may be necessary for mesendoderm migration. The purpose of this dissertation is
to evaluate the roles of integrin-dependent adhesive signaling and growth factor signaling
during mesendoderm migration. I established a role for the PDGFr functioning
independent of a PDGF ligand gradient in directional mesendoderm migration on FN.
The PDGFr functions to modulate adhesion to FN by regulating the actin cytoskeleton
and the size of focal adhesions in a manner that depends on signals from focal adhesion

kinase (FAK) and Pi3k-Akt.

Integrin adhesion initiates the assembly of the extracellular matrix (ECM), and
integrin activation requires talins and kindlins. During neurulation, several ECM proteins

are assembled and remodeled at the somitic mesoderm and notochord boundary. This
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boundary forming ECM has essential roles in morphogenesis and is necessary for
adhesion and orientation of tractive protrusions of mesoderm cells that undergo
mediolateral intercalation behaviors during convergence and extension (CE). It has been
demonstrated that perturbing FN results in severe defects in CE. I established a function
for kindlin in the assembly of FN and fibrillin (FB) at the notochord somite boundary.
This is the first demonstration of the role for kindlin functions in matrix assembly around
the notochord. My dissertation describes how integrin-dependent adhesive signals can
cooperate with growth factor signals for directional mesendoderm migration and how

integrin activation by kindlin can regulate the assembly of the FN and FB matrix.
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Chapter 1

Introduction



1.1 Understanding Collective Cell Migration

1.1.1 Why study collective cell migration?

The study of collective cell migration, defined by cells moving as a cohesive
group, is critical to the understanding of multiple biological processes. Collective cell
migration mediates morphogenesis (Caussinus, Colombelli, & Affolter, 2008; Ewald,
Brenot, Duong, Chan, & Werb, 2008; Friedl & Gilmour, 2009), embryonic development
(Haas & Gilmour, 2006; Montell, 2001; Weijer, 2009), cancer metastasis (Friedl, Locker,
Sahai, & Segall, 2012; Gaggioli et al., 2007; Wolf et al., 2007), wound healing
(Matsubayashi, Ebisuya, Honjoh, & Nishida, 2004), and angiogenesis (Hellstrom et al.,
2007). In recent years, it has become clear that cohesive cell movements are essential for
proper spatial and temporal patterning of developing tissues and organs (Lecaudey &
Gilmour, 2006). In many instances, cells migrate with more persistence as a cohesive
group of cells (Kolega, 1981; Winklbauer, Nagel, Selchow, & Wacker, 1996). This
finding suggests that collective cell migration is a more efficient way for cells to travel

and may provide some insight into why cells migrate collectively in vivo.

Studying collective cell migration also has clinically relevant applications. A
greater emphasis should be placed on understanding collective cell migration when
developing therapeutics designed to slow the progression of cell movements during
disease states (Alexander, Koehl, Hirschberg, Geissler, & Friedl, 2008). Most therapeutic
drugs targeting metastasis are initially evaluated using single-cell migration assays with
cells in tissue culture (Friedl & Wolf, 2003). Although in vitro studies can inform in vivo
treatment, often cell migratory behavior is vastly different in vivo where cells can

undergo collective cell migration. Single cell and collective cell migration use many of



the same subcellular proteins, but the ways in which these proteins are regulated can be
vastly different (Friedl, 2004). Thus, the differences between single-cell and collective-

cell migration are worth investigating.

Most migration research has focused on studying cells migrating along tissue
culture plastic (Lauffenburger & Horwitz, 1996; Ridley et al., 2003). For single cell
migration to proceed, a breaking of symmetry must occur to establish a front and rear cell
polarity. At the front of the cell, actin polymerization causes the formation of cell
protrusions, which can be in the form of filopodia or lamellipodia that extend in the
direction of travel (Fig. 1.1 A). The filopodia or lamellipodia form cell-extracellular
matrix (ECM) adhesions mediated by integrin receptors embedded within the cell
membrane (Fig. 1.1 A). Integrin engagement triggers the assembly of focal adhesion
complexes that anchor the cell to the surrounding ECM (Fig. 1.1 A). The focal adhesions
allow the cell to generate traction stresses necessary for cell movement. The rear of the
cell undergoes an actomyosin-driven cellular contraction that separates the cell from the

ECM following the disassembly of adhesions causing the forward cell translocation.

Cells undergoing collective cell migration share many of the same features as
single cell migration. There is a breaking of symmetry, actin polymerization to form
protrusions, and adhesions break because of actomyosin-driven cellular contraction
resulting in cell movement (Mayor & Etienne-Manneville, 2016; Sheetz, Felsenfeld,
Galbraith, & Choquet, 1999; Fig. 1.1 B). Although the sequence of events is the same as
single cell migration, during collective cell migration, the cells remain cohesive. For this
process to occur properly, signals must be transmitted across the group of cells to

coordinate cellular behaviors. Cells organize at a supracellular level to join actomyosin



networks to coordinate cell protrusion dynamics, regulate cell-ECM attachment and
detachment, allow for myosin-driven contraction at the rear of the cell group, and

ultimately undergo a unified global movement.

1.1.2 Directional collective cell migration

Cells receive directional cues from the surrounding microenvironment. Cells can
undergo chemotaxis following chemical cues (Swaney et al., 2010), cells can undergo
haptotaxis migrating toward more adhesive surroundings (Carter et al., 1967), cells can
undergo durotaxis migrating toward increased stiffness (Lo et al., 2000), and cells can
follow aligned ECM which is known as contact guidance (Dunn & Heath, 1976). Recent
studies in our lab described how collective cell migration can occur by cohesotaxis,
whereby mechanical tension at cell-cell junctions enhances directional migration (Weber,
Bjerke, & DeSimone, 2012). The interpretation and integration of multiple cues at the
same time allows for directed migration. During collective cell migration the cells must
remain attached making the integration of these cues more complex. Groups of cells
migrate over and modify ECM exposing chemotactic cues and altering haptotactic and
durotactic cues. If the cells align the ECM during migration, contact guidance allows
follower cells to follow the tracks. Thus follower cells are exposed to different cues then
leader cells. Because cell remain attached to one another, cohesotaxis is important for
collective migration because tension at cell-cell junctions can act as a guidance cue as the

cells exert tractions on the ECM.



1.1.3 Influences of directional mesendoderm migration

Xenopus mesendoderm migrates directionally along a fibrillar FN matrix and
disrupting the fibrillar state of the FN matrix enhances mesendoderm migration (Rozario,
T. & DeSimone, D.W., 2010). This suggests that the fibrillar network provides
haptotactic and durotactic imputs that slow down migration of mesendoderm. There is no
evidence that FN is aligned on the BCR and thus it remains unlikely that contact
guidance governs directional mesendoderm migration. However, it is clear the
cohesotaxis governs collective migration of Xenopus mesendoderm and applying
mechanical force specifically to cell-cell junctions directs polarized protrusive activity of
mesendoderm (Weber, Bjerke, & DeSimone, 2012). It also remains unclear whether
chemotaxis influences directional migratory behaviors of mesendoderm. It has been
suggested that mesendoderm follows the chemoattractant PDGF-A ligand (Nagel et al.,
2004). However, mesendoderm that has been explanted away from the source of ligand
can still undergo directional migration (Davidson et al., 2002). Is cohesotaxis alone
sufficient to guide directional mesendoderm migration? Do non-ligand dependent PDGFr
signals influence directed migration? And if so, how? This dissertation sought out to

uncover answers to these questions.

1.2 Leader Cells and Follower Cells

Unlike single cell migration, in collective cell migration, the breaking of
symmetry establishes leader cells and follower cells. Leader cells characteristically have
active cellular protrusions, whereas follower cells maintain more stable cell—cell

junctions and have less dynamic protrusive behaviors. Cell-ECM adhesion and



detachment must be carefully orchestrated so that leader cells are able to make adhesions
to the ECM while follower cells break ECM adhesions, causing the group to migrate

forward in unison. Although it is clear that differences between single and collective cell
migration allow groups of cells to migrate with greater directionality, how cells interpret

and integrate signals to coordinate cellular behaviors remains unknown.

Leader cells may be a singular cell or multiple cells that are localized to the front
of a migrating sheet. Highly dynamic protrusive behaviors are characteristic of leader
cells. For example, sprouting angiogenesis is directed by a singular leader cell at the
branching tip that extends an elongated protrusion to orient the cell group in the direction
of migration (Weavers & Skaer, 2014). During mesendoderm migration, multiple leader
cells are found along the leading edge of the sheet of cells (Davidson, Hoffstrom, Keller,
& DeSimone, 2002). Each mesendoderm leader cell has a monopolar lamellipodial
protrusion oriented in the direction of migration. In both examples, the maintenance of

polarized protrusive behavior is required for directional cell migration.

Leader cells are on the front edge of the migrating group and are the first to come
into contact with guidance cues. Therefore, leader cells are essential in interpreting
guidance cues (Mayor & Etienne-Manneville, 2016). Often leader cells internalize
chemical guidance cues and respond to signals before the following cells can access the
cue (Mayor & Etienne-Manneville, 2016). This internalization and response occurs with
the collectively migrating cells of the Dictyostelium discoideum that respond to the
secretion and internalization of cyclic adenosine monophosphate (CAMP; Kimmel &
Parent, 2003). The leader cells secrete cAMP, creating a wave of signaling that is highest

within leader cells; then the signal is propagated to follower cells. Leader cells also have



important roles in propagating cell signaling. In Madin-Darby canine kidney (MDCK)
cells, active Rac and B1 integrin are found localized to leader cells. These leader cells are
essential for the up-regulation of Pi3k-Akt signaling (Yamaguchi, Mizutani, Kawabata, &
Haga, 2015). When a cohesive group of cells migrate, each cell remodels ECM by locally
degrading with proteases or locally depositing basement membrane (Sternlicht, M. D. &
Werb, Z., 2001). When leader cells do this, a track forms for the following cells to

collectively migrate along.

Leaders can be determined in several ways. During mesoderm migration in
Drosophila embryos, leader cells are spatially constrained and maintain position after
invagination (McMahon, Supatto, Fraser, & Stathopoulos, 2008). However, endothelial
cells respond to vascular endothelial growth factor (VEGF) and platelet-derived growth
factor (PDGF) signals to induce the formation of leader cells, whereas follower cells
respond to Notch/DI14 signals (Khalil & Friedl, 2010; Quillien et al., 2014). Fibroblast
growth factor signaling causes the formation of leader cells in tracheal outgrowth and the
cells with the highest activation of fibroblast growth factor receptor to become leader
cells (Ghabrial & Krasnow, 2006; Sato & Kornberg, 2002; Sutherland, Samakovlis, &
Krasnow, 1996). During wound healing, leader cells activate Rho-A, and a constitutively
active version of Rho-A is sufficient to induce follower cells to become leader cells
(Omelchenko, Vasiliev, Gelfand, Feder, & Bonder, 2003). Because Rho-A signaling can
induce the formation of leader cells, the number and position of leader cells can be highly
dynamic. During border cell migration, the leader cell is defined as having the highest
level of receptor tyrosine kinase signaling required for active cell protrusive behaviors

and cell motility (Janssens, K., Sung, H.-H. & Rarth, P, 2010). As the border cell cluster



migrates, the cells change position in response to guidance cues and compete to become
the leader cell (Prasad & Montell, 2007). Eventually the leader cell emerges, and the

other cells in the border cell cluster become followers (Prasad & Montell, 2007).

Follower cells are found attached to and behind leader cells. Follower cells often
have less dynamic protrusive behaviors and maintain stable cell—cell junctions with
neighboring cells. During dorsal closure (Jacinto et al., 2000) and border cell migration
(Prasad & Montell, 2007), follower cells are pulled along by leader cells. Follower cells
do not extend actin-rich filopodial or lamellipodial protrusions like leader cells. Although
there are many examples of leader cells pulling along follower cells, the follower cells do
not always have a passive role in migration. During mammary gland branching
morphogenesis, the highly proliferative cells of the stalk push leader cells from the rear
(Ewald et al., 2008). Follower cells do not always remain as follower cells. During border
cell migration, the follower cells can become leader cells based on signaling. Therefore,
each cell within the group must interpret chemical and physical cues according to the
location within the group. The interpretation of these signals in a spatially dependent

manner is essential for efficient and directional collective cell migration.

1.3 Geometric Organization of Cohesive Groups of Cells

Cells migrate as sheets, clusters, or cords during collective cell migration (Fig.
1.2). Each geometric cellular organization helps to promote directional collective cell
migration during a specific physiological or disease processes. In many instances, the

tissue geometry influences the number of leader and follower cells within the group. The



configuration and number of the cells in the group influences the cell polarity,
directionality, and speed of migration. Collective cell migration is more efficient when

cells are organized to navigate the surrounding microenvironment.

Epithelial cells migrate as a two-dimensional sheet (Fig. 1. 2 A, 1. 2 D sheet).
This geometry is necessary for wound healing along a planar surface. The collective
cellular movement of epithelial cells in a sheet is driven largely by cell crawling and
actomyosin-driven “purse-string” contractions at wound edges (Anon et al., 2012). The
physical geometry of the wound dictates how the closure happens. When
polydimethylsiloxane stencils were used to create wounds of varying shapes within a
sheet of MDCK cells, the closure of concave edges protruding into the gap was driven by
cell crawling, whereas convex or flat edges were closed by actomyosin-based cell
contractions at the front of cells (Ravasio et al., 2015). Thus, the physical geometry of the

wound edges dictates the mode of cell migration.

As wound healing progresses, the front edge of the cells contract forming a
rosette-like geometry to enhance gap closure. Laser ablation of the actomyosin cable in
the front of the cells causes the cell migration to become driven by cell crawling (Ravasio
et al., 2015). The formation of an actin cable at the front of cells is regulated by the
presence of ECM. If ECM is localized at the edge of the wound, cell crawling is
predominant; if there is no ECM, then there is enhanced formation of an actin cable
(Grasso, Hernandez, & Chifflet, 2007). During epithelial wound healing, the two-
dimensional sheet allows leader cells to form along the edge of the sheet, and the
geometry of the wound determines the mode of migration. The geometry also influences

the speed of migration, because cell crawling is slower than the actomyosin contraction
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of the actin purse string.

In Xenopus gastrula, mesendoderm tissue has a free leading edge, and the rear of
the cell group is attached to mesoderm tissue, creating an intrinsic tissue polarity. The
cells along the leading edge exert the highest traction stresses on the fibronectin (FN)
substratum, pulling along the follower cells that are connected by C-cadherin-rich cell-
cell adhesions (Sonavane et al., 2017). Asymmetric tissue tension within mesendoderm
directs cell protrusion polarity. Mesendoderm cell protrusions become directionally
oriented after the application of mechanical force on C-cadherin adhesions, causing cells
to migrate in a directional manner (Weber, Bjerke, & DeSimone, 2012). Mesendoderm
explants migrate at twice the speed when placed in a round configuration (Davidson et
al., 2002). Thus, the geometry of the mesendoderm cells within the tissue governs the

speed and directionality of migration.

Cells can collectively migrate in clusters; the shape of the cluster defines the
direction of migration, and the size of the cluster determines the migration speed (Kumar,
Chen, Co, & Ho, 2011). When groups of fibroblasts were geometrically confined in
varying shapes using micropatterned substrates, clusters migrated preferentially along the
major axis of a rectangle or ellipse, whereas circular clusters had randomized migratory
movements (Kumar, Chen, Co, & Ho, 2011). During border cell migration, the cluster
forms an ellipse shape once the leader cells are determined, migrating along the major
axis of the ellipse (Fig. 1.2 B, elliptical cluster). Groups of cells are better able to respond
to chemical cues necessary for directional migration. A theoretical model was used to
determine that the larger the border cell clusters were, the faster the migration speed was,

up to a certain size (Kumar et al., 2011). If the border cell cluster becomes too large,
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there is increased viscous drag. Thus, there is an optimal cell cluster size at which border

cell migration occurs.

Schwann cells migrate as cords (Fig. 1.2 C) along “tracks” of blood vessels to
guide axons during regeneration (Cattin et al., 2015). The cord-like geometry is regulated
by ephrin/Eph signaling; if ephrin-B2 protein is microprinted into stripes on coverslips,
the Schwann cells will organize into parallel cords (Cattin et al., 2015). Because the
Schwann cell cord leads the outgrowth of the axon, the geometry of the Schwann cells is
essential. Disrupting ephrin/Eph signaling results in a loss of directionality and causes the
cords to cross (Cattin et al., 2015). Taken together, these data suggest that the physical
geometry of the tissue (e.g., a sheet, cluster, or cord, Fig. 1.2) dictates the directionality
and speed of migration. The data also suggest that in some instances, the efficiency of

cell migration is dependent on the maintenance of a particular geometry.

1.4 PDGF Signaling in Collective Cell Migration

1.4.1 Structure and Function of PDGFr and PDGF Ligand

PDGF ligand was first described in the 1970s as a serum growth factor released
from platelets during blood clotting and wound healing (Andrae, Gallini, & Betsholtz,
2008; Kaplan, Chao, Stiles, Antoniades, & Scher, 1979; Scher, Shepard, Antoniades, &
Stiles, 1979). PDGF acts as a mitogen and proliferative factor for several cell types,
including fibroblasts (Seppd, Grotendorst, Seppi, Schiffmann, & Martin, 1982), glial
cells (Assanah et al., 2009), and vascular smooth muscle cells (Grotendorst, Chang,

Seppd, Kleinman, & Martin, 1982). Although PDGF has been well established as a
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chemoattractant for directed cell migration (Deuel, Senior, Huang, & Griffin, 1982),
PDGF has been identified as a regulator of collective cell movements only in the past 20

years (McDonald, Pinheiro, & Montell,, 2003).

Both the platelet-derived growth factor receptor (PDGFr) and the PDGF ligand
are dimers of disulfide-linked polypeptide chains (Fig. 1.3). The PDGFr has five
extracellular immunoglobulin G (IgG) domains, a transmembrane domain, and an
intracellular tyrosine kinase domain (Fig. 1.3; Heldin & Westermark, 1999). PDGF
ligand binds to the extracellular IgG domains, resulting in the dimerization of the PDGFr,
which causes autophosphorylation at conserved residues, specifically Tyr-849 in the a-
receptor and Tyr-857 in the B-receptor (Fig. 1.3). This phosphorylation causes activation
of the PDGFr, which creates docking sites for SH2 domain containing signaling
molecules such as Pi3k, Fak, phospholipase C, and the Src family of tyrosine kinases

(Heldin & Westermark, 1999; Fig. 1.3).

1.4.2 PDGF Signaling in Protrusion Formation

PDGF signaling leads to enhanced actin crosslinking, which is essential for
lamellipodia protrusion formation (Herman & Pledger, 1985; Nagano et al., 2006).
Addition of PDGF ligand to fibroblasts results in increased actin polymerization, which
causes the formation of circular membrane ruffles (Anton, 2003; Veracini et al., 2006).
The membrane ruffle is a result of PDGF signaling causing activation of the Rho-GTPase
family member, GTP-Rac, and causing the recruitment of WASP-interacting protein

(WIP), which binds actin filaments for crosslinking (Anton, 2003). PDGF signals are also
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important for migration in vivo. PDGF signaling activates Rac in the leader cell to orient
protrusions in the forward direction during border cell migration (Poukkula, Cliffe,
Changede, & Rorth, 2011), Xenopus mesoderm cell migration (Nagel, Tahinci, Symes, &
Winklbauer, 2004), and zebrafish mesendoderm migration (Montero, Kilian, Chan,
Bayliss, & Heisenberg, 2003). Thus, PDGF ligand causes increased actin polymerization
to direct protrusions during collective cell migration. However, it remains unclear if

active PDGFr is localized to leader cells in a ligand independent manner.

1.5 Cell-Cell Junctions in Collective Cell Migration

Cell—cell junctions not only provide a physical connection between cells but also
anchor cells to the intracellular cytoskeleton. These mechanical linkages allow groups of
cells to move together at the roughly the same speed. The maintenance of cell—cell
junctions is a defining feature of collective cell migration. Cadherin-rich cell—cell
junctions mediate adhesions in several cell types during collective migration. Cadherins
are a family of calcium-dependent cell adhesion molecules that mediate cell—cell
adhesions. During morphogenesis, cadherins regulate cell sorting behaviors (Gumbiner,
2005). Cadherins are part of desmosomes and adherens junctions. Desmosomes contain
cadherins associated with keratin intermediate filaments are formed and resist mechanical
forces. Cadherins interact with catenins to bind to actin filaments and microtubules in

adherens junctions.

1.5.1 PDGF in the regulation of cell-cell junctions
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Several types of cells require cell—cell contacts to migrate directionally or to
respond to chemotactic cues. Xenopus mesendoderm migrates directionally in response to
PDGF, but only if the cells have intact C-cadherin cell—cell junctions (Nagel et al., 2004;
Winklbauer et al., 1996). If C-cadherin cell—cell junctions are disrupted, the cells disperse
and migrate randomly because the cells are unable to respond to chemotactic cues
embedded in the BCR (Winklbauer et al., 1996). Similarly, during border cell migration,
if E-cadherin is knocked down, the cells disperse and can no longer migrate directionally
in response to PDGF (Cai et al., 2014). During gastrulation in chick embryos, PDGF
signals enhance expression of N-cadherin in mesoderm cells to allow for directional
migration (Yang, Chrisman, & Weijer, 2008). During neural crest cell migration, PDGF
signaling modulates the expression of N-cadherin and inhibiting PDGF-A ligand or
PDGFra results in decreased levels of N-cadherin (Carmona-Fontaine et al., 2008). Thus,
regulating cadherins at cell—cell junctions is a conserved mechanism to enhance
directional collective cell migration during chemotaxis, and mechanisms of chemotaxis

have evolved to maintain cell—cell junctions for more efficient directional migration.

1.6 Integrin Signaling in Collective Cell Migration

Integrins are heterodimeric glycoproteins with noncovalently bound o and 3
subunits that function as adhesion receptors important for signal transduction (Luo,
Carman, & Springer, 2007). Integrins have an extracellular head domain, a
transmembrane domain, and a short cytoplasmic tail (Moser, Legate, Zent, & Fissler,
2009). The globular head domain binds to ECM, and the short cytoplasmic tail binds to

intracellular adaptor proteins that link to the actin cytoskeleton. Integrins provide a direct
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link between the extracellular and intracellular environment. Integrins are key mediators
of cell adhesion and cell migration (Hynes, 2002). During collective cell migration,
integrins can be more highly expressed in leader cells to mediate adhesion in the front of
the tissue (Hegerfeldt, Tusch, Brocker, & Friedl, 2002). For example, integrin 1 is
localized to the front of leader cells in a sheet of MDCK epithelial cells (Yamaguchi et
al., 2015). The localization of integrins creates hubs for cell signaling of Rho-GTPases,
such as Rac, Fak, and Pi3K. These signaling molecules allow for the formation of
protrusions, focal adhesion complexes, and actomyosin contractile machinery necessary

for collective cell migration.

1.6.1 Integrin Activation

Integrin activation is defined as a rapid and reversible conformational change that
occurs in the extracellular head domain of integrins (Hynes, 2002). This conformational
change causes the integrin to convert from a bent “low-affinity” state into an open “high
affinity” state (Takagi, Petre, Walz, & Springer, 2002). Integrin signaling is bidirectional
and integrin activation occurs by both “inside-out” and “outside-in” signaling
mechanisms. Talin binding to integrin NPxY motif in the short § cytoplasmic tail initiates
inside-out signaling (Patil et al., 1999). Overexpression of talin can induce integrin
activation (Calderwood et al., 1999) because talin binding releases the inhibitory o 3
subunit interaction breaking the salt bridge by changing integrin conformation (Tadokoro
et al., 2003). Although talin can induce integrin activation, talin alone is not sufficient,
and knockdown of kindlin results in a disruption in the ability of talin to activate integrins

(Ma, Qin, Wu, & Plow, 2008). Kindlin is a scaffold protein that acts to bridge integrin
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with talin to promote integrin clustering ( Li et al., 2017). Talin binds to the integrin
membrane-proximal NPxY motif, and kindlins bind to the membrane-distal NPxY motif
(Wegener et al., 2007). Kindlin is an essential linker of integrins to the actin cytoskeleton
(Bledzka et al., 2016) and interaction with talin promotes focal adhesion formation
because kindlin can bind to paxillin (Theodosiou et al., 2016). Thus, talin and kindlin
interaction with integrin B cytoplasmic tail results in conformational change and ECM

ligand binding promoting cell adhesion and cell spreading during inside-out signaling.

Integrins are expressed on cell surfaces in the inactive bent low-affinity state and
in this low affinity state are unable to bind ECM (Hynes, 2002). During outside-in
signaling, integrins become activated by ECM ligand binding that induces a
conformational change in the integrin to a high-affinity state (Takagi et al., 2002).
Ligation with ECM causes integrin clustering and the activation of Src family kinases
that phosphorylate NPxY motifs to promote binding by talin and kindlin (Arias-Salgado
et al. 2003). Talin and kindlin cooperate to lock integrins into a high-affinity state.
Integrin phosphorylation must be tightly regulated and phosphorylation by Src family
kinases of P tails inhibited o3 mediated adhesion to fibronectin (Datta, Huber, &
Boettiger, 2002). Divalent cations enhance ECM binding affinity (Bazzoni, Blue, &
Hemler, 1998; Gailit & Ruoslahti, 1988 ). These cations bind integrins at the metal-ion
dependent adhesion site (MIDAS; Moser et al., 2009). Stimulation with Mn*" increased
the binding affinity of integrin to binding FN at the arginine—glycine—aspartic acid (RGD)
site (Gailit & Ruoslahti, 1988). Integrins can also respond to mechanical force and
transmit the forces into biochemical signaling. Spatiotemporal regulation of integrin

activation and integrin affinity for ECM within a group collectively migrating cells
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permits front-back polarity to drive cell migration forward (Lauffenburger & Horwitz,
1996). Integrin activation upregulates biochemical signaling events and creates signaling

plaques, allowing for synergy with other membrane receptors.

1.6.2 Integrin Synergy With PDGFr

Integrin receptors provide a physical link to the surrounding ECM. Integrin
engagement activates signal transduction cascades up-regulating Pi3k-Akt to activate
growth factor signaling. Because integrin receptors and growth factor receptors both
enhance Pi3k-Akt, transactivation of receptors can occur in both directions (Fig. 1.4).
Integrins can bind to growth factor receptors at the cell surface forming signaling plaques
and enhancing transactivation. Indirect activation of growth factor receptors can occur in
a nonligand-dependent manner when integrin signaling upregulates downstream signal

transduction cascades (Fig. 1.4 A).

B1 integrin engagement induces the activation of Pi3k, resulting in the
phosphorylation of Akt (Fig. 1.4 A). Similarly, PDGFr activation results in the activation
of Pi3k signaling and the phosphorylation of Akt (Fig. 1.4 B). Together integrin and
PDGF signaling synergize to up-regulate Pi3k—Akt signals necessary for cell adhesion
and migration. Integrin activation results in the activation of kinases, such as focal
adhesion kinase (FAK), that can phosphorylate and activate the PDGFr in a ligand
independent manner (Fig. 1.4 A). The significance of converging integrin and PDGF
signaling pathways has yet to be evaluated in a complex event such as directional

Xenopus mesendoderm migration that occurs during gastrulation. This dissertation
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addresses the importance of convergent signaling on directional mesendoderm migration.

1.7 Xenopus Mesendoderm Migration

1.7.1 Influences of cell-cell adhesion on directional mesendoderm migration

Directional Xenopus mesendoderm migration requires cell-cell cohesion. Single
mesendoderm cells are unable to migrate directionally along the blastocoel roof (BCR;
Winklbauer et al., 1996). However, aggregates of mesendoderm cells migrate on a
coverslip conditioned with the BCR (Nagel et al., 2004; Winklbauer, 1990). Importantly,
the BCR-derived ECM contains soluble cues that enhance migration in the direction of
the animal pole (Nagel et al., 2004; Winklbauer, 1990). The requirement of tissue
cohesion and maintenance of the geometry of the mesendoderm tissue has been well
described in the literature (Davidson, Marsden, Keller, & DeSimone, 2006). However,
the importance of guidance cues embedded or secreted from the BCR remains unclear,
particularly because mesendoderm migrates directionally on a planar FN substratum
without BCR conditioning or addition of PDGF-A ligand or any other guidance cues
(Davidson et al., 2002). In Xenopus mesendoderm migration, PDGF-A ligand is a
guidance cue that is effective only when there is tissue cohesion and if PDGF-A ligand is
knocked down mesoderm is unable t directionally migrate (Nagel et al., 2004; Smith,
Mitsi, Nugent, & Symes, 2009; Winklbauer & Nagel, 1991). I hypothesized that the
integrin-FN adhesions would be sufficient to activate PDGFr signaling in a ligand
independent manner required for directional migration. To better understand the

dynamics of mesendoderm migration, the dorsal marginal zone explant (DMZ) was
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developed (Davidson et al., 2002). The DMZ explant provides a simple way to evaluate
individual cell behaviors during directional mesendoderm migration. Mesendoderm
migrates directionally on a nonfibrillar FN substratum without BCR conditioning and
without PDGF-A ligand (Davidson et al., 2002). I used mesendoderm explants as a tool
to evaluate the contribution of PDGF signaling and integrin adhesion during directional

mesendoderm migration.

1.7.2 Influences of cell-ECM adhesion on directional mesendoderm migration

Integrin adhesion to the ECM is required for Xenopus mesendoderm migration.
Mesendoderm migration is dependent on integrin o531 (Davidson et al., 2002), which
binds to FN in at the Arg-Gly-Asp (RGD) site (Takagi et al., 2002). When a FN function-
blocking antibody is used to block the RGD site (mAb 4B12) on an FN substrate,
mesendoderm explants detach from the FN and retract (Davidson et al., 2002). In
addition to integrin binding to RGD, integrin also binds to the FN “synergy site”
sequence Pro-Pro-Ser-Arg-Asn (PPSRN), and this interaction promotes cell spreading. If
a function-blocking antibody recognizing the FN “synergy site” (mAb 1F7) is used on
mesendoderm explants on FN, mantle extension stops, but the tissue does not detach
because the integrin can still bind to the FN RGD sequence, which is sufficient for cell
attachment (Davidson et al., 2002). If integrin a5p1 adhesion to FN is blocked using mAb
P8D4, mesendoderm tissue retracts and detaches (Davidson et al., 2002). Similar results
are seen using FN fusion proteins (9.11 and 9.11a) containing three FN Type-III repeats,
specifically repeats 9, 10, and 11. Cells on 9.11 can attach to RGD and the “synergy site”

sequence allowing the cell to spread and migrate (Fig. 1.5 A). Both the binding to the
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RGD and “synergy site” sequence promotes integrin activation and the activation of
downstream signaling that leads to the phosphorylation of Akt (Fig. 1.5 A). However, the
“synergy site” sequence is mutated in the 9.11a construct, and the mutation results in an
inability for integrin to bind to the PPSRN sequence. Therefore, the cells attach to RGD
but are unable to spread and migrate (Fig. 1.5 B). The inability of the integrins to bind to
the “synergy site” results in reduced p-Akt (Fig. 1.5 B). These experimental results
demonstrate that integrin a5B1function and binding to the FN RGD and “synergy site”

promote mesendoderm migration.

In other mesenchymal cell types, integrin a5f1 can activate the PDGFr to
promote cell attachment (Veevers-Lowe, Ball, Shuttleworth, & Kielty, 2011). However,
whether integrin a531 adhesion to FN promotes complex cellular movements such as
mesendoderm migration and whether PDGF signaling can be regulated by integrin
adhesion remain unclear. My research helped uncover a model whereby integrin
engagement with FN results in ligand independent PDGF signals that result in enhanced
cells signaling, specifically p-Akt and pFak-397, which causes the formation of
lamellipodia protrusions, assembly of focal adhesions, and directional collective cell

migration (Fig. 1.6).

1.7.3 Influences of mechanical forces on directional mesendoderm migration

The gastrulating Xenopus embryo is a force-generating machine. Mesoderm
undergoes convergence and extension (CE) movements (Keller & Davidson, 2004). The

mesoderm cells that involute undergo stiffening along the marginal zone on the
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anteroposterior axis (Moore et al., 1995). Attached to and ahead of mesoderm is
mesendoderm, which migrates directionally on the FN matrix of the BCR, extending
lamellipodial protrusions (Davidson et al., 2002). Mesendoderm cells adhere to and exert
tractive forces on the FN matrix and tension at cell-cell junctions (Sonavane et al. 2017).
If cell-FN attachments are disrupted, then the tissue “snaps-back” because of the tension
within the tissue (Davidson et al., 2002). FN matrix is also necessary for CE and blocking
integrin-FN adhesions results in shortened embryos (Marsden & DeSimone, 2003).
Additionally, there is integrin—cadherin crosstalk and integrin function is required for cell
sorting behaviors (Marsden & DeSimone, 2003). The intersecting functions of cadherin
and integrin adhesive networks are essential for gastrulation. The balance of cell-cell and
cell-ECM forces regulates Xenopus mesendoderm migration as tractive forces mediated
by cell-ECM adhesions are counterbalanced by tension at cell-cell junctions with highest
tractions along the leading edge of the tissue (Sonavane et al. 2017). Mesendoderm
migrates on BCR cells that are also re-arranging. The ectodermal cells that comprise the
BCR undergo thinning and spreading in a process known as epiboly (Keller & Davidson,
2004). Each of these force-generating movements must occur simultaneously for

gastrulation to proceed.

1.8 Significance and Overview

The purpose of my dissertation was to elucidate the roles of integrin and growth
factor signaling during embryonic development. In Chapter 1, I introduce the major
regulators of collective cell migration and what is known about integrin signaling and

growth factor signaling in directional migration. Mesendoderm migrates directionally on
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fibrillar fibronectin with growth factor ligands sequestered in the matrix (Davidson et al.,
2002). Previous studies suggested that PDGF dependent chemotaxis was required for
directional mesendoderm migration (Nagel et al., 2004). However, mesendoderm
explants can migrate directionally without PDGF embedded in the matrix (Davidson et
al., 2002). In Chapter 2, I propose that directional mesendoderm migration is governed by
the integration of integrin-dependent adhesive signals in cooperation with PDGFr. Talins
and kindlins are scaffolding proteins that bind to integrin f tails acts as activators for
integrins (Goult et al., 2009). In Chapter 3, I identify a function for kindlin in the
assembly of FN and fibrillin (FB) during neurulation. Although it is clear the integrin-
ECM adhesion contributes to ECM assembly (Wu, Keivens, O’Toole, McDonald, &
Ginsberg, 1995), this is the first demonstration of the role for kindlin functions in matrix
assembly during embryonic development. Chapter 4 provides a summary of both projects
highlighting major conclusions, significance, and future directions. In conclusion, my
dissertation discusses the how integrin-dependent adhesive signals can cooperate with
growth factor signals for directional mesendoderm migration and how integrin activation

by kindlin can regulate the assembly of the FN and FB matrix.
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Figure 1.1

Single cell migration versus collective cell migration. (A) Diagram of single cell
migration. A cell migrates on ECM, extending actin-rich lamellipodia or filopodia
protrusions in the direction of migration. The cell forms adhesions with the ECM that
become mature focal adhesions. These focal adhesions are localized at the front of the
cell. This occurs simultaneously with the disassembly of rear cell adhesions. Because of
the front localization of focal adhesions, actomyosin contraction results in the
translocation of the cell in the forward direction. (B) Diagram of collective cell
migration. Cell—cell junctions, represented here by green ovals, connect cells. Cells
maintain cell—cell junctions while migrating on ECM. Coordinated actomyosin
contraction allows for the group of cells to translocate in the direction of migration. Cells
turnover focal contacts in the follower cells and make focal adhesions in the leader cells.
(A-B) The orange arrow in each panel indicates the direction of migration. Black lines
represent ECM. The yellow shaded area represents lamellipodia or filopodia cellular
protrusions. Red ovals represent cell-ECM adhesions that mature into focal adhesions at

the front of the cells.
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Figure 1.2

Geometry of collective cell migration establishes leader cells. (A) Diagram of cells
collectively migrating as a sheet. During sheet migration, there are multiple leader cells.
(B) Diagram of cells collectively migrating as a cluster with one leader cell. (C) Diagram
of cells collectively migrating as a cord with one leader cell. (A—C) Magenta-colored

cell(s) at the front of the group represent the leader cells.
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Figure 1.3

Structures of PDGF ligand and PDGFr. Activation of the PDGFr can occur when the
PDGF ligand binds to the extracellular domain. The PDGFr is a dimer represented in
green, and the PDGF ligand is also a dimer represented by two orange circles. The black
line that goes through the cell membrane represents the transmembrane domain of the
PDGFr. Dimerization of the PDGFr results in the creation of docking sites for SH2
domain-containing proteins, such as Src, Fak, Pi3k, and PLC, which are then activated by
phosphorylation by the PDGFr. Each phosphorylation event is represented by yellow

stars.
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Figure 1.4

Ligand independent and ligand dependent growth factor signaling. (A) Diagram of ligand
independent growth factor signaling. Integrin adhesion to ECM results in a
conformational change that causes integrin activation and the recruitment of Fak. Fak can
phosphorylate and activate the PDGFr, which causes enhanced downstream Pi3k-Akt
signaling. (B) Diagram of ligand dependent growth factor signaling. PDGF ligand
binding to the PDGFr results in the dimerization and activation of PDGFr. This results in
the recruitment and activation of Pi3k, which phosphorylates Akt. Pi3k-Akt signaling
results in the activation of Fak, which causes inside-out signaling that results in the

activation of integrins.
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Figure 1.5

Pi3k—Akt signaling when cells adhere to 9.11 or 9.11a. (A) Diagram of a mesendoderm
cell on purified FN fusion protein 9.11. On 9.11, integrins can attach to the Arg-Gly-Asp
(RGD) and “‘synergy site” Pro-Pro-Ser-Arg-Asn (PPSRN) sequences, resulting in a
conformational change and integrin activation. This enhances downstream Pi3k-Akt
signaling, which results in the activation of Fak via Src. Fak phosphorylation of the
PDGFr results in nonligand dependent PDGF signaling. 9.11 can promote cell adhesion,
spreading, and migration. (B) Diagram of cell attachment to purified FN fusion protein
9.11a. On 9.11a integrins can attach to RGD but not to the “synergy site” sequence
PPSRN because of a point mutation. Cells can attach, but they appear rounded because

cells are unable to spread. This rounding results in decreased Pi3k-Akt signaling.
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Figure 1.6

Model for the role of PDGFr in mesendoderm migration. (A) Diagram of mesendoderm
migration. Mesendoderm expresses integrin a5p1, which binds to FN in at the RGD and
“synergy site” PPSRN sequence resulting in a conformational change and activation of
the integrin. Integrin activation can result in downstream signaling, including the
activation of Fak that can activate the PDGFr in a nonligand dependent manner. (B) Inset
diagram of a cell within the migrating mesendoderm tissue. Signaling from the PDGFr
organizes the actin cytoskeleton and regulates the assembly of focal adhesions for

directional mesendoderm migration.
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Chapter 2

PDGFr-o and integrin-fibronectin adhesive signaling enhance directional Xenopus
mesendoderm migration*

*Manuscript in preparation for submission to Mechanisms of Development
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2.1 Abstract

Both PDGF signaling and integrin adhesion to FN matrix have been implicated in
directional migration of Xenopus mesendoderm. The relative importance of each remains
unclear. Integrin-FN adhesive signaling is reported to up-regulate signaling by the PDGFr
in a ligand independent manner. To address whether this mechanism stimulates PDGFr
signaling in the absence of PDGF-A ligand, mesendoderm explants were cultured on
Type-III repeats of FN (9.11), which contained the RGD and “synergy” sites required for
integrin a5B1 adhesion to FN but that did not contain the PDGF-A ligand-binding site.
Reduced levels of p-Akt were noted after PDGFr-a morpholino knockdown in
mesendoderm cells on 9.11, suggesting that PDGFr-a functions independently of PDGF-
A ligand. Furthermore, a reduction in p-Akt occurred when either the PDGFr-a was
knocked down or when integrin activation was disrupted by plating cells on 9.11a that
contained a point mutation in the FN “synergy site”. Knocking down the PDGFr-a in
conjunction with disrupting integrin adhesion to FN did not cause a further decrease in
the p-Akt levels, suggesting that PDGFr-a signals and integrin-FN adhesions are
converging on the same downstream pathway. Consistent with decreased p-Akt levels,
knockdown of the PDGFr-a also caused a reduction in the p-Fak at Tyr-397. When the
PDGFr-a was knocked down, defects in tissue migration, cytoskeletal organization, cell
protrusion polarity, and focal adhesion size were noted. Mesendoderm cells became
rounded, and the actin and cytokeratin filaments appeared collapsed and colocalized at
the center of cells. Taken together, these findings suggest that integrin adhesion to FN is

responsible for activating Pi3k-Akt signaling in the mesendoderm in the absence of
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PDGF-A ligand, and, moreover, that this is sufficient to promote forward-directed

protrusions for directional tissue migration.

2.2 Introduction

Embryonic development requires precise coordination of cell and tissue
movements. How growth factor and adhesive signaling is integrated during large-scale
tissue movements remains unclear. Morphogens, chemokines, and soluble growth factors
guide directional movement (Haeger et al., 2015). PDGF is important for single cell
chemotaxis and directional collective cell migration in many systems. Cells undergo
chemotaxis toward PDGF during wound healing (Lynch, Nixon, Colvin, & Antoniades,
1987; Schneider et al., 2010), cancer invasion (Andrae et al., 2008; Watts et al., 2016;
Yeh et al., 2016), Drosophila border cell migration (Duchek & Rerth, 2001; Duchek,
Somogyi, Jékely, Beccari, & Rorth, 2001; McDonald et al., 2003), Xenopus mesoderm
cell migration (Nagel et al., 2004; Smith et al., 2009; Symes, Smith, Mitsi, & Nugent,
2010), and zebrafish mesendoderm migration (Montero et al., 2003). PDGFr expression
correlates with advanced tumor stages and metastasis in some cancers (Andrae et al.,
2008). Integrin-FN adhesive signaling can activate the PDGFr in a ligand independent
manner (Ross, 2004; Veevers-Lowe et al., 2011). Although PDGF signaling is important
for directional migration (Duchek et al., 2001; Nagel et al., 2004; Yang et al., 2008),

whether ligand independent signaling through the PDGFr is important remains unclear.

The migration of Xenopus mesendoderm cells at gastrulation is an example of a

collective cell movement driving tissue morphogenesis (Winklbauer, 1990). PDGF-A
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ligand in this system is reported to act as a directional cue to orient cell protrusions in the
direction of the animal pole of the BCR (Nagel et al., 2004; Smith et al., 2009). PDGF-A
ligand is expressed by the BCR cells in two alternatively spliced forms: a short form and
a long form. Both are secreted at gastrulation. The short form is freely diffusible and acts
as a long-range signal for radial intercalation of prechordal mesoderm cells toward the
ectoderm (Damm & Winklbauer, 2011). The long form has an ECM-binding domain that
allows PDGF-A ligand to attach to the Hepll region of FN (Smith et al., 2009).
Mesendoderm cells express the corresponding PDGFr-a. As these cells migrate on the
BCR, they contact assembled FN matrix with sequestered PDGF-A ligand (Ataliotis,
Symes, Chou, Ho, & Mercola, 1995; Damm & Winklbauer, 2011). Leader cells of the
mesendoderm are the first to contact this matrix via integrin-based adhesion and send out
forward directed protrusions (Nagel et al., 2004). The importance of PDGF as a major
guidance cue required for directional mesendoderm migration has been explored using
BCR-conditioned substrates (Nagel et al., 2004; Smith et al., 2009; Symes et al., 2010).
Knockdown of the PDGF-A ligand results in misdirected protrusions on BCR
conditioned substrates, suggesting a role for PDGF-A dependent chemotaxis (Nagel et

al., 2004).

However, directional migration of explanted mesendoderm tissue is reported to
occur on nonfibrillar FN substrates in the absence of matrix-attached PDGF-A ligand
(Davidson et al., 2002), calling into question the importance of PDGF-A ligand in this
process. One explanation is that ligand-independent activation of the PDGFr is
responsible for directed migration of explanted mesendoderm. Thus, I sought to

investigate the relationship between PDGFr dependent signaling and integrin engagement
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of FN in directional migration. I found that PDGFr signaling can activate Pi3k-Akt to
regulate the organization of cytoskeleton to orient protrusions in the absence of PDGF-A

ligand.

Although growth factor receptors typically become activated as a result of direct
molecular interactions with their cognate ligands, growth factor receptors can also be
activated in a ligand independent manner. For example, the PDGFr is phosphorylated at
Tyr-751 and activated after cell adhesion to FN resulting in integrin a5p1 activation and
enhanced downstream signaling, leading to the phosphorylation of Fak at Tyr-397
(Veevers-Lowe et al., 2011). This crosstalk between integrin a5p1 and the PDGFr may
initiate a positive signaling feedback loop, in which FAK phosphorylates and activates
the PDGFr (Veevers-Lowe et al., 2011). Ligand independent activation of EGFr occurs in
lung cancer, glioblastoma, and squamous cell carcinoma (Guo et al., 2015; Shen &
Kramer, 2004). Integrin B1 and E-cadherin associate with and cause the activation of
EGFr in a ligand independent manner (Moro et al., 1998; Shen & Kramer, 2004). In each
of these examples, growth factor signaling is up-regulated through cooperation with cell
adhesion molecules. However, the interplay between growth factor receptor and integrin
signaling during morphogenesis remains unclear. This study explores the relationship
between PDGF and integrin signals to promote cell adhesion and directional
lamellipodial protrusion formation in the collective cell migration of Xenopus

mesendoderm.
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2.3 Materials and Methods

2.3.1 Collection of Xenopus Eggs and Embryos

Xenopus eggs were obtained from female frogs and were then fertilized. Embryos
were allowed to develop, and gastrula stage embryos were staged according to
Nieuwkoop and Faber (1994). Embryos were dejellied in 2% cysteine, rinsed with dH20
and cultured in 0.1X modified Barth’s saline (MBS: 1X MBS: 88 mM NaCl, 1 mM KClI,

2.5 mM NaHCO3, 0.35 mM CaCl2, 0.5 mM MgSO4, 5 mM HEPES pH 7.8).

2.3.2. Dorsal Marginal Zone Explant Preparation and Single Mesendoderm Cell

Dissection

Glass coverslips were treated with 10N NaOH; rinsed successively in deionized
water, 70% ethanol, and 100% ethanol; and then flamed. Washed coverslips were coated
with 10 pg of bovine plasma FN (Calbiochem, San Diego, CA), or equimolar amounts of
9.11 (0.5 uM), 9.11a (0.5 uM) prepared in 1X Modified Barth’s saline (MBS) and left
overnight at 4°C in a humidified chamber. FN coated coverslips were blocked with 0.45

uM sterile filtered 5% bovine serum albumin (BSA) then rinsed with 1X MBS.

Mesendoderm cells were dissected and dissociated in Ca2+ and Mg2+ Modified
Barth’s saline (CMF-MBS). Single mesendoderm cells were plated on bovine plasma FN
(Calbiochem, San Diego, CA), or equimolar amounts of 9.11 (0.5 uM), 9.11a (0.5 uM) in
1X MBS and blindly scored as round or spread (defined as one or more protrusion;
Ramos & DeSimone, 1996). No serum or PDGF-A ligand containing media was added to

explant preparations.
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Mesendoderm explants were prepared as described (Davidson et al., 2002;
Davidson et al., 2004; Weber et al., 2012). Briefly, the dorsal marginal zone of the
Xenopus embryo was dissected at Stage 10—, secured with glass coverslips using silicon
grease, and allowed to adhere for 1 hour to bovine plasma FN (Calbiochem, San Diego,

CA)- coated glass coverslips.

2.3.3 Morpholino Knockdown

Antisense morpholino oligonucleotides obtained from GeneTools (Philomath,
OR) were used to knockdown Xenopus laevis PDGF-A ligand (PDGF-A) and PDGF
Receptor (PDGFr-a)). All experiments were done with a total of 60 ng morpholino

injected per embryo. Sequences were as follows:

Control Morpholino: 5- CCTCTTACCTCAGTTACAATTTATA-3' (stock sequence)

PDGF-A Ligand Morpholino: 5'- AGAATCCAAGCCCAGATCCTCATTG-3" used

previously in Nagel et. al 2004.

PDGFra Morpholino: 5'-GGCAGGCATCATGGACCGTAACAAC-3’

2.3.4 RNA Transcription

RNA encoding LifeAct-mCherry (pCS2+ LifeAct-mCherry; Pfister et al., 2016),
green fluorescent protein (GFP)-XCK1(8) (pCS2+ EGFP-XCKS, V. Allan, University of
Manchester; Clarke and Allan, 2003), and enhanced GFP-paxillin (PCS2+ paxillin-

EGFP, obtained from Horwitz, University of Virginia, and sub-cloned into pCS2+ as
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described in Sonavane et al. 2017) were transcribed in vitro from linearized plasmid
DNA. Then 5nLs were injected into the two dorsal blastomeres at the four-cell stage for a

final concentration of 500pg/embryo.

2.3.5 Western Blot and Immunofluorescence

Xenopus embryos or dissected mesendoderm tissue was solubilized in lysis buffer
[100 mM NaCl, 50 mM Tris- HCI pH 7.5, 1% Triton X-100, 2 mM PMSF
(phenylmethylsulphonyl fluoride), protease inhibitor cocktail (Sigma, St. Louis, MO), 1
mM EDTA, 1 mM EGTA, 1 mM B-glycerolphosphate, 2.5 mM NasP,07, ImM sodium
vanadate, 0.2 mM H,0,]. Protein extracts were diluted in 2X Laemmli buffer (2% (-
mercaptoethanol) and run on a 10% SDS-PAGE gel and transferred to nitrocellulose.
Nitrocellulose was stained with Ponceau [5% acetic acid, 0.2 g Ponceau] and blocked
with 10% BSA, and then probed using antibodies to Rb mAb-p Akt Tyr 308 (1:1000 in
3% BSA, Cell Signaling #2965, Danvers, MA), Rb mAb Total Akt (1:1000 in 5% milk,
Cell Signaling #3C67E7, Danvers, MA), Rb pAb pFak Tyr 397 (1:1000 in 3% BSA,

Upstate) and B-actin (1:10,000 in 5% milk, Sigma #A3854).

2.3.6 Immunofluorescence Microscopy

Mesendoderm explants were fixed overnight with ice-cold 100% methanol at 4°C,
rehydrated into TBS (75% methanol, 50% methanol, 25% methanol), washed with TBS-
T, and stained overnight at 4°C with pan-cytokeratin C11 antibody (1:200, Sigma, St.

Louis, MO). After three washes with TBS-T, goat anti-mouse IgG conjugated to



43

AlexaFluor488 was used to visualize cytokeratin. Actin was visualized using
AlexaFluor488-actistain after mesendoderm explant fixation in 0.25% Glutaraldehyde,
3.7% Formaldehyde, and 0.1% Tween for 10 minutes at room temperature.
Immunofluorescence imaging was performed on a Nikon C1 confocal microscope with a
Nikon PlanApo/60%/1.40 objective. Confocal z-stack images were taken at 0.5-1 pm
intervals. TIRF microscopy was performed on an Olympus 1X70 inverted TIRF
microscope with an Olympus 60X/1.45 TIRF objective and images were collected 15
seconds apart for 5 minutes. Focal adhesion size was measured using Image J. Images
were threshold and pixel density was measured as described previously (Sonavane et al.

2017).

2.3.7 Tracking DMZs Migration Rate Using ImageJ

Images were collected (1 per minute) using a Zeiss Axiovert 35 with OpenLab
software (Improvision/Perkin Elmer, Waltham, MA). Image analysis was performed
using Volocity and ImagelJ (http://rsb.info.nih.gov; National Institutes of Health,
Bethesda, MD). Using ImagelJ, each image was divided into left (0—341 pixels), middle
(341-683 pixels), and right pixel (683—1024 pixels) sections. Tracing was done by
placing three fiduciary marks (one per section) along the leading edge of the
mesendoderm explant using a 25-um diameter paintbrush. In each case, the x-coordinate
was recorded, and the average of the three dots was recorded as one data point. Explant
retractions were defined as any movement opposite the direction of migration and was

recorded as negative values in distance traveled.
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2.3.8 Statistical Analysis

Graphs and statistical analysis were performed using PRISM V5 software. A
Wilcoxon match-paired signed rank test was performed for a pairwise comparison when
experiments had two treatment conditions with matched clutches of embryos. Differences
between Control MO cells or PDGFr -a MO cells plated on 9.11 and 9.11a substrates
were analyzed using a one-way ANOVA followed by Tukey’s post hoc test. Significance

was reported with ns = not significant, *p < 0.05, **p <0.01, ***p < 0.001.

2.4 Results

2.4.1 PDGFr-a and Integrin-FN Adhesions Contribute to Akt Phosphorylation

Mesendoderm cells express integrin aS1, which binds to FN RGD in cooperation
with the “synergy site” sequence (Ramos & DeSimone, 1996) resulting in integrin
activation and transition to a high affinity state (Li, Redick, Erickson, & Moy, 2003).
Integrin a5B1 binding to RGD containing Type 111 repeat alone is sufficient for integrin
adhesion to FN, although the integrins remain in a low-affinity state (Garcia,
Schwarzbauer, & Boettiger, 2002). Cells can attach to RGD-containing fragments of FN
but are unable to spread when the “synergy site” in Type Il is mutated (Ramos &
DeSimone, 1996). Integrin binding to FN can lead to the activation of the PDGFr in a
PDGF ligand independent manner, and this upregulation of signaling can further
stimulate integrin conformational change and activation (Sundberg & Rubin, 1996;
Veevers-Lowe et al., 2011). Inputs from both integrin-FN adhesions and PDGF signaling

mediate cell attachment and cell spreading (Ramos & DeSimone, 1996; Symes &
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Mercola, 1996). Although PDGF signaling and integrin adhesive signaling act
cooperatively, the relative contribution of PDGFr-a dependent signaling and integrin

signaling remains unclear.

To investigate whether PDGFr-a regulates integrin-dependent adhesive signaling
in directional Xenopus mesendoderm migration, an antisense morpholino
oligodeoxynucleotide [PDGFr-a morpholino (MO)] was designed to block the translation
of Xenopus PDGFr-o mRNA. PDGFr-a MO mesendoderm cells were plated on purified
FN fusion proteins (Fig. 2.1 A). Bacterially purified FN fusion proteins were used instead
of purified plasma FN to eliminate the possibility of pFN contamination with PDGF
ligand. Moreover, using FN fusion proteins allowed for the evaluation of the contribution
of the FN RGD and “synergy” sites to cell adhesion and cell signaling (Li et al., 2003;
Ramos, Whittaker, & DeSimone, 1996). The FN fragments used in these experiments
corresponded to Type-III repeats 9 through 11 of Xenopus FN containing the RGD and
the “synergy” sites, which are the key adhesion sites for full integrin a5B1 engagement on
FN (Fig. 2.1 A). To assess the contribution of integrin engagement with FN “synergy
site” to signaling, the 9.11 fragment, which has a point mutation in the “synergy site”,
9.11a, was used (Fig. 2.1 A). As previously demonstrated, Control Morphant (Control
MO) mesendoderm cells on 9.11 attach and spread, whereas cells on 9.11a attach but are
unable to spread (Fig. 2.1 B; Ramos et al., 1996). Decreased cell spreading was also
noted in PDGFr-a MO-treated cells on 9.11 compared with Control MO cells (Fig. 2.1 B,
24% decrease). These data were consistent with a role for both integrin engagement with

FN and PDGFr-a functioning in mesendoderm cell spreading on FN.



46

It is well established that both a5B1 integrin-FN dependent adhesive signaling
(King, Mattaliano, Chan, TTsichlis, & Brugge, 1997) and PDGF activate Pi3k-Akt
signals (Franke et al., 1995). However, it has only recently been demonstrated that a5p1
integrin-FN dependent adhesive signaling and PDGFr can act synergistically to enhance
Pi3k-Akt signals (Veevers-Lowe et al., 2011). To evaluate the relative contribution of
integrins and PDGFr-a to the phosphorylation of Akt (p-Akt), Western blot analysis was
performed comparing Control MO, PDGF-A ligand MO, and PDGFr-a MO-treated
embryos. When the PDGF-A ligand was knocked down, the levels of p-Akt were not
significantly different from Control MO (Fig. 2.1 C), whereas PDGFra knockdown
resulted in a significant reduction of p-Akt levels (Fig. 2.1 D). Because there was a
decrease in p-Akt levels when the PDGFr-a was knocked down, but not when the PDGF-
A ligand was knocked down, the role of ligand independent PDGFr-a signaling in the
phosphorylation of Akt was further evaluated using FN fusion proteins lacking the

PDGF-A ligand binding site.

A 50% decrease in p-Akt levels was noted in Control MO-treated cells on 9.11a
compared with cells on 9.11 (Fig 2.1 E). Knocking down the PDGFr-a also caused a 50%
decrease in p-Akt levels, similar to decreased p-Akt levels of Control MO cells on 9.11a
(Fig. 2.1 E). When PDGFr-a was knocked down in conjunction with disrupting integrin
adhesive signals by plating cells on 9.11a, there was no additive effect, and no additional
decrease in p-Akt was noted (Fig. 2.1 E). Thus, reduced cell spreading correlated with
decreased p-Akt levels. To maintain full p-Akt levels and cell spreading, both the FN

“synergy site” and the PDGFr-a were required. These data were consistent with crosstalk
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between PDGFr-a and integrin-FN adhesive signals leading to cell spreading and the

phosphorylation of Akt.

Because PDGFr dependent signaling activates Pi3k-Akt leading to the
phosphorylation of Fak, and Fak is important for cell adhesion to FN, whether PDGFr-a
dependent signals were important for the phosphorylation of FAK at Tyr 397 was
investigated next (Fig. 2.1 F). A 50% decrease in levels of p-Fak at Tyr 397 in PDGFr-a
MO embryos was noted (Fig. 2.1 F). This decrease correlated with the decrease in p-Akt
levels (Fig. 2.1 B). Taken together, these data were consistent with PDGFr-a functioning
in cooperation with integrin adhesive signaling to activate downstream signaling
pathways that lead to the phosphorylation of Akt and Fak at Tyr 397 to regulate cell

spreading on FN.

2.4.2 PDGFr-o Stabilizes Mesendoderm Cell Adhesions With FN

Because mesendoderm explants migrate directionally along nonfibrillar FN
without added PDGF-A (Davidson et al., 2002), the functional importance of PDGFr
dependent signaling in directional mesendoderm migration is unclear. To test the role of
PDGFr signals in mesendoderm migration, the leading edge of the mesendoderm was
tracked over time. Migration of Control MO, PDGF-A ligand MO, and PDGFr-a MO
treated mesendoderm explants were compared. Mesendoderm is not known to express
PDGF-A ligand (Ataliotis et al., 1995; Damm & Winklbauer, 2011), and PDGF was not
added to explant culture. However, to reduce the possibility that the mesendoderm was

exposed to PDGF-A in vivo before explantation, explants were prepared from PDGF-A
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MO injected embryos. The PDGF-A MO construct was used previously and caused
disruption of directional mesoderm migration on BCR conditioned substrates that contain
FN bound PDGF-A ligand (Nagel et al., 2004). The importance of the PDGFr-a during

mesendoderm migration on FN without PDGF has not yet been evaluated.

When the leading edge of the mesendoderm tissue was tracked over 30 minutes, a
significant increase in retractions in PDGFr-a MO explants was noted compared with
Control MO explants (Fig. 2.2 A). Retractions were defined as any rearward movement
opposite the direction of migration (Fig. 2.2 A). A significant decrease in the distance
traveled was observed in PDGFr-a MO mesendoderm explants compared with Control
MO explants at all timepoints after 20 minutes (Fig. 2.2 B). However, there was no
significant difference in distance traveled between PDGF-A ligand MO explants and

Control MO explants noted at any timepoint (Fig. 2.2 B).

Because PDGF acted as a chemoattractant, I next investigated whether PDGF
signaling enhanced the migration rate of mesendoderm. The instantaneous velocity was
measured in Control MO, PDGF-A ligand MO, and PDGFr-a MO mesendoderm
explants. No significant change was noted in the instantaneous velocity of mesendoderm
explants when either the PDGFr-a or the PDGF-A ligand was knocked down compared
with controls (Fig. 2.2 C). These data were consistent with increased retractions resulting
in a decrease in the distance of the mesendoderm tissue migration overtime but not a
reduction in migration speed per se. The data supported a possible role for PDGFr-a

independent of the PDGF-A ligand.
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2.4.3 PDGFr-a Knockdown Disrupts Monopolar Protrusive Cell Behavior

Because integrin-dependent adhesive signaling was required for cell protrusion
formation and PDGF was implicated in orienting cell protrusions during migration, I next
evaluated the contribution of PDGF signaling in the regulation of polarized protrusive
cell behavior during mesendoderm migration. To test whether PDGFr-a was necessary
for forward-directed lamellipodial formation, protrusion angles were quantified relative
to a line parallel to the direction of explant travel through the center of the cell body.
Measured protrusion angles were binned in 30° increments and the percentage of
protrusions in each bin was plotted in rose diagrams; 180° represents the protrusions in
the direction of travel (Fig. 2.3). The protrusion angles provide a measure of protrusive
behaviors characteristic of migrating mesendoderm (Bjerke et al., 2014; Davidson et al.,
2002). A 34% decrease in forward-directed protrusions along the leading edge was noted
in PDGFr-o MO explants compared with Control MO explants (Fig. 2.3 A—F). The
percentage of forward-directed protrusions in PDGF-A ligand MO explants was not
significantly different from Control MO explants (Fig. 2.3 D—E). These results indicated
a role for the PDGFr-a in maintaining forward-directed protrusions during mesendoderm

migration.

Migrating mesendoderm cells displayed monopolar protrusive behavior in which
cells typically extend 1 to 2 protrusions in the direction of travel (Bjerke et al., 2014;
Davidson et al., 2002). To determine whether PDGFr-o was important for this monopolar
protrusive behavior, the number of protrusions per cell was counted in migrating
mesendoderm explants. An increase in the average number of protrusions per cell was

noted when PDGFr-a was knocked down, whereas the average protrusion number in
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PDGF-A ligand MO cells was not significantly different from Control MO cells (Fig. 2.3
G). One mechanism by which knockdown of PDGFr-a could be affecting lamellipodial

protrusion number and directionality is through the underlying cytoskeletal architecture.

2.4.4 PDGFr-a Functions in Lamellipodial Protrusion Formation of the Actin

Cytoskeleton

PDGF signaling has been shown to regulate actin crosslinking during the
formation of lamellipodial protrusions in both epithelial and mesenchymal cell types
(Herman & Pledger, 1985; Nagano et al., 2006). Because the data from this study showed
that mesendoderm lamellipodial protrusion directionality and number were dependent on
the PDGFr-a (Fig. 2.3), I decided to test whether PDGFr-dependent signaling affected
actin organization in mesendoderm using phalloidin to label the actin cytoskeleton. Thick
actin-filled lamellipodial protrusions oriented in the direction of migration were observed
in Control MO and PDGF-A ligand MO explants (Fig. 2.4 A, red arrowheads). However,
the actin cytoskeleton was disorganized in PDGFr-a MO mesendoderm compared with
controls (Fig. 2.4 A-C). Protrusions were more filopodia-like in appearance with reduced
size and misdirected in PDGFr-a MO mesendoderm explants (Fig. 2.4 C). A fine actin
filament network extended throughout the cell in Control MO explants (Fig. 2.4 A). Actin
structures appeared collapsed, and cells had a decrease in fine actin filaments that
extended throughout the cell in PDGFr-a MO explants (Fig. 2.4 C). Traces of actin-based
protrusions were observed in front of the mesendoderm tissue when PDGFr-o was
knocked down (Fig. 2.4 C, blue arrowheads). A possible explanation is that the cell

membrane and actin were left on the FN glass coverslip after tissue retraction. These data
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were consistent with decreased integrin adhesive signaling and reduced p-Akt (Fig. 2.1)
leading to mesendoderm tissue retraction and cells rounding up in PDGFr-o MO

mesendoderm explants (Fig 2.3 C).

2.4.5 Cytokeratin Intermediate Filament Network Collapses in PDGFr-o MO

Mesendoderm Explants

Mesendoderm monopolar protrusive behavior is dependent on the organization of
the keratin intermediate filament cytoskeleton (Weber et al., 2012) Because the
orientation and number of mesendoderm cell protrusions was disrupted in PDGFr-a MO
explants, cytokeratin cytoskeletal organization was investigated next. Cytokeratin
networks extended throughout the cells in Control MO (Fig. 2.5 A, D, G) and PDGF-A
ligand MO (Fig. 2.5 B, E, H) explants; however, cytokeratin appeared to collapse to the
center of the mesendoderm cells in PDGFr-a MO explants (Fig. 2.5 C, F, I). The mis-
localization of cytokeratin toward the center of the cells correlated with mesendoderm
tissue retraction (Fig. 2.2 A). Collapses in the cytokeratin network overlapped with actin

foci in PDGFr-o MO explants (Fig. 2.5 F, I, L, blue arrows).

2.2.6 PDGFr-a MO Mesendoderm Cells Have Larger Focal Adhesions

The increase in tissue retractions (Fig. 2.2) and decrease in pFak at Tyr 397 in
PDGFr-a MO explants, led me to ask whether focal adhesion size was altered in PDGFr-
a MO explants. To visualize focal adhesions, paxillin-GFP was expressed and imaged in

migrating mesendoderm explants using total internal reflection fluorescence microscopy
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(Fig. 2.6 A—L). A significant increase in the size of focal adhesions was noted upon
disruption of PDGF signaling with the largest focal adhesions in PDGFra MO-treated
explants (Fig. 2.6 L-M). The data is consistent with the current understanding of Fak
regulation of focal adhesion size and increased focal adhesion size occurs in mouse

embryonic mesodermal Fak (—/—) cells (LIi¢ et al., 1995).

2.5 Discussion

2.5.1 Integrin and PDGF Signals Are Required for Directional Xenopus Mesendoderm

Migration

Integrins are important mediators of cell signaling and are required for cell
adhesion to the surrounding extracellular matrix. Integrin receptors can function in
conjunction with other receptors, such as growth factor receptors, to enhance downstream
cell signaling pathways (Ross, 2004; Veevers-Lowe et al., 2011). This study provides
insight into the interplay between integrin and growth factor signaling during embryonic
development. A role for integrin signaling in cooperation with PDGF signaling was
identified to regulate cytoskeletal dynamics and focal adhesion assembly and to orient
cell protrusions during directional migration of Xenopus mesendoderm. This model
builds on previous studies that suggested PDGF-A ligand acts as a chemoattractant to
enhance directional migration (Ataliotis et al., 1995; Nagel et al., 2004; Smith et al.,
2009; Symes & Mercola, 1996). I concluded that PDGFr-a can synergize with integrin-

fibronectin adhesive signaling to direct mesendoderm migration.
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Although integrins and growth factors converge to activate the Pi3k-Akt signaling
pathway (Ross, 2004), how integrins synergize with growth factors remains unclear. The
current study identified functions for the PDGFr-a in the absence of PDGF-A ligand. The
PDGFr-a MO phenotype has features in common with disruption of integrin-FN
adhesions using function blocking antibodies (Davidson et al., 2002; Ramos &
DeSimone, 1996; Winklbauer & Nagel, 1991) or knocking down Fak (Bjerke et al.,
2014). Inhibiting the interactions of a5plintegrin with the RGD site results in
mesendoderm tissue explants detaching and “snapping-back” (Davidson et al., 2002). Fak
MO cells are less spread on FN, but explants do not detach (Bjerke et al., 2014). This
phenotype is comparable to cells on 9.11a that are unable to attach to the FN “synergy
site” (Bjerke et al., 2014; Davidson et al., 2002; Ramos et al., 1996). Similar to Fak MO
and cells on 9.11a, PDGFr-a MO cells are less well spread on FN. Although PDGFr-a
MO mesendoderm explants are able to migrate on nonfibrillar FN substrates, there is an
increase in the number of retractions compared with Control MO explants consistent with
a defect in integrin-fibronectin adhesions or a defect in the cytoskeleton. The study also
demonstrated a role for integrin adhesive signaling in cooperation with PDGFr-a.
dependent signaling in the phosphorylation of Akt at Tyr 308. Taken together, these
findings increase understanding of how integrin and PDGF signals enhance Pi3k-Akt

signals to produce collective cell migration of Xenopus mesendoderm tissue.

2.5.2 Ligand Independent Signaling of the PDGFr

The PDGEF ligand is a well-established chemoattractant that promotes the

orientation of cell protrusions to direct cell migration (Lynch et al., 1987; McDonald et
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al., 2003; Montero et al., 2003). Xenopus mesoderm can respond to PDGF-A ligand
embedded in the FN of blastocoel conditioned substrates by orienting protrusions in the
direction of the animal pole (Nagel et al., 2004). An alternatively spliced form of the
PDGF-A ligand that lacks the C-terminal matrix-binding domain is freely diffusible and
unable to bind FN or promote directional mesendoderm migration (Nagel et al., 2004).
Although it remains unclear whether a protein gradient of the PDGF-A ligand forms in
the developing embryo, the FN-bound form of PDGF-A ligand can function as a

chemoattractant to enhance directional mesendoderm migration (Nagel et al., 2004).

Directional mesendoderm migration can also occur in vitro on unmodified
nonfibrillar FN without attached PDGF-A ligand (Davidson et al., 2002). This finding
calls into question the role of PDGF as a FN-attached chemotactic cue in mesendoderm
migration. If mesendoderm migration is directional in the absence of PDGF-A ligand,
then is PDGF signaling required for directional migration? Integrin-FN adhesive
signaling can activate the PDGFr (Ross, 2004; Veevers-Lowe et al., 2011). Does ligand
independent PDGFr signaling enhance directional Xenopus mesendoderm migration? If

so, how do PDGFr dependent signals act in synergy with other cues to direct migration?

This study was undertaken to address these questions using a morpholino
approach to knock down PDGFr-a. I demonstrated that PDGFr-a functions to promote
directional migration during mesendoderm migration on FN. Interestingly, PDGFr-a
functions in the absence of a gradient of sequestered PDGF-A ligand. These data support
a role for integrin—fibronectin adhesive signals acting in cooperation with the PDGFr-a.
In the developing embryo, integrin cooperation with PDGFr-a may provide another way

to enhance directional migration. One possibility is that maintaining a ligand gradient
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over long-range migration can be difficult to control spatiotemporally. Highest traction
stresses and focal adhesions are localized to the front of the migrating mesendoderm
explants (Sonavane et al., 2017), supporting a model in which integrins are in the highest
activation state in the front of the tissue where they spatially enhance PDGFr dependent

signaling.

2.5.3 PDGFr Functions to Maintain the Organization of the Underlying Cytoskeleton

and Normal Focal Adhesion Size

Actin-filled lamellipodial protrusions are a prominent feature of directional
Xenopus mesendoderm migration (Bjerke et al., 2014; Davidson et al., 2002). PDGF
signaling enhances actin crosslinking, causing the formation of membrane ruffles
(Herman & Pledger, 1985; Nagano et al., 2006). Ligand independent signaling by the
PDGFr-a is necessary to maintain actin-filled lamellipodial protrusions. In the absence of
the PDGFr-a, protrusions become more filopodial-like and become misdirected. The
normal arrangement of the cortical actin cytoskeleton, including fine actin filaments
found throughout the cell body, is dependent on PDGFr-a. The collapse in the actin
cytoskeletal network observed in PDGFr-a MO mesendoderm explants likely contributes

to the aberrant migratory behavior.

The organization of both the actin and cytokeratin intermediate filament
cytoskeleton is dependent on the PDGFr-a. Recruitment of keratin intermediate filaments
to C-cadherin junctions is a result of asymmetric tissue tension, and keratin is required

for directional protrusion formation (Weber et al., 2012). Knockdown of either
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plakoglobin or Fak results in a disruption in the cytokeratin intermediate filament
network without significantly altering cell cohesion within the mesendoderm tissue
(Bjerke et al., 2014; Weber et al., 2012). Similarly, knockdown of the PDGFr-a failed to
disrupt cell—cell contacts, but recruitment of keratin intermediate filaments to cell
contacts was disrupted. Keratin intermediate filaments become collapsed toward the
center of the cell where they co-localize with collapsed actin structures. The
mislocalization of keratin is interpreted as a result of the cells rounding up within the

tissue because of a disruption in integrin-FN adhesive signaling.

The disruption in PDGFr-a dependent signaling leads to a decrease in pFak at
Tyr-397 and mesendoderm explants has larger focal adhesions. Larger focal adhesions
are comparable with increased focal adhesion size found in FAK (—/—) mouse embryonic
mesodermal cells (LIi¢ et al., 1995) or where Fak is knocked down in fibroblasts (Kim &
Wirtz, 2013). Knocking down components required for integrin activation such as kindlin
2 or integrin B1 also resulted in an increase in focal adhesion size (Bandyopadhyay,
Rothschild, Kim, Calderwood, & Raghavan, 2012) similar to PDGFr-a knockdown.
Taken together, these findings are consistent with integrin and PDGFr dependent signals
acting cooperatively to modulate Fak phosphorylation at Tyr-397 and adhesion to FN
necessary for focal adhesion assembly, directional protrusion formation, and cytoskeletal

organization.
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Figure 2.1

Decreased levels of p-Akt in PDGFr-a MO mesendoderm cells on FN fusion proteins.
(A) Diagram of full-length Xenopus fibronectin (FN) and FN bacterial fusion proteins
9.11 and 9.11a. 9.11 and 9.11a contain FN Type III repeats 9-11 including the RGD site
in Type III;p and the PPSRN “synergy site” in Type Illo; 9.11a has a point mutation that
changes the sequence to PPSAN and prevents integrin binding to “synergy site”. Type I
repeats are light blue, Type II repeats are purple, and Type III repeats are dark blue. (B)
Representative images of Control MO and PDGFr-o MO mesendoderm cells on 9.11 and
9.11a with corresponding quantification of percentage of spread cells. Number of cells
analyzed: 9.11 Control MO = 571 cells, 9.11A Control MO = 393 cells, 9.11 PDGFr-a
MO = 586 cells, and 9.11A PDGFr-a MO = 402 cells across 3 separate experiments. (C)
Western blot of p-Akt levels in PDGFr-a MO gastrula Stage 11 embryos. Graph is (N =
8). (D) Western blot of p-Akt levels in PDGF-A ligand MO gastrula Stage 11 embryos.
Graph is (N = 3). (E) Western blot of p-Akt levels of Control MO or PDGFr-a MO
mesendoderm cells on 9.11 or 911a. Graph is (N = 3). (F) Representative Western blot of
p-Fak 397 for Control MO and PDGFr-a MO gastrula Stage 11 embryos. Graph is (N =
3). (B-F) Data are mean + standard error of the mean. A single asterisk (*) indicates p
<.05, a double asterisk (**) indicates p <.005, a triple asterisk (***) indicates p <.001,

and n.s. indicates no statistically significant difference.
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Figure 2.2

Retraction number increased in PDGFr-a MO mesendoderm explants. (A) Quantification
of the number of times mesendoderm explants retracted over a 30-minute time period.
Data represent the percentage of explants with high (8—10, orange bar), medium (47,
yellow bar), and low (0-3, pink bar) numbers of retractions. (B) Quantification of the
average distance mesendoderm explants traveled over a 30-minute time period. (A-B) A
single asterisk (*) indicates p <.05 and a double asterisk (**) indicates p <.005. (B) No
statistically significant differences were noted between Control MO and PDGF-A ligand
MO explants at any timepoint. (C) Quantification of the average instantaneous velocity
calculated in the forward direction, excluding retractions. n.s. indicates no statistically
significant difference for comparison between all conditions. (B-C) Data are represented
as mean + standard error of the mean. (A—C) 11 individual explants analyzed per

treatment across 3 separate experiments.
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Figure 2.3

PDGFr-a is required for directional monopolar protrusive activity. (A—C) Representative
confocal images of live Control MO, PDGF-A ligand MO, and PDGFr-a MO
mesendoderm explants migrating on FN and expressing membrane-EGFP. Collapsed z-
stacks with slices taken at the plane of the coverslip (pseudocolored green) and Spm
above (pseudocolored red) to simultaneously visualize the cell body at 5-pum above
substrate and cell protrusions at the substrate. (D—F) Rose diagrams representing cell
protrusion angles. Protrusion angles are measured relative to the cell centroid and plotted
with the center of the rose diagram representing the cell centroid. An angle of 180°
represents the direction of migration, and angles within 150°-210° are defined as
normally oriented protrusions. Angles outside 150°-210° are defined as misdirected and
are pseudocolored red in the rose diagram. (G) Quantification of the average number of
protrusions per cell. Data are mean + standard error of the mean. A single asterisk (*)
indicates p <.05 and n.s. indicates no statistically significant difference. (H)
Quantification of the number of protrusions for each cell within the explant. The
distribution of the number of protrusions is plotted as a percentage of protrusions per cell
binned at 1, 2, 3, and 4-5 protrusions per cell. (D—H) Number of protrusions analyzed:

Control MO = 84, PDGF-A ligand MO = 34, and PDGFr-a MO = 61 from 7 experiments.
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Figure 2.4

Actin organization is altered in PDGFr-a MO explants. (A—C) Representative collapsed
20 um z-stack confocal images of fixed mesendoderm explants stained with phalloidin to
visualize F-actin cytoskeleton. (A—B) Broad actin-rich lamellipodial protrusions at the
leading edge of Control MO and PDGF-A ligand MO explants (red arrowheads). Fine F-
actin filaments that extend to the edges of the mesendoderm cells (orange arrows). (C)
Fragments of membrane containing F-actin found in the front of the PDGFr-o MO
mesendoderm explant (blue arrowheads). “Filopodia-like” enrichment of F-actin based
protrusions (yellow arrowheads) and collapsed F-actin in PDGFr-a MO explants (green
arrows). (A—C) Number of explants: Control MO = 11, PDGF-A ligand MO = 13, and

PDGFr-o MO = 11 from 4 experiments. Scale bars are each 20 um.
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Figure 2.5

Actin disorganization is accompanied by disruptions in the cytokeratin intermediate
filament network in PDGFr-o MO explants. (A—C) Representative collapsed z-stack
confocal images of fixed mesendoderm explants stained with pan-cytokeratin antibody
(C11) to visualize cytokeratin intermediate filament network. Number of explants:
Control MO = 24, PDGF-A ligand MO = 12, and PDGFr-a MO = 10 from 7 experiments.
(D-L) Representative collapsed z-stack confocal images of mesendoderm explants
expressing EGFP-Xenopus cytokeratin (EGFP-XCK) and LifeAct-mCherry. EGFP-XCK
is pseudocolored green, and LifeAct-mCherry is pseudocolored red. Number of explants:
Control MO = 8§, PDGF-A ligand MO = 4, and PDGFr-a MO =9 from 3 experiments.
Blue arrowheads indicate cytokeratin filaments that are collapsed in (C, F, I, L). Single-
channel images separated of EGFP-XCK (A-I) and LifeAct-mCherry (J-L). Scale bars

are each 20 pm.
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Figure 2.6

Focal adhesion area is increased in PDGFr-a MO explants. Mesendoderm explants
expressing LifeAct-mCherry, pseudocolored red, and Paxillin-GFP, pseudocolored green.
Live mesendoderm explants were imaged using TIRF microscopy to visualize paxillin-
rich focal adhesions on the fibronectin substrate. (A, E, I) White box indicates region
enlarged in panels (B-D, F—H, J-L). (A-D) Control MO explants. (E-H) PDGF-A ligand
MO explants. (I-L) PDGFr-a MO explants. (M) Quantification of focal adhesion area.
Data are mean + standard error of the mean. p <.001 for each comparison made. Control
MO (N =5, n=14 explants), PDGF-A ligand MO (N = 3, n=7 explants), PDGFr-oa MO (N

= 5, n=16 explants). TIRF imaging courtesy of Pooja Sonavane.
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Kindlin function in ECM assembly during neurulation in Xenopus
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3.1 Abstract

Kindlins cooperate with talins to activate integrins to enhance inside-out
signaling. Integrin activation by talins and kindlins results in the integrin to undergo a
conformational change to a high affinity state, which permits cell adhesion to ECM and
fibrillar matrix assembly. Although integrins can assemble matrix, the role of integrin
activators in fibrillar matrix assembly remains understudied. My research established a
role for integrin activators, specifically kindlin 1, 2, and 3, in the deposition of FN and
FB matrix at the notochord—somite boundary during Xenopus neurulation. Although all
three kindlin family members are expressed during neurulation, kindlin 3 expression is
restricted to the notochord—somite boundary. My study found that kindlin 3 is most
important for FB assembly and that knockdown of kindlin 3, but not kindlin 1 or 2,
resulted in undetectable levels of FB matrix. This kindlin-dependent matrix assembly is
specific to FN and FB, and kindlins are not required for every matrix protein enriched at
the notochord—somite boundary. I found that FB matrix assembled at the notochord—
somite boundary is not dependent on the presence of FN matrix, suggesting that some
portion of FB fibrils do not associate with FN. My study enhances understanding of
integrin activator kindlin in the deposition of FN and FB matrix during neurulation at the

notochord-somite boundary.

3.2 Introduction

Integrin binding to ECM is essential for embryonic development, wound healing,

and cancer metastasis (Hynes, 1992). Integrins initiate the assembly of fibrillar networks
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of ECM (Wu et al., 1995). When integrin 04p1 was stimulated with Mn** or p1-
activating antibody TS2/16, assembly of the FN matrix occurred in CHO(B2) cells
(Sechler, Cumiskey, Gazzola, & Schwarzbaue, 2000). Thus, integrin activation and
clustering induced the assembly of a fibrillar FN matrix. Integrin binding to FN at
specific sites is also necessary for matrix assembly. Integrin a5B1 binding to the RGD
and “synergy site” sequences promote FN assembly (Dzamba et al., 1994; Sechler et al.,
1997). Conversely, integrin a4f31 assembly of FN is not dependent on RGD or “synergy
site” binding, but rather is dependent on a4p1 binding to the alternatively spliced V-
region of FN (Sechler et al., 2000). Because matrix assembly is dependent on integrin
activation, it regulation is likely to be subject to inside-out activation mediated by talin

(Calderwood et al., 1999) and kindlin (Ma et al., 2008).

Kindlins are scaffolding proteins that enhance binding of talins to integrin B tails
for integrin activation (Goult et al., 2009; Kammerer, Aretz, & Féssler, 2017; Li et al.,
2017). Integrin activation occurs upon talin binding, which induces integrins to undergo a
conformational change to break the salt bridge and transform from an inactive “low-
affinity” state to an active “high-affinity” state with increased affinity for ECM (Hynes,
2002). Kindlins bridge talin-activated integrins to promote clustering (Li et al., 2017).
Kindlin-2 recruits migfilin and filamin during focal adhesion maturation (Tu, Wu, Shi,
Chen, & Wu, 2003), and kindlins interact with actin and paxillin linking integrin
adhesions to the cytoskeleton (Bledzka et al., 2016; Theodosiou et al., 2016). Because of
the ability to cooperate with talin during integrin activation and link focal adhesion
complexes to the cytoskeleton, kindlins have important roles in cell adhesion and

spreading.
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Kindlins and talins are four-point-one-protein, ezrin, radixin, moesin (FERM)
domain containing proteins (Chishti et al., 1998). The kindlin family of proteins consists
of three members in vertebrates including kindlin 1, kindlin 2, and kindlin 3. Kindlin 1 is
expressed in epithelial tissues, and mutations in kindlin 1 cause Kindler syndrome, a rare
congenital skin-blistering disease (Siegel et al., 2003). Kindlin 2 is ubiquitously
expressed (Khan, Shimokawa, Stromblad, & Zhang, 2011), and loss of kindlin 2 results
in peri-implantation lethality in mice (Montanez et al., 2008). Kindlin 3 is expressed in
the hematopoietic system, and mutations to kindlin 3 result in leukocyte-adhesion
deficiency type III (LADIII). All three kindlin family members are found in Xenopus,
with kindlin 1 expression starting at neurulation in nonneural ectoderm, kindlin 2
expression starting broadly at stage 8 and later found around the notochord during
neurulation, and kindlin 3 expressed in the neural ectoderm and at the notochord

boundaries (Rozario, Mead, & DeSimone, 2014).

FN is assembled on the surface of the BCR where it has important roles in
mesendoderm migration (Winklbauer & Keller, 1996), convergence and extension
(Davidson et al., 2006), and radial intercalation (Marsden & DeSimone, 2001). A dense
network of fibrillar FN is localized at the notochord—somite boundary at the surface of
the neural tube, and small puncta of FN are found within the somitic mesoderm during
neurulation (Davidson, Keller, & DeSimone, 2004). FB matrix is assembled at the
notochord—somite boundary (Skoglund, Dzamba, Coffman, Harris, & Keller, 2006)
where it is colocalized with FN and required for convergence and extension (Skoglund &
Keller, 2007). Although kindlins have essential roles in integrin activation and adhesion,

whether kindlins are important for FN or FB matrix assembly has not yet been
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investigated. Furthermore, it remains unclear if kindlin 1, 2, and 3 functions are necessary
for talin-induced activation of integrins in fibrillar FN matrix assembly. Chapter 3
provides evidence that kindlins have a role in the deposition of FN and FB matrix during

neurulation.

3.3 Materials and Methods

3.3.1 Fertilization of Xenopus Eggs

Xenopus eggs were collected from female frogs and fertilized ex vivo. Embryos
were allowed to develop to gastrula, and neurula stage embryos were staged according to
Nieuwkoop and Faber (1994). Eggs were dejellied in 2% cysteine, rinsed with dH,O, and
cultured in 0.1X MBS (MBS: 1X MBS: 88 mM NaCl, ]| mM KCIl, 2.5 mM NaHCOs,

0.35 mM CaCl,, 0.5 mM MgSOs, 5 mM HEPES pH 7.8).

3.3.2 Morpholino Knockdown of Kindlin 1, Kindlin 2, or Kindlin 3

To assess the role of kindlins in matrix deposition, antisense morpholino
oligonucleotides were used to knockdown Xenopus laevis kindlin 1, kindlin 2, and
kindlin 3 (sequences below). All morpholinos were purchased from GeneTools
(Philomath, OR). All experiments were done with 20 ng to 40 ng morpholino injected
into each embryo (1 blastomere or whole embryo). Efficacy of each morpholino was
reported (Rozario et al., 2014), and the morpholinos can knockdown kindlin. Each

morpholino sequence is as follows:
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* Control Morpholino: 5'- CCTCTTACCTCAGTTACAATTTATA-3' (stock

sequence)

¢ KIMO: 5-GCCTACTGCCGCTGTATGGGTCATT-3’

 K2MO-1: 5-TTCCTTTCCTTGCCCTCCCCTCTTC-3'

* K2MO-2: 5'-CACGAGTAAAGGCGCAAGAAGCCCT-3'

¢ K2MO-3: 5'-GCATCCGTATACCATCCAAAGCCAT-3'

* K3MO: 5-GATGTCTTGATTCCAGCCATCCTTA-3’

3.3.3 Immunofluorescence

For visualization of FN and FB matrix, whole embryos were fixed at Stage 14 or
Stage 17 using 3.7% formaldehyde in TBS for 1 hour at room temperature, blocked in
1% BSA in TBS-T, and stained with anti-FN antibody (4H2, 3:1000, 1ug/mL), anti-FB
antibody (JB3, 1:2000), or anti-LN antibody. After three washes with TBS-T, goat anti-
mouse IgG conjugated to AlexaFluor555 was used to visualize FN and goat anti-rabbit
IgG conjugated to AlexaFluor647 was used to visualize FB. Bisected embryos were
dehydrated into methanol (25%, 50%, 100%) and treated with 2 BB:BA and mounted
onto slides. Animal caps were dissected at Stage 11 and then fixed using 3.7%
formaldehyde in TBS-T for 1 hour at room temperature and stained with anti-FN
antibody (4H2, 3:1000, 1ug/mL). After three washes with TBS-T, goat anti-mouse IgG
conjugated to AlexaFluor555 was used to visualize FN. Immunofluorescence imaging

was performed on a Nikon C1 confocal microscope with a Nikon with a Nikon
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PlanApo/10%/1.40 objective.

3.4 Results

3.4.1 FN and FB Matrix Reduced Following Kindlin Knockdown

To test the function of kindlins in matrix assembly, an antisense morpholino
approach was taken to knockdown each kindlin family member; then FN and FB were
visualized using antibodies. Each kindlin family member was knocked down using
morpholinos: KIMO, K2MO, and K3MO, and morpholinos were co-injected with
dextran in one of two blastomeres at 2-cell stage. Injection of one blastomere was done
leaving one blastomere uninjected to serve as an internal control. In each instance,
defects in matrix deposition were noted only on the side of the embryo that had kindlin
morpholino with dextran injection. This is because the morpholino is unable to diffuse
past the blastomere where it was injected. Injection of control morpholino (COMO) with
dextran had similar FN and FB matrix deposition compared with the uninjected half of
the embryo or completely uninjected whole embryos (Fig. 3.1). In controls, FN and FB
matrices were assembled at the notochord somite boundary and FN extended around the
surface of the neural tube (Fig. 3.1). Thus, morpholino injection did not cause significant

defects in the localization of FB and FN.

Kindlin 1 expression is first detected during neurulation in Xenopus embryos
(Rozario et al., 2014). FN and FB matrix deposition is reduced at the notochord—somite
boundary in K1MO-treated embryos at Stage 14 during neurulation (Fig. 3.2). Kindlin 2
is more ubiquitously expressed compared with kindlin 1(Rozario et al., 2014), but

morpholino knockdown of kindlin 2 resulted in similar phenotype to kindlin 1
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knockdown where FN and FB matrix deposition was reduced but not absent (Fig. 3.2 and
Fig. 3.3 A-D). FN and FB matrix was reduced in K2MO-treated embryos at Stage 14
during neurulation at the notochord—somite boundary (Fig. 3.3 A-D). However, there
was no reduction in matrix noted in the uninjected blastomere at the notochord—somite
boundary (Fig. 3.3 A-D). Furthermore, no reduction in FN was noted at Stage 11 on the
BCR (Fig. 3.3 E-G). Although each kindlin family member was expressed at neurulation,
kindlin 3 had highest expression at the notochord—somite boundary (Rozario et al., 2014).
FN was reduced in K3MO-injected embryos at the notochord—somite boundary and
around the surface of the neural tube (Fig.3. 4 A-B, D). FB matrix was reduced to the
point where antibody detection was minimal for FB at the notochord—somite boundary in
K3MO-treated embryos (Fig. 3.4 A, C-D). In each kindlin MO injected embryo, FN
remained detectable even in instances where FB was not detectable (Fig. 3.2—4).
Reductions in FN and FB matrix deposition colocalized with dextran in kindlin
morpholino-injected blastomeres at neurulation (Fig. 3.2—4). These data indicated a role

for kindlin in the deposition of FN and FB matrix during neurulation.

3.4.2 FB Deposition Is Not Dependent on the Presence of the FN Matrix

FN and FB are co-localized around the notochord—somite boundary and enriched
for during neurulation (Davidson et al., 2004; Skoglund et al., 2006). A reduction in FN
and FB was noted after knockdown of kindlin 1, kindlin 2, or kindlin 3 at the notochord—
somite boundary during neurulation at stage 14. In fibroblasts, FB deposition is
dependent on FN matrix assembly (Sabatier et al., 2009). To test whether the reduction in

FN matrix deposition caused decreased levels of FB, FN and FB were stained for
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following morpholino knockdown. There was no reduction in the deposition of FB matrix
after FN morpholino knockdown (Fig. 3.5). However, FB was disorganized after FN
knockdown, suggesting that FB uses FN as a scaffold (Fig. 3.5). These data suggest that

FN is not required for the deposition of FB matrix at neurulation.

3.4.3 Laminin Matrix Assembled Following Kindlin Knockdown

Similar to FN and FB deposition, LN is also expressed during neurulation around
the notochord and somites (Fey & Hausen, 1990). Because both FN and FB deposition
were reduced after kindlin morpholino knockdown, I next investigated whether
knockdown of kindlin affected the deposition of LN matrix. LN remained assembled at
the notochord—somite boundary after kindlin 3 morpholino knockdown, despite a
significant reduction in the deposition of FN matrix (Fig. 3.6). This suggests that kindlin
is required for FN and FB matrix deposition but not LN deposition. It is likely that
kindlins activation of LN is not required because LN can assemble independent of
integrins (Tsiper & Yurchenco, 2002). This further supports a role for kindlin mediated

activation of integrins in the assembly of the FN and FB matrix.

3.4.4 Deposition in FN and FB Matrix Similar to Controls During Later Stages of

Neurulation

FN and FB continue to be assembled around the notochord throughout
neurulation. To test whether kindlin had a role in the deposition of matrix at later stages

of neurulation, FB and FN were stained at Stage 19 following kindlin knock down. FN



78

and FB deposition was not detectably reduced at Stage 19 of neurulation (Fig. 3.7). This
finding suggests that the defects in FB and FN matrix deposition after kindlin knockdown

were time-specific and recovered at later stages of neurulation.

3.5 Discussion

These findings demonstrate that kindlins have a role in FN and FB matrix
deposition during Stage 14 of Xenopus neurulation. There was a reduction in FN and FB
after the knockdown of all three kindlin family members, but the most severe reduction in
FB deposition occurred after kindlin 3 morpholino knockdown. This finding is likely
because kindlin 3 is most highly expressed at the notochord—somite boundary where FN
and FB are most assembled (Davidson et al., 2004; Rozario et al., 2014; Skoglund et al.,
2006). Although kindlin 2 has been reported to be required for FN matrix deposition in
podocytes (Qu et al., 2011), my study reports the first finding of a role for kindlin family

members in FB matrix assembly.

3.5.1 Kindlins in Integrin Dependent Matrix Assembly

Previous studies reported that FB matrix assembly is dependent on FN assembly
(Sabatier et al., 2009). My study reports that loss of FN did not significantly decrease the
amount of FB matrix deposition but did cause disorganization in FB matrix assembly.
This suggests that FB deposition is organized at least in part by FN, but that the
accumulation of FB is not entirely dependent on the presence FN. FB was not detectable
after kindlin 3 knockdown, even though FN remained detectable. This finding suggests

that assembly of FB cannot occur without kindlin 3 and that it is not dependent on FN
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deposition. These findings also suggest that kindlin dependent matrix assembly is
important for FN and FB but not LN, because kindlin knockdown did not detectably
reduce the amount of LN matrix deposited at the notochord—somite boundary. LN can
assemble into the basement membrane independent of integrin (Tsiper & Yurchenco,
2002). In conclusion, these findings suggest that kindlin-mediated activation of integrins

modulates the assembly of FN and FB matrix.

Kindlin 3 could potentially mediate the activation of integrin a5B1 in the
assembly of FN and FB matrix around the notochord and somites during Stage 14 of
neurulation. Integrin a5B1 is enriched for around the notochord during neurulation in
Xenopus (Gawantka, Joos, & Hausen, 1994) and has been demonstrated to function in the
assembly of FN matrix (Wu et al., 1993). A decrease in the deposition of FN matrix at
neurulation occurred after morpholino knockdown of a5 (Kragtorp & Miller, 2007)
similar to the decrease in FN matrix deposition when kindlin family members were
knocked down. This finding further supports a role for kindlin in regulating a531
activation for matrix assembly. Because of the differences in kindlin mediated matrix
assembly, one possibility is that spatial restriction of kindlins during neurulation
contributes to activation of specific integrins in separate tissues. Although prediction can
be made about which integrins are activated by which kindlins based on the integrins
expressed during Xenopus neurulation, more studies are needed to determine which
kindlin-activated integrins modulate the deposition of FN and FB during Xenopus

neurulation.
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Figure 3.1

Uninjected embryos and Control MO embryos have similar FN and FB matrix. (A-H)
Representative collapsed z-stack confocal images of fixed and transverse bisected
Xenopus embryos at Stage 14 of neurulation. Scale bars are 100pum. (A, C, E, and G)
Uninjected embryos. (B, D, F, and H) Control MO-injected embryos. (A-B) 488 channel
to visualize autofluorescence from yolk and dextran (Dex) injection. (B) Asterisk shows
the half of the embryo injected with Control MO and Dex. (C-D) Embryos stained with
anti-FN antibody (4H2) to visualize FN matrix deposition around the notochord and
somites. (E-F) Embryos stained with anti-FB antibody to visualize FB matrix deposition
at the notochord-somite boundary. (G) Merged image of (A, C, and E) with 488 in green,
FN in red and FB in blue. (H) Merged image of (B, D, and F) with Dex in green, FN in

red, and FB in blue.
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Figure 3.2

Decrease in FN and FB matrix deposition following K1MO knockdown. (A-D)
Representative collapsed z-stack confocal images of fixed and transverse bisected
Xenopus embryos at Stage 14 of neurulation injected with KIMO. Scale bars are 100pm.
(A) 488 channel to visualize yolk autofluorescence and dextran (Dex) injection. Asterisk
shows the half of the embryo injected with KIMO and Dex. (B) Embryos stained with
anti-FN antibody (4H2) to visualize FN matrix deposition around the notochord and
somites. Disruption in the organization and deposition of FN in the half the embryo
injected with K1MO and Dex. (C) Embryos stained with anti-FB antibody to visualize
FB matrix deposition at the notochord-somite boundary. Reduced FB deposition in the
half of the embryo injected with KIMO and Dex. (D) Merge of images (A-C) with Dex

in green, FN in red, and FB in blue.
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Figure 3.3

FN and FB matrix deposition reduced at neurulation but not at gastrulation following
K2MO knockdown. (A-D) Representative collapsed z-stack confocal images of fixed and
transverse bisected Xenopus embryos at Stage 14 of neurulation injected with K2MO.
Scale bars are 100pum. (E-G) Representative collapsed z-stack confocal images of fixed
animal caps of embryos at Stage 11 of gastrulation injected with K2ZMO. Scale bars are
20um. (A and E) 488 channel to visualize yolk autofluorescence and dextran (Dex)
injection. (A) Asterisk shows the half of the embryo injected with K2MO and Dex (B)
Embryos stained with anti-FN antibody (4H2) to visualize FN matrix deposition around
the notochord and somites. Disruption in the organization and deposition of FN in the
half the embryo injected with K2MO and Dex. (C) Embryos stained with anti-FB
antibody to visualize FB matrix deposition at the notochord-somite boundary. Reduced
FB deposition in the half of the embryo injected with K2ZMO and Dex. (D) Merge of
images (A-C) with Dex in green, FN in red, and FB in blue. (F) Animal caps stained with
anti-FN antibody (4H2) to visualize FN matrix deposition on the BCR. No reduction in
FN matrix deposition seen in K2MO and Dex injected portion of the animal cap. (G)

Merge of images (E-F) with Dex in green and FN in red.
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Figure 3.4

FN matrix deposition reduced and FB matrix deposition undetectable at neurulation
following K3MO knockdown. (A-D) Representative collapsed z-stack confocal images of
fixed and transverse bisected Xenopus embryos at Stage 14 of neurulation injected with
K3MO. Scale bars are 100um. (E-G) Representative collapsed z-stack confocal images of
fixed animal caps of embryos at Stage 11 of gastrulation injected with K3MO. Scale bars
are 20pm. (A and E) 488 channel to visualize yolk autofluorescence and dextran (Dex)
injection. (A) Asterisk shows the half of the embryo injected with K3MO and Dex (B)
Embryos stained with anti-FN antibody (4H2) to visualize FN matrix deposition around
the notochord and somites. Disruption in the organization and deposition of FN in the
half the embryo injected with K3MO and Dex. (C) Embryos stained with anti-FB
antibody to visualize FB matrix deposition at the notochord-somite boundary. FB
deposition is undetectable in the half of the embryo injected with K3MO and Dex. (D)
Merge of images (A-C) with Dex in green, FN in red, and FB in blue. (F) Animal caps
stained with anti-FN antibody (4H2) to visualize FN matrix deposition on the BCR. No
reduction in FN matrix deposition seen in K3MO and Dex injected portion of the animal

cap. (G) Merge of images (E-F) with Dex in green and FN in red.
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Figure 3.5

FB matrix disorganized following FN knockdown. (A-D) Representative collapsed z-
stack confocal images of fixed and transverse bisected Xenopus embryos at Stage 14 of
neurulation injected with FN MO in the whole embryo. (A) 488 channel to visualize yolk
autofluorescence and dextran (Dex) injection. Asterisk shows the half of the embryo
injected with FN MO and Dex (B) Embryos stained with anti-FN antibody (4H2) to
visualize FN matrix deposition decreased around the notochord and somites. (C)
Embryos stained with anti-FB antibody to visualize FB matrix deposition at the
notochord-somite boundary. FB deposition is disorganized in the whole embryo
following FN MO and Dex injection. (D) Merge of images (A-C) with Dex in green, FN

in red, and FB in blue.
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Figure 3.6

LN matrix assembled following kindlin knockdown. (A-D) Representative collapsed z-
stack confocal images of fixed and transverse bisected Xenopus embryos at Stage 14 of
neurulation injected with K3MO. Scale bars are 100um. (A) 488 channel to visualize
yolk autofluorescence and dextran (Dex) injection. Asterisk shows the half of the embryo
injected with K3MO and Dex (B) Embryos stained with anti-FN antibody (4H2) to
visualize FN matrix deposition around the notochord and somites. Disruption in the
organization and deposition of FN in the half the embryo injected with K3MO and Dex.
(C) Embryos stained with anti-LN antibody to visualize LN matrix deposition at the
notochord-somite boundary and around the somites. LN is assembled in the half of the
embryo injected with K3MO and Dex. (D) Merge of images (A-C) with Dex in green, FN

in red, and FB in blue.
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Figure 3.7

FN and FB matrix deposition defect caused by kindlin knockdown recovered by Stage 17
of neurulation. (A-D) Representative 20X collapsed z-stack confocal images of fixed and
transverse bisected Xenopus embryos at Stage 17 of neurulation injected with K3MO.
Scale bars are 20um. (E-H) Representative collapsed z-stack 10X confocal images of
fixed and transverse bisected Xenopus embryos at Stage 17 of neurulation injected with
K3MO. Scale bars are 100pum. (A and E) 488 channel to visualize yolk autofluorescence
and dextran (Dex) injection. Asterisk shows the half of the embryo injected with K3MO
and Dex (B and F) Embryos stained with anti-FN antibody (4H2) to visualize FN matrix
deposition around the notochord and somites. FN is assembled in the half of the embryo
injected with K3MO and Dex. (C and G) Embryos stained with anti-FB antibody to
visualize FB matrix deposition at the notochord-somite boundary and around the somites.
FB is assembled in the half of the embryo injected with K3MO and Dex. (D) Merge of
images (A-C) with Dex in green, FN in red, and FB in blue. (H) Merge of images (E-G)

with Dex in green, FN in red, and FB in blue.
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4.1 Summary of Dissertation and Findings

My dissertation focuses on understanding the dramatic movements that take place
during morphogenesis. Cells travel long distances at high speeds during embryonic
development. These movements are necessary for the development of tissues and organs.
Coordinating cell movement while maintaining cell adhesion is essential for both
embryonic development and disease progression. The research project in this dissertation
identified PDGFr-a as a key signaling molecule necessary for directional mesendoderm
migration in a PDGF-A ligand independent manner. I found that PDGFr-a dependent
Pi3k-Akt signaling promotes directional lamellipodial protrusions, actin organization, and

integrin-mediated cell adhesion to FN.

Disrupting the fibrillar state of the FN matrix has severe consequences on the
movements that occur during morphogenesis (Rozario, T. et al., 2009). Integrin activation
regulates the assembly of fibrillar matrix, but how the fibrillar matrix is assembled during
morphogenesis has yet to be elucidated. I established a role for the integrin activator
kindlin in the assembly of the FN and FB matrix during neurulation. Together, these
findings help researchers better understand how directional migration is coordinated and

how the matrix is assembled during morphogenesis.

4.2 Evaluating PDGF-A Ligand and PDGFr-a in Directional Mesendoderm

Migration

Previous studies have identified PDGF-A ligand as a chemoattractant necessary

for directional mesendoderm migration (Nagel et al., 2004). These data suggest that
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PDGF-A is embedded in the fibrillar FN matrix in a gradient with the highest
concentration of the PDGF-A at the animal pole. This is why migrating mesendoderm
moves directionally toward the animal pole on BCR-conditioned substrates. Although
PDGF-A RNA is localized within the BCR as detected by in situ (Ataliotis et al., 1995)
and disrupting the PDGF-A results in aberrant movements by mesendoderm slugs (Nagel
et al., 2004; slug experiments recapitulated in Fig. A.1), a gradient of PDGF-A has not
been established. These previous studies reported that PDGF-A must be embedded in the
FN matrix to confer directional cues and that disruption of the non-ECM bound mRNA
splice variant of the PDGF-A ligand had no effect on slug displacement toward the
animal pole on BCR conditioned substrates (Nagel et al., 2004; Smith at al., 2009). I have
demonstrated that slugs can respond to non-ECM bound PDGF-A causing enhanced cell
spreading on FN and that larger mesendoderm explants (DMZs) can migrate directionally
on Bovine plasma FN that does not have a gradient of PDGF-A ligand embedded in the
matrix. Furthermore, mesendoderm explants migrate directionally on FN fusion proteins
that do not have the PDGF-A ligand-binding site. These findings led me to question the

importance of matrix-bound PDGF-A ligand in directional mesendoderm migration.

The geometry of the tissue can dictate mesendoderm protrusive and migratory
behaviors (Davidson et al., 2002). DMZs contain both migrating mesendoderm and
mesoderm tissue undergoing CE (Davidson et al., 2002). Mesendoderm slugs spread in
all directions on FN, but when attached to follower mesoderm, the mesendoderm spreads
and extends directional protrusions away from the mesoderm (Winklbauer, 1990).
Tugging forces on C-cadherin junctions also regulate directional lamellipodial protrusive

behavior of mesendoderm (Weber et al., 2012). Disrupting cadherin junctions results in
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aberrant protrusions and randomized migratory behaviors on FN substrates (Weber et al.,
2012) and on BCR-conditioned substrates (Winklbauer, 1996). Thus, the inherent tissue
polarity and asymmetric tissue tension is required for conferring the directionality of
mesendoderm lamellipodial protrusions both with PDGF-A ligand and even in the
absence of a PDGF-A ligand chemoattractant. Furthermore, because only groups of
mesendoderm cells can respond to BCR-embedded cues on conditioned substrates, the
major mechanism for migration does not rely solely on a gradient of PDGF-A ligand.
This finding begs the question of whether PDGF signaling is important for directional
migration. Although PDGF-A ligand can be removed and mesendoderm can still migrate
directionally, this does not necessarily mean that PDGF signaling does not occur through
the PDGFr-a in a ligand independent manner. In fact, it is well established that the
PDGFr can function independently of the PDGF ligand in a mechanism that is dependent
on FN adhesions (Veevers-Lowe et al., 2011). But is this occurring during Xenopus
mesendoderm migration? My dissertation provides evidence for ligand-independent

PDGFr-a signaling in directional mesendoderm migration.

4.3 PDGFr-a in Cooperation With Integrin-FN Adhesive Signaling

The crosstalk between integrins and growth factor receptors has been well
described in the literature (Ross, 2004). Integrin a5p1 adhesion to FN promotes the
phosphorylation and activation of the PDGFr, and stimulation of PDGF signaling can
cause the conformation change and activation of integrins (Veevers-Lowe et al., 2011).
Together, the activation of the PDGFr and integrins enhance downstream signals that

lead to the phosphorylation of Akt. PDGFr, and integrin signals promote cell adhesion,
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spreading, and migration. Previous studies that identified the crosstalk between PDGFr
and integrins have been done only in tissue culture. Thus, the biological significance of
this crosstalk has yet to be fully evaluated. My dissertation provides the first evidence for
growth factor crosstalk with integrins during morphogenesis. These studies demonstrate
that PDGFr-a is important for integrin a5f1 mediated cell adhesion to FN and that
disrupting the PDGFr-a causes mesendoderm cells to round up and detach from FN
substrates (Fig. 2.1 B). Until these studies, whether the PDGFr-a could function
independent of the PDGF-A ligand in mesendoderm migration remained unclear. This
dissertation reports that the PDGFr-a functions independent of PDGF-A ligand and that
knocking down the PDGFr-a in the absence of the PDGF-A ligand caused a reduction in
the levels of p-Akt (Fig. 2.1 E). Morpholino knockdown of the PDGFr-a results in severe
defects, including aberrant protrusion formation, altered focal adhesion size, and a
collapse in the actin and cytokeratin intermediate filament network, further supporting the
ligand independent functions of the PDGFr-a. However, just because the PDGFr-a can
function independently of the PDGF-A ligand does not necessarily mean that the PDGF-
A ligand is not important for migration. In the next section, I describe how PDGF-A
ligand-dependent and ligand -independent signals can be integrated to produce efficient

mesendoderm migration in the embryo.

4.4 Integration of PDGF-A Ligand and PDGFr-a in Conferring Directional

Mesendoderm Migration

In the embryo, mesendoderm migrates directionally along the fibrillar FN matrix

of the BCR toward the animal pole. Mesendoderm slugs polarize toward the animal pole
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on BCR condition substrates, and slugs cannot repolarize when PDGF-A ligand is
disrupted (Nagel et al., 2004; Smith et al., 2009; Fig. A.1). Although DMZ explants can
migrate directionally on nonfibrillar FN without PDGF-A ligand (Davidson et al., 2002),
DMZ explants have decreased migration distance on BCR-conditioned substrates when
PDGF-A ligand is disrupted (Fig. A.2) This finding suggests that the PDGF-A ligand
could enhance directional migration of mesendoderm in vivo. Further supporting this
finding in each experiment performed in Chapter 2, it was reported that PDGF-A ligand
knockdown caused an intermediate effect that was often not significantly different from
controls but also not significantly different from PDGFr-a MO. The least distance
traveled occurred when the PDGF-A ligand on BCR conditioned substrates was disrupted
combined with disrupting the PDGFr-a in mesendoderm (Fig. A.2). However, disrupting
the PDGFr-a alone was more severe then disrupting the PDGF-A ligand alone,
suggesting that ligand independent functions of the PDGFr-a can partially compensate
for the lack of PDGF-A ligand in the BCR (Fig. A. 2). Taken together, this supports a
model that ligand-independent functions of the PDGFr-a act in conjunction with PDGF-
A ligand-dependent signaling to promote directional mesendoderm migration on the

fibrillar FN matrix of the BCR.

4.5 PDGFr found in the BCR

The initial in situ evidence supported a spatial restriction of PDGF-A ligand RNA
in the BCR and PDGFr-a RNA in the mesoderm and mesendoderm tissues (Ataliotis et
al., 1995). However, these studies do not address the localization of PDGF-A ligand and

PDGFr-a protein in the gastrulating Xenopus embryo. Unfortunately, I was unable to find
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an antibody that recognized PDGF-A ligand in Xenopus, so it remains unclear where the
PDGF-A ligand protein is localized in the embryo. However, we did discover PDGFr-a
protein in the BCR (Fig. A.3). PDGFr-a is localized to the cell edges where it outlines the
ectoderm cells in the BCR (Fig. A.3 A). Further confirming the protein localization in the
BCR, PDGFr-a was detected by Western blot in explanted BCR (Fig. A.3 A). This new
finding adds another layer of complexity to the notion of a PDGF-A ligand is expressed
only in the BCR to act as a FN-attached chemoattractant for directional mesendoderm
migration. Perhaps there is active PDGFr-a dependent signaling within the BCR because
both the ligand and the receptor are localized there. Previous reports indicate that PDGF
signals are important for radial intercalation of mesendoderm cells (Damm, E. and
Winklbauer, R., 2011), perhaps a PDGF signaling enhances intercalation behaviors in the
BCR. It remains unclear how these cues are spatially restricted and what exactly the role
is in directional mesendoderm migration. There is evidence that PDGFr-a can interact
with cadherins to maintain cadherin adhesions (Yang et al., 2008) and perhaps PDGFr-o-
PDGF-A ligand signaling in the ectoderm maintains the C-Cadherin cell-cell junctions in
the BCR. This evidence would explain why there is a large enrichment for PDGFr-a
specifically at the ectodermal cell-cell junctions. In the next section, I will evaluate active

PDGFr-a in the BCR, mesendoderm, and mesoderm tissues.

4.6 Specific Patterns of Active PDGFr-a in Varying Tissues

There evidence for a spatial restriction of active PDGFr-a specific to each tissue.
In the mesendoderm, active PDGFr-a is enriched for at the leading edge of the cells (Fig.

A.4 A). Also at the leading edge, integrins form focal adhesion complexes that exert
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higher traction stresses (Sonavane et al., 2017). Integrins and PDGFr can co-localize to
form signaling plaques (Veevers-Lowe et al., 2011). The best way to determine the
distribution of active integrins is using integrin-activating antibodies (Byron et al., 2009).
However, integrin antibodies do not crossreact with Xenopus, and I was not able to
evaluate specifically where active integrins are in the mesendoderm tissue. Based on
previous reports and studies from our lab (Sonavane et al., 2017), I predict that integrins
are activated at sites of focal contacts that exert highest tractions and that these active
integrins can cause the phosphorylation and activation of PDGFr-a. This is consistent
with the active PDGFr-a enrichment at the leading edge of the mesendoderm tissue.
Active PDGFr-a is also enriched at the boundary between the ectoderm and mesoderm
tissues (Fig. A.4 B). This finding is consistent with PDGF-A ligand from the ectoderm
activating PDGFr-a in the mesoderm tissue. Interestingly, the localization of active
PDGFr-a changes dramatically from a punctate throughout the mesoderm cells to a
become localized and enriched for at the cell boundaries in the ectoderm (Fig. A.4 B).
Future studies are needed to determine the exact role of the PDGFr-a in ectodermal

tissues.

4.7 Perspectives on Actin and Cytokeratin IF Reorganization Following PDGFr-a

Knockdown

4.7.1 Evaluation of Actin Reorganization and Focal Adhesion Size

Mesendoderm cells become rounded and detach from the substrate after PDGFr-a

MO knockdown (Fig. 2.1 B). Correspondingly, the actin network collapses toward the
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center of the cell and becomes co-localized with cytokeratin IFs (Fig. 2.5). My
interpretation is that the reorganization of the actin and cytokeratin intermediate filament
(IF) cytoskeleton toward the center of the cell causes the cells to round up. Supporting
this mesendoderm cells on poly-L-lysine (PLL) substrates appear rounded, and
cytokeratin is localized to the center of the cell (Weber et al., 2012) similar to PDGFr-a
MO cells. Thus, altering cell adhesion to the substrate can result in the reorganization of

the actin and cytokeratin IFs, causing dramatic changes in the cell shape.

The reorganization of actin at the leading edge may be a direct result of signaling
from the PDGFr-a. PDGF signals can enhance the polymerization of actin structures,
causing the formation of membrane ruffles, and PDGFr can colocalize with actin
structures at focal contacts (Anton, 2003; Campa, Machuy, Klein, & Rudel, 2006; Chen,
She, Kim, Woodley, & Li,, 2000; Herman & Pledger, 1985; Moes, Zhou, & Boonstra,
2012). When PDGFr-a is disrupted, actin protrusions at the leading edge become
disorganized and change from actin-rich lamellipodial protrusions to filopodial-like
protrusions. This change in morphology likely the result of a disruption in PDGFr-a
mediated actin polymerization (Nagano, K. et al., 2006). The disruption in focal adhesion
structures after disruption in PDGFr-a (Fig. 2.6) may also be a result of aberrant actin
polymerization, or perhaps the decrease in p-Fak at Tyr 397 is modulating the size of the

focal contacts.

4.7.2 Evaluation of the Reorganization of Cytokeratin IF Network

In addition to the actin network collapsing toward the center of the cell, the
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cytokeratin IF network becomes colocalized as it collapses to the center of the cell (Fig.
2.5). This is likely the direct result of cell shape changes and cells rounding up. However,
in DMZ explants, the cells do not fully come off the substrate and maintain focal contacts
(Fig 2.6). Although no studies directly link PDGF signals to the regulation of the
cytokeratin IF cytoskeleton, evidence suggests that PDGF signaling can enhance Rac
activation, resulting in a reorganization of the vimentin IF network (Valgeirsdottir et al.,
1998). Rac-GTP enhances lamellipodial protrusion formation in a manner that is
antagonistic with vimentin IFs (Helfand et al., 2011). Although it is unclear whether
PDGFr-a functions to modulate Rac-GTP for cytokeratin organization, recent studies in
our lab suggest an antagonism between cytokeratin [Fs and Rac-GTP in mesendoderm
(Sonavane et al., 2017). Furthermore, vimentin reorganization can have dramatic effects
on the cells’ ability to migrate (Helfand et al., 2011) and focal adhesions are essential for
IF assembly (Windoffer, Kdlsch, Woll, & Leube, 2006). Perhaps the reorganization in
cytokeratin after PDGFr-a knockdown contributes to the misdirected lamellipodial

protrusions and focal adhesion formation in migrating mesendoderm.

Another line of evidence supporting a disruption in the cytokeratin IF network is
that mesendoderm cells become softer after morpholino knockdown of PDGFr-a (Fig.
A.5). I interpret that the increase in cell softness may be a direct result of changes in the
IF network. Disruption of Fak also caused a disorganization in the cytokeratin IF network
(Bjerke et al., 2014) similar to disrupting the PDGFr-a. Evidence also suggests that
vimentin IFs can interact with and modulate the activity of integrins ( Kim et al., 2016).
Perhaps the disorganization in cytokeratin IFs when the PDGFr-a is disrupted affects

integrin mediated cell signals by IFs. Interestingly, these changes did not affect the initial
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attachment of cells to either C-cadherin or FN substrates (Fig. A.5). This is likely because
PDGFr-a knockdown did not abolish focal adhesions. The mechanism here may include
either direct binding of IFs to integrins or indirect signaling by PDGFr-a modulating the

phosphorylation of Fak at Tyr 397.

4.8 Assessment of the Decrease FN and FB Matrix following Kindlin Knockdown

My dissertation research identified a role for kindlin 1, kindlin 2, and kindlin 3 in
the deposition of the FN and FB matrix during neurulation. The exact mechanism by
which kindlin affects FN and FB matrix assembly remains unclear. However, evidence in
the literature suggests that the kindlin family members function in cooperation with talin
to mediate integrin activation (Ussar, Wang, Linder, Féssler, & Moser, 2006) and that
integrin activation promotes matrix assembly (Wu et al., 1995). FN remains detectable
after the knockdown of each kindlin family member. Perhaps kindlin function is
overlapping for integrin activation that leads to the deposition of the FN matrix because
FN matrix a prevalent ECM component. My study also reports that kindlin 3 appears to
be most essential for the deposition of the FB matrix around the notochord. This result is
consistent with the expression pattern of kindlin 3 and the enrichment of kindlin 3 at the
notochord-somite boundary (Rozario et al., 2014). I predict that all the kindlin family
members have overlapping functions in the modulation of the assembly of the FN matrix,
but kindlin 3 is specifically recruited for the assembly of the FB matrix. Combinatorial
knockdowns will need to be performed to assess the overlapping contributions of each
kindlin family member. Even if all three kindlin family members were knocked down, I

think it is unlikely that FN would be undetectable particularly because kindlin
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knockdown did not affect matrix assembly on the cap. Either this is due to maternal
deposition of FN or perhaps talin-mediated activation of integrins is sufficient for FN
matrix assembly in a manner that is not entirely dependent on kindlin. Evidence suggests
that talin can promote at least partial integrin activation in the absence of kindlins (Li et
al., 2017). Although the exact integrin activation states are unknown during Xenopus
neurulation, these studies provide some evidence for kindlin-mediated integrin activation

around the somites and notochord for the deposition of the FN and FB matrix.
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Appendix

This chapter contains data not included in the manuscript but that is important for the
interpretation of data in Chapter 2 and the discussion in Chapter 4
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Figure A.1

Mesendoderm slugs on BCR-conditioned substrates require PDGF-A ligand to polarize.
(A) Mesendoderm slugs are composed of dorsal mesendoderm tissue that has been
dissected from a gastrulating Xenopus embryo at Stage 11. The distance that each
mesendoderm slug traveled on BCR-conditioned substrate is plotted as an x-y coordinate.
Distance on the x-axis and y-axis are both in pm. Each square plotted on the graph
represents one slug, and each point indicates the slug’s displacement after 1 hour. Animal
pole is represented at the top of the graph. Slugs that extend protrusions and polarize
toward the animal pole are above the x-axis. Mesendoderm slugs on Control MO BCR-
conditioned substrates are in represented by black squares, and mesendoderm slugs on
PDGF-A Ligand MO BCR-conditioned substrates are represented by blue squares. Slugs
have greater displacement and polarize toward the animal pole on Control MO BCR-
conditioned substrates, whereas slugs on PDGF-A Ligand MO BCR-conditioned
substrates travel less distance and with a more randomized displacement. (B)
Representative image of BCR conditioned substrate stained with anti-FN antibody (4H2)

to visualize FN transferred on to tissue culture plastic. FN is pseudocolored red.
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Figure A.2

DMZ explants on Bovine plasma FN or on BCR-conditioned substrate (CS). Morpholino
knockdowns were performed to both the DMZ and/or to the BCR before conditioning.
Each condition is as follows: Untreated DMZ on Control Mo on CS (blue line), Untreated
DMZ on Bovine plasma FN (green line), Untreated DMZ on PLMO BCR CS (pink line),
PDGFr-a Mo DMZ on Control Mo CS (black line), PDGFr-a Mo DMZ on PLMO BCR
CS (orange line). Conditioning with the BCR permitted DMZs to travel further distances
compared with unconditioned BPFN substrates (blue line compared to green line).
Morpholino knockdown of the PDGFr-a caused shortest distance traveled (black line and
orange line). The PDGF-A ligand can confer polarity to DMZs. When the PDGF-A was
knocked down in the CS the total distance traveled decreased (pink line). The most
significant perturbation comes from simultaneously disrupting PDGF-A ligand in CS and

knocking down the PDGFr-a in the DMZ (orange line).
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Figure A.3

PDGFr-a found in BCR during gastrulation. (A) Representative collapsed confocal z-
stack of BCR explant stained with PDGFr-a antibody. PDGFr-a is found concentrated at
cell edges with minimal PDGFr-a inside the cell. Scale bar is 20 um. (B) Western blot for
gastrulating whole embryo and dissected BCR. PDGFr-a was detected in both the whole

embryo and the BCR explant. Western blot courtesy of Bette Dzamba.
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Figure A .4

Active PDGFr-a localized to leading edge of mesendoderm. (A) Representative collapsed
confocal z-stack of fixed mesendoderm explant stained with pPDGFr-a to visualize
active PDGFr-a. pPDGFr-a is enriched for at the leading edge of the mesendoderm.

(B) Representative collapsed confocal z-stack of fixed mesoderm and ectoderm explant
stained with pPDGFr-a. Trailing mesoderm tissue does not have localized pPDGFr-a,

and ectoderm tissue has pPDGFr-a at cell boundaries.
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Figure A.5

PDGFr-a MO mesendoderm cells are softer then Control MO cells. (A-B) Adhesive
force was measured using AFM. Single mesendoderm cells were attached to a Cell-Tak-
coated cantilever for 20 minutes using SnN of force. Then the cell was attached to
substrates (20pg/mL of Bovine plasma FN, Xenopus C-cadherin, or PLL) by applying 1
nN of force for 5 seconds. Cells were detached from substrates by moving the cantilever
off the substrate. The maximum adhesive strength was measured based on the distance
the cantilever traveled. (A) Adhesive force of single mesendoderm cell on FN and C-
cadherin substrates after PDGFr-a morpholino knockdown. No significant difference in
nascent adhesive force was noted between Control MO and PDGFr-o MO mesendoderm
cells on either Bovine plasma FN or Xenopus C-cadherin substrates. (B) Young’s
modulus was calculated based on the distance the cantilever can deform the
mesendoderm cell during attachment to substrate. On all substrates, Young’s modulus
was significantly lower for PDGFr-o MO cells compared with Control MO, indicating
the PDGFr-a MO cells are softer then controls. The Young’s modulus on PLL

demonstrates that the softness of the cells is not due to attachment of a specific receptor.
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Figure A.6.

PDGFr-a MO is able to knockdown protein levels of Xenopus PDGFr-a. (A) PDGFr-a
MO sequence are red, and corresponding target Xenopus PDGFr-a mRNA and protein
sequences are in black. The PDGFr-a MO was obtained from GeneTools and wasa
designed for translation blocking. (B) Western blot and quantification of PDGFr-a
protein levels for Control MO (COMO) and PDGFr-a MO (PDGFRMO) gastrulating
embryos. PDGFr-a protein levels decreased approximately 60% after PDGFr-a

morpholino knockdown.
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