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ABSTRACT

The neural crest (NC) is an embryonic population of cells, which delaminate from
the neural tube epithelium to become vigorous migratory cells that colonise the entire
embryo and give rise to many different derivatives. Neural crest migration requires
activation of the non-canonical Wnt/planar cell polarity (PCP) signalling pathway,
but it is not known exactly how this pathway controls cell migration. Here I show
that the PCP ligand, Wnt11R, and the downsteam PCP clement, Dishevelled, are
essential for neural crest migration in Xenopus laevis embryos. Additionally, the
proteoglycan, Syndecan-4, interacts with Dishevelled to control NC migration. A
detailed examination of neural crest cell behaviour in Xenopus and zebrafish
embryos shows that, in the absence of Dishevelled or Syndecan-4, cells are motile
but lack the persistent migration that allows them to reach their target tissue.
Furthermore, Dishevelled and Syndecan-4 control directional migration by
regulating the polarised formation of cell protrusions. They also regulate the
formation of paxillin-containing focal contacts in vitro and in vivo. Rho GTPase
activity was measured using FRET analysis in neural crest cells migrating in vitro
and in vivo after interfering with Syndecan-4/PCP signalling. I demonstrate that
Syndecan-4 acts as a potent inhibitor of Rac, while Dishevelled activates RhoA. In
addition, I show that RhoA inhibits Rac in neural crest cells. So, modulation of Rac
by Syndecan-4 and PCP signalling allows the polarised formation of cell protrusions
required for persistent NC migration. Finally I show that cell-cell contact inhibition
of locomotion, dependent on PCP signalling, contributes to the initial polarity of the
cell by inhibiting cell protrusions. Thus I present a model whereby neural crest cells
are able to establish and maintain a directed migration by the integration of signals
from cell-cell interactions mediated by PCP signalling and from the extracellular

matrix via Syndecan-4.
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1. GENERAL INTRODUCTION

1.1. The migrating cell

The ability of a cell to move in a directed manner from one location to another is
a fundamental requirement for almost all biological systems. In multi-cellular
organisms, this requirement begins in the embryo, where a multitude of different
processes are dependent on the correct movement of large numbers of cells. These
range from the intricate movements of gastrulation, to the precision guidance of
neurons in the developing nervous system (Keller, 2005; Locascio and Nieto, 2001).
In the adult too, cell migration plays a vital role in many systems including the
immune system, epithelial tissue renewal and wound healing. Cell migration defects
can contribute to the pathology of many diseases including vascular diseases such as
atherosclerosis, and chronic inflammatory diseases like asthma and multiple sclerosis
(Luster et al., 2005; Ridley et al., 2003). Likewise, metastasis in cancer is caused by
mis-regulation of the normal cell migration machinery and results in cells that are
normally static becoming aggressively motile and invasive (Yamaguchi et al., 2005).
With such a vital role for cell migration in development and disease, it is of little
wonder that scientists devote much time studying this process, and in recent years
there have been major advances in our understanding of cell motility.

The co-ordinated movement of a cell is a hugely complex process that
requires the co-operation and integration of many different sub-cellular machinery.
For a cell to travel in a purposeful manner, it must first ‘know’ which direction to go.
This can be achieved by sensing environmental cues such as chemokines, migration-
promoting agents that attract motile cells (Van Haastert and Devreotes, 2004). Upon
receiving a chemotactic signal, the cell must become polarised in the direction of
migration. This requires complete structural re-organisation including restructuring
of the actin cytoskeleton, microtubule network and Golgi apparatus. The cell must
then produce a protrusion either in the form of a broad sheet-like lamellipodium or
spiky filopodium, which are driven by polymerisation of actin at the leading edge.
Cell protrusions attach to the underlying substrate at points known as focal contacts,
clusters of proteins that physically link the actin cytoskeleton to the extracellular

matrix and allow the cell to exert traction against its surroundings. Finally, at the rear
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of the cell, attachments to the substrate are disassembled and the actin cytoskeleton
retracts to enable translocation. These processes must occur simultaneously to allow
cell movement and a network of regulatory molecules is required to maintain this
delicate harmony (for an overview of the cell migration process see (Ridley et al.,
2003; Vicente-Manzanares et al., 2005).

Scientists are slowly beginning to build up a picture of the migrating cell and
an understanding of many of the molecules that regulate migration. However, much
of this knowledge comes from studies carried out in vitro: of cells such as fibroblasts
migrating across a Petri dish on a 2-dimensional artificial substrate. /n vitro studies
have given us great insights into the cell migration process, but they have a number
of limitations, primarily that they do not accurately mimic the environment of normal
migrating cells. Cells in vivo are surrounded by a 3-dimensional extracellular matrix,
as well as by numerous other cells, of many different cell types. They are constantly
subjected to an array of signalling molecules from the short-range communications
of neighbouring cells to the long-range effects of chemokines. This complexity of
environment simply cannot be mimicked iz vitro. In recent years, attempts have been
made to overcome this problem by building 3D matrices (Cukierman et al., 2001;
Even-Ram and Yamada, 2005). These kinds of studies have highlighted some
important differences between cells migrating in 2 and 3 dimensions, but ideally cell
migration needs to be studied in vivo in the cell’s natural environment. There are of
course many potential pitfalls when it comes to studying cell migration in vivo. Most
obviously perhaps, imaging migrating cells in living tissue presents a problem. One
possible solution is to look to cell migration in the embryo. Embryologists have spent
decades developing techniques that allow the observation of the behaviour of small
groups or even individual cells in vivo. Furthermore, the small size of embryos and
the fact that some, such as zebrafish, are transparent allow for sophisticated imaging
and microscopy techniques to be used.

There are many examples of cell migration during embryogenesis, but one of the
most dramatic is the migration of the neural crest (NC). The neural crest is initially a
static population of cells located on top of the neural tube, which can later detach
from the neural tube and migrate. Neural crest cells travel long distances though the
embryos following strictly defined pathways in a migration that is rapid, persistent
and highly directional. Here I use the migration of the neural crest in frog (Xenopus

laevis) and fish (zebrafish) embryos as a model for studying cell migration in vivo.
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1.2. The neural crest

The neural crest is a transient population of cells that exists only for a short
period of time during embryonic development. The development of the crest can be
broken down into discrete steps (summarized in Figure 1.1). First, the presumptive
neural crest cells are specified at the border between the neural plate and the
epidermis (Fig 1.1A). As neuralation proceeds, the neural plate folds until eventually
the crest comes to lie along the dorsal midline of the neural tube (Fig 1.1B). Upon
completion of neurulation, neural crest cells undergo an epithelial to mesenchymal
transition (EMT) and detach from the neural tube. Neural crest cells then begin to
migrate following strictly defined migratory pathways that eventually allow them to
colonize almost the entire embryo (Fig 1.1C). Finally, upon reaching their
destination neural crest cells differentiate to ultimately form many different cell

types including neurons, glia, cartilage, skeleton and pigment cells (Fig 1.1D).

1.2.1. Neural crest specification

Neural crest cells begin their life as ectodermal cells at the border between the
neural plate and the non-neural ectoderm. Their fate is specified during the end of
gastrulation and the beginning of neurulation by a combination of extracellular
signals, secreted from surrounding tissues. These include various BMP, Wnt, FGF
ligands as well as retinoic acid (RA) (LaBonne and Bronner-Fraser, 1998; Marchant
et al., 1998; Villanueva et al., 2002). The precise sequence and interaction of these
different signals is uncertain and there are some discrepancies between species
(Aybar and Mayor, 2002). The current model favours an initial intermediate level of
BMP signalling to specify the neural plate border, followed by a second
Wnt/FGF/RA signal from the mesoderm, to induce the neural crest (Steventon et al.,
2005). What is clear, however, is that this combinatorial signalling specifies the arca
that will become the neural crest and induces the expression of a network of neural

crest-specific transcription factors (reviewed in (Steventon et al., 2005).
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Figure 1.1. Development of the neural crest

(A-C) Schematic of a transverse section through an embryo with the neural crest
shown in pale blue, neural tube in dark blue and epidermis in white. (A) Neural crest
tissue is specified by signalling from the neural tube, epidermis and underlying
mesoderm. (B) As the neural plate folds to become the neural tube, the neural crest
comes to lie over the dorsal part of the neural tube. (C) Neural crest cells detach
from the neural tube and migrate through the embryo. (D) An individual neural crest
cell has the potential to form a variety of derivatives. n, notochord; psm, pre-somitic

mesoderm; s, somite; NC, neural crest.
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The first transcription factors to appear are the so-called ‘carly class’ that arc
expressed in a domain slightly wider than the ncural crest. These include genes from
the msx and dlx families as well as pax3 and c-myc (Bellmeyer ct al., 2003;
McLarren et al., 2003; Monsoro-Burq ct al., 2005). Thesc arc followed by a sccond
class of genes, which are the ‘classic’ ncural crest markers, expressed exclusively in
the crest. Many of these genes belong to the snail and sox gene families, which
encode transcriptional repressors (Aybar et al., 2003; Hong and Saint-Jeannet, 2005).
Many are anti-apoptotic factors and are believed to play an important role in the
survival and proliferation of neural crest cells. Indeed, loss of snail or sox gencs in
the crest results in premature death of neural crest cells (Dutton et al., 2001; Vega ct

al., 2004).

1.2.2. Epithelial to mesenchymal transition

After neurulation is completed, NC cells undergo an epithelial to mesenchymal
transition (EMT) and delaminate from the neural tube. EMT involves gross changes
in cell morphology, allowing the previously static cpithelial cells to become
migratory. Cells lose their cuboid shape and apical-basal polarity, and gap junctions
replace tight junctions between cells. Occludin, a key component of tight junctions,
is down regulated around five hours beforc neural crest delamination takes place
(Aaku-Saraste et al., 1996), while connexin-43, a gap junction protcin, starts to be
expressed (Lo et al., 1997). Connexin-43 is expressed in migrating neural crest cells
and embryos lacking connexin-43 show major defects in neural crest derived tissue
such as the heart (Liu et al., 2006).

In chick embryos, EMT in the neural crest can be easily observed, as it is
accompanied by a characteristic change in the expression of the cadherins, a class of
Ca”*-dependent cell-cell adhesion proteins. Prior to migration N-cadherin and
cadherin-6B are strongly expressed in the neural crest, but at the onset of migration
these cadherins are down-regulated and cadherin-7 begins to be expressed
(Nakagawa and Takeichi, 1995; Nakagawa and Takeichi, 1998). It is believed that
these changes in cadherin expression allow the neural crest to detach from the
epithelial layer, while at the same time strengthening connections between each
other, prior to migration. Such a typical cadherin shift at the onset of migration is yect
to be observed in other species. In Xenopus, no examples of cadherins down-

regulated at neural crest migration have been identified, although Cadherin-11 is
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expressed specifically in sub-populations of the migrating crest (Borchers et al.,
2001; Vallin et al., 1998).

Members of the snail superfamily are known to play an important role in
regulating EMT. Their function was first elucidated in cancer cells, where activation
can increase metastasis and migratory behaviour (Barrallo-Gimeno and Nieto, 2005).
Snail gene products function as transcriptional repressors and Snaill and Snail2 have
both been shown to directly repress E-cadherin, a cadherin strongly associated with
epithelial cells, during oncogenesis (Bolos et al., 2003; Cano et al., 2000).
Furthermore, this role has since been extended to neural crest cells with the
discovery that Snail2 binds directly to the promoter region of cadherin-6B and
represses it during EMT in chick neural crest cells (Taneyhill et al., 2007).

As well as cell-cell adhesion, another important factor for EMT in the neural
crest is the cell cycle. EMT requires careful regulation and synchronisation of the
cell cycle, with neural crest cells leaving the neural tube during S phase (Burstyn-
Cohen and Kalcheim, 2002). Completing the G1/S transition is crucial for EMT as
inhibition of this transition prevents delamination of neural crest cells (Burstyn-
Cohen and Kalcheim, 2002). Snail genes are involved in this cell cycle control, by
blocking cell cycle progression and maintaining the cells in G1 during EMT (Vega et
al., 2004). The G1/8S transition signals the end of EMT and delamination from the
neural tube and is stimulated by BMP and canonical wnt signalling, which control

the timing of the onset of migration (Burstyn-Cohen et al., 2004).

1.2.3. Migration and differentiation

Migration and differentiation are inextricably linked in the neural crest cell, as
the path that an individual cell takes determines its eventual fate. Neural crest cells
can be classified into two broad populations; the cephalic (or cranial) crest of the
head and the trunk neural crest. The onset of neural crest migration proceeds in an
anterior to posterior fashion with the cephalic neural crest beginning their migration
carliest. Cephalic neural crest cells migrate into the branchial arches in three distinct
streams, termed the mandibular, hyoid and branchial streams, and ultimately
differentiate to form the skeleton and cartilage of the head (Kontges and Lumsden,
1996). In addition, some cells from the mandibular stream also contribute to the
cranial sensory ganglia and the cornea (Sadaghiani and Thiebaud, 1987). Trunk

neural crest cells in most animals migrate along two distinct pathways. Some cells
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take a ventral pathway between the neural tube and the somites. These give rise to
sensory and sympathetic ganglia, Schwann cells and cromaffin cells (Le Douarin and
Teillet, 1974).0thers choose a lateral pathway between the somites and the ectoderm,
eventually colonising the ectoderm to become the pigmented melanocytes
(LeDouarin and Kalcheim, 1999). The majority of cells follow the ventral pathway,
which can be recognised as streams of migrating cells in a segmented pattern through
the somitic mesoderm. These distinct streams are created by migration through only
part of each somite. For example, in avian embryos neural crest cells can only enter
the rostral half of each somite and are excluded from the caudal half (Bronner-Fraser,
1986a; Rickmann et al., 1985; Teillet et al., 1987).

One of the most notable features of neural crest cells is their ability to
differentiate into such a wide range of tissues. Although derived from the ectodermal
germ layer, neural crest cells are able to generate both typically ectodermal cells such
as neurons as well as mesenchymal tissues like cartilage and muscle. This suggests a
high level of pluripotency and it has been suggested that neural crest cells maintain a
relatively undifferentiated stem cell-like state for longer than cells in other tissues

(see (Delfino-Machin et al., 2007)for review).

1.2.4. Neural crest migration in Xenopus and zebrafish

In the course of this thesis I will present work on the neural crest in Xenopus and
zebrafish embryos, so it is important to highlight any differences in neural crest
migration between these two organisms. Although neural crest migration is relatively
conserved between species, there are some subtle differences. Both Xenopus and
zebrafish have three segmented streams of cranial neural crest and many streams of
trunk neural crest, which follow either the ventral or lateral pathway. In Xenopus,
trunk neural crest cells are offered three additional pathways of migration. As well as
the ventral and lateral pathways, cells follow a dorsal pathway into the dorsal fin, a
circumferential migration around into the ventral fin and an enteric pathway into the
ventral fin via the anus (Collazo et al., 1993). In fish, trunk neural crest cells follow
two pathways as in avian embryos, however because of the shape of the zebrafish
embryo, both pathways proceed in a ventral direction (Eisen and Weston, 1993;
Raible et al., 1992). Also, in contrast to chicks, zebrafish trunk cells migrate through
the mid-point of the somites rather than the rostral half (Raible et al., 1992). Xenopus
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trunk cells on the other hand, migrate through the caudal portion of each somite
(Collazo et al., 1993; Krotoski et al., 1988).

Both fish and frogs have a number of unique advantages when it comes to
studying neural crest migration. Xenopus has a rich history of use as a model
organism for embryology (Gurdon and Hopwood, 2000) and many aspects of its
development are very well understood. In addition, the large size and general
robustness of Xenopus embryos makes embryonic manipulations such as the removal
and grafting of different tissues relatively straightforward. For example, it is possible
to specifically dissect the cranial neural crest intact for culture in vitro (Alfandari et
al., 2003). Also, targeted injections at the 32-cell stage allow for specific labelling of
neural crest cells. Neural crest migration can be easily followed by grafting labelled
NC into an unlabelled host, or by Dil injections into the neural tube (Borchers et al.,
2000; Collazo et al., 1993; Krotoski et al., 1988). However, the yolky consistency of
Xenopus embryonic cells makes in vivo imaging more than a few layers deep
virtually impossible. Zebrafish embryos, by contrast, are almost transparent, meaning
that cells deep inside the embryo can be imaged with high resolution. Also, a large
number of mutant zebrafish lines have been generated, making them ideal for genetic
studies (Amsterdam and Hopkins, 2006). Recently this has led to the development of
transgenic lines, including the sox10:egfp line, which expresses GFP only in the
neural crest and allows individual neural crest cells to be traced throughout their
migration (Carney et al., 2006). However, dissection and transplantation experiments
are much harder to perform in fragile fish embryos than in frogs. Thus, Xenopus and
zebrafish provide complimentary approaches that together allow us to study all

aspects of neural crest migration.

1.3. A Molecular basis for neural crest migration

Neural crest cells follow various convoluted migration pathways throughout the
embryo and one of the most interesting questions that remains to be addressed is;
what directs them along these intricate routes? In recent years, a number of
molecular cues that guide neural crest migration have been identified (Kuriyama and
Mayor, 2008). Many of these molecules were initially discovered from studies on
axon guidance, where growth cones are guided along strictly defined paths by a

combination of short-range and long-range environmental signals, both attractive and
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repulsive. The signals regulating axon guidance are mostly well defined, but this is
not the case for the neural crest, where the picture still remains very much
incomplete. In the remainder of this chapter, I will summarise what is known about

the molecular basis of neural crest migration.

1.3.1. Extracellular matrix components

The road on which neural crest cells travel is paved with various extracellular
matrix (ECM) components and the distribution of these molecules plays a significant
role in guiding neural crest migration. Electron microscope images of migrating
neural crest cells in vivo show that ECM fibrils tend to align in the direction of
migration, providing a physical guide for migration (Newgreen, 1989; Perris and
Perissinotto, 2000). However, a polarised ECM is not necessary for neural crest
migration, as NC cells are able to migrate in vitro where fibril distribution is random
(Alfandari et al., 2003). Many different ECM glycoproteins surround the neural crest
in vivo, but not all are able to support NC cell migration. Indeed, extracellular matrix
components can be divided into two groups; those that permit neural crest migration
and those that deny it. One of the earliest ECM components to be identified as
promoting neural crest migration was fibronectin. Fibronectin is ubiquitously
expressed in the neural crest migration pathways, and in some cases the termination
of migration corresponds to the disappearance of fibronectin in the ECM (Newgreen
and Thiery, 1980; Thiery et al., 1982). Functional experiments show that blocking
the interaction of fibronectin with its binding partner, integrin a5B1, is a powerful
method of inhibiting neural crest migration (Alfandari et al., 2003). Other ECM
glycoproteins that allow neural crest migration include vitronectin and several
members of the laminin and collagen families (Coles et al., 2006; Delannet et al.,
1994; Perris and Perissinotto, 2000). However, none of these alone are sufficient for
the migration of neural crest cells in vitro. Explanted Xenopus cranial neural crest
cells are only able to migrate when plated on a substrate containing fibronectin
(Alfandari et al., 2003).

Conversely, other ECM components actively inhibit neural crest migration,
particularly those containing chondroitin 6-sulphate. Tissues rich in those
proteoglycans tend to be those such as the notochord, which deny entry to neural
crest cells (Oakley et al., 1994). Two examples of proteoglycans with neural crest-

repulsive activities are aggrecan and cytotactin-binding proteins, which are expressed
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in the notochord and caudal sclerotome respectively, both tissues that neural crest
cells are unable to enter (Perissinotto et al., 2000; Tan et al., 1987).The local
composition of the extracellular matrix provides both permissive and inhibitory
signals that restrict neural crest cells to their correct pathways, however there is no

evidence that ECM components are able to actively attract neural crest cells.

1.3.2. Inhibitory signals

As well as ECM components, a number of other repellent molecules are
expressed in the tissues that exclude the neural crest. One class of molecules that can
repel neural crest cells are the Semaphorins, secreted and membrane bound
signalling molecules, initially characterised for their role in axon guidance
(Kolodkin, 1998). In zebrafish, Semaphorin-3F and Semaphorin-3G are expressed in
neural crest-free regions of the head, while their receptors, Neuropilin-2A and -2B,
are expressed in the neural crest. Signalling to these receptors prevents crest cells
from straying outside their streams as overexpression of semaphorins can constrict
neural crest migration pathways (Yu and Moens, 2005).

Ephrins and Eph receptors also play a role in maintaining the three separate
streams of migration in the cranial neural crest. Eph-A4 and Eph-B1 are expressed in
the neural crest of the third and fourth branchial arches, while their ligand, ephrin-
B2, 1s expressed in the adjacent second arch, where it repels neural crest cells
expressing the receptor, and prevents intermingling of the streams (Smith et al.,
1997). Ephrins and semaphorins also play a role in guiding trunk neural crest
migration, with expression of ligands of both classes restricting neural crest from the
caudal half of the somites in chicks (Gammill et al., 2006; Krull et al., 1997).
Another family of molecules that play a role in trunk neural crest guidance is the
slit/robo family. Slits are secreted from the dermamyotome, where they prevent
robo-expressing, early migratory crest cells from entering the dorsal pathway,

directing them instead towards the ventral pathway (Jia et al., 2005).

1.3.3. The case for chemoattraction

The molecules discussed so far are all either permissive signals that allow neural
crest migration or negative signals that inhibit it. To date, a distinct lack of positive
signals that attract neural crest cells have been identified. In the case of axon

guidance, migration is often guided by inhibitory short-range signals such as
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semaphorins in conjunction with long-range chemoattractants, which form a
diffusion gradient. Examples of chemotaxis can also be found for cells as well as
axons. For example, in the zebrafish embryo lateral line cells are guided to their
correct position by following a gradient of the chemokine, SDF-1 (David et al., 2002;
Valentin et al., 2007). It has been speculated that a similar mechanism may also be
operating in the neural crest. There are some examples of chemoattractants that have
been found to play a role in the later migration of neural crest derivatives, although
not in undifferentiated neural crest cells themselves. For example, DCC, a key
mediator of the actions of the netrin family of chemoattractants, is expressed in
neural crest-derived enteric neurons and these cells will migrate towards a netrin
source in vitro (Jiang et al., 2003). Likewise, the chemokine GDNF is expressed in
the developing mouse gut and is required for the correct migration of enteric
neuronal precursors to their correct destinations (Natarajan et al., 2002; Young et al.,
2001). Enteric neural crest cells will cross a filter paper barrier to reach a source of
GDNF in organ culture experiments (Young et al., 2001). SDF-1, mecanwhile, has
been found to play a role in the migration of the NC-derived dorsal root ganglia
(DRG), with SDF-1 being expressed in their migratory pathway, while its receptor,
CXCR4, is expressed in the DRGs themselves (Belmadani et al., 2005). However, in
each of these cases it is not possible to ascribe these effects to true chemotaxis, and
they could also be explained by chemokinesis, the process whereby a molecule is
able to stimulate increased motility without any kind of directional signal. The best
test to distinguish chemokinesis from chemotaxis is to determine whether cells can
follow an artificial gradient of the signal using time-lapse analysis in an in vitro
migration assay (Wells and Ridley, 2005). However, such experiments were
performed in only one of the studies of chemotaxis in neural crest derivatives, and in
this case no time-lapse analysis was carried out, making it impossible to rule out
chemokinesis as a mode of action (Belmadani et al., 2005). In summary, there is
some evidence pointing to chemoattraction in the crest but it is limited to specific
sub-populations of crest cells late in NC development and the described effects could
be explained by chemokinesis rather than true chemoattraction. Certainly a definitive
long-range chemoattractant that attracts neural crest cells from the neural tube in the
direction of their targets has yet to be identified.

There is, of course, another possibility; that neural crest cells are able to find

their way without relying on an external chemoattractant. It is possible that neural
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crest cells are intrinsically migratory cells that only travel in one direction because
that is the only feasible way open to them. There are repulsive signals in the neural
tube that prevent them from going backwards, repulsive semaphorin and ephrin
ligands that prevent them from straying from their narrow streams and their
migration routes are carpeted with their favoured extracellular matrix components.
Could it be that these signals are sufficient to guide the neural crest without
chemoattraction? This is an intriguing idea, but raises a number of questions. A
system based purely on negative signals would surely be inefficient as randomly
migrating cells would travel backwards along their pathways as well as forwards.
This is not consistent with the high polarity observed in neural crest cells migrating
in vivo (Teddy and Kulesa, 2004). It seems likely that there are other signals
involved in establishing the polarity and directionality of neural crest cell migration
and these could be unidentified chemoattractants, or an entirely different mechanism.
One such candidate is the planar cell polarity (PCP) signalling pathway, which has
recently been shown to be essential for successful NC migration (De Calisto et al.,
2005).

1.4. The role of non-canonical Wnt/planar cell polarity signalling

Non-canonical Wnt/planar cell polarity (PCP) signalling refers an alternative
branch of the Wnt signalling pathway. In the canonical pathway secreted wnt
glycoproteins bind to Frizzled receptors, activating an intracellular cascade that
results in the stabilization of B-catenin, which regulates the transcription of a large
number of genes (Miller et al., 1999). Canonical wnt signalling controls many
embryonic processes, most of which are involved in cell fate determination, and
which include playing a vital role in neural crest induction (Garcia-Castro et al.,
2002). The PCP pathway uses many of the same components as canonical signalling
such as Wnt and Frizzled proteins, but rather than a transcriptional outcome, a B-
catenin independent pathway is activated, which acts directly on the cell cytoskeleton
(Veeman et al., 2003). So, while canonical wnt signalling often plays a role in
controlling cell fate, PCP signalling generally regulates cell shape, morphology and
polarity. Figure 1.2 shows three such examples of PCP signalling in controlling cell

polarity, shape and motility in the embryo.
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1.4.1. PCP signalling in Drosophila

PCP signalling was first described in Drosophila, where a number of mutations
were identified that disrupt the formation of bristles and hairs on the adult cuticle
(Gubb and Garcia-Bellido, 1982). In the Drosophila wing, epithelial cells are highly
polarized, with a single hair outgrowth forming at the distal end of each cell.
Mutations in the genes frizzled (fzd), dishevelled (dsh), prickle, strabismus (stbm),
flamingo and diego cause adherent cellular organisation in this tissue, with hairs
forming in a disorganised pattern (Feiguin et al., 2001; Gubb et al., 1999; Theisen et
al., 1994; Usui et al., 1999; Vinson and Adler, 1987; Wolff and Rubin, 1998). These
genes code for transmembrane or intracellular proteins, which become
asymmetrically localised in each cell. Stbm and prickle accumulate at the proximal
membrane of each cell, while Fz and Dsh localise solely on the distal side, where
they promote the formation of an actin-rich prehair (Axelrod, 2001; Bastock et al.,
2003; Strutt, 2001; Tree et al., 2002). Interactions between PCP components on the
distal side of one cell and the proximal side of the adjacent cell stabilize the system

to give uniform polarity to the entire tissue (Fig 1.2A).

1.4.2. PCP signalling in vertebrates

In vertebrates PCP signalling regulates a number of different developmental
processes including neural tube closure, cochlear hair orientation and ciliogenesis
(Wang and Nathans, 2007). One of the best characterised examples of PCP signalling
in vertebrates is its role during gastrulation in co-ordinating convergent extension
(CE) movements in Xenopus and zebrafish (Fig 1.2B). CE movements result in the
anterior-posterior elongation and mediolateral narrowing of the embryo and are
driven by the intercalation of cells in the mesoderm and ectoderm. The intercalating
cells are highly polarised with cell protrusions localised at the lateral ends of each
cell (Shih and Keller, 1992). Inhibition of PCP ligands Wnt11 or Wnt5a perturb CE
movements in Xenopus (Moon et al., 1993; Tada and Smith, 2000), while the
zebrafish mutants for various PCP elements including silberblick (Wntl1), pipetail
(Wnt5a), and trilobite (Strabismus) exhibit a shortened body axis characteristic of
defects in CE (Hammerschmidt et al., 1996; Rauch et al., 1997; Solnica-Krezel et al.,
1996). Furthermore, inhibition or overexpression of Dsh disrupts the polarity of

Xenopus mesoderm cells undergoing CE (Wallingford et al., 2000).
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Figure 1.2 PCP signalling controls diverse developmental processes

(A) PCP signalling regulates epithelial cell polarity in the Drosophila wing resulting
in hair growth at the Distal side of each cell, Pk, prickle; Dsh, Dishevelled; Fz,
Frizzled. (B) Convergent extension of the mesoderm. Cells form protrusions at their
lateral ends (in black) to allow intercalation and lengthening of the body axis. This
process requires PCP signalling. (C) PCP signalling is essential for neural crest

migration although the mechanism for this is unknown.
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Whereas in control embryos lamellipodia in intercalating cells are restricted to the
lateral ends of the cell, cells lacking Dsh form protrusions randomly around the cell
membrane resulting in unpolarised cells that are unable to intercalate. Thus, the
entire polarity of the tissue is lost. This system shares many parallels with PCP
signalling in the Drosophila wing, even though the tissues (mesenchymal rather than
epithelial) and final outcome (polarised formation of cell protrusions rather than hair
growth) are radically different (Mlodzik, 2002). There are however, a number of
differences between PCP signalling in Drosophila and vertebrates, most notably the
use of extracellular wnt ligands, which are absent in Drosophila, where wingless, the
wnt ligand, signals exclusively through the canonical pathway.

In vertebrate PCP signalling, secreted Wnt glycoproteins bind to cysteine rich
transmembrane Frizzled receptors, which in turn activate the cytoplasmic factor
Dishevelled (Wallingford et al., 2000; Wang et al., 1996). Wnts, Frizzleds and
Dishevelled (Dsh) are also involved in the canonical Wnt pathway, and it is at this
point that the pathway diverges. Whereas in the canonical pathway Dishevelled
interacts with axin to inhibit the degradation of B-catenin, in non-canonical signalling
it can either modulate the activity of Rho GTPases via the PCP pathway or stimulate
calcium flux via a third pathway termed the wnt/Ca2+ pathway (See Figure 1.3,
(Veeman et al., 2003).

Several members on the Rho GTPase family are downstream of Dsh in the PCP
signalling cascade (Figure 1.3). Rho is downstream of Dsh in Drosophila, where it
acts on the cytoskeleton via its effector Rho-associated kinase (ROK) (Strutt et al.,
1997; Winter et al., 2001). In vertebrates, RhoA and ROK are also required for CE
movements (Marlow et al., 2002). RhoA is placed downstream of Dsh, which binds
to the formin homology protein, Daam1, which in turn is able to bind and activate
RhoA (Habas et al., 2001). Two other Rho GTPases, Rac and Cdc42 have also been
suggested to act as PCP effectors in vertebrates (Choi and Han, 2002; Habas et al.,
2003; Penzo-Mendez et al., 2003). RhoA, Rac and Cdc4?2 are all regulators of the
dynamic actin cytoskeleton and regulate many processes involved in cell motility
including cell polarity and the formation of cell protrusions (Jaffe and Hall, 2005). It
has been proposed that it is through the activities of these small GTPases that cells
undergoing CE form protrusions at their lateral sides in a process dependent on PCP

signalling. However the mechanism by which this happens is not understood.
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Figure 1.3 The Wnt signalling pathway in vertebrates

Three different branches of the Wnt pathway have been identified in vertebrates: 1)
the canonical/B-catenin pathway, which results in the stabilisation of B-catenin and
transcriptional activation, ii) the planar cell polarity (PCP) pathway where small Rho
GTPases act on the cytoskeleton to control cell polarity and iii) the Wnt/Ca**
pathway, which stimulates Ca®" flux. All three pathways are activated by the binding

of Wnt ligands to Frizzled receptors.
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1.4.3. PCP signalling in the neural crest

With PCP signalling playing a key role in cell polarity and motility in many
different systems, it comes as no surprise that it also plays a role in neural crest
migration. De Calisto and colleagues (2005) demonstrated that the non-canonical
wnt/PCP pathway is essential for correct neural crest migration in Xenopus. Injection
of dominant negative forms of Dsh and Wntl1, which inhibit the PCP pathway, but
not canonical wnt signalling, block the migration of cranial neural crest cells in vivo
(De Calisto et al., 2005). Recently this role has also been extended to zebrafish
where neural crest migration is severely disrupted in the PCP mutant trilobite
(strabismus) and in embryos injected with a dominant negative form of Dsh or a
morpholino against wnt5a (Matthews et al., 2008). Both the Xenopus and zebrafish
data point to an important role for PCP signalling in neural crest migration, however
the mechanism by which it works remains unknown. Neural crest migration is a
multi-step process with an initial EMT stage, followed by a proper migration. Does
PCP signalling control the initial delamination of the crest or is it involved in guiding
the crest at a later stage? PCP signalling controls the formation of directional
protrusions in mesodermal cells (Wallingford et al., 2000), so could a similar
mechanism be operating in the crest to promote directed migration? Wntl 1, a non-
canonical ligand, 1s expressed laterally to the neural crest prior to migration in the
direction in which the crest will eventually migrate (De Calisto et al., 2005). Is it
possible that it is working like a chemoattractant, attracting neural crest cells in the
right direction? These are some of the questions that I will attempt to address during

the course of this thesis.

1.5. Syndecan-4: a new element of the PCP pathway

A recently identified component of the PCP pathway, which may shed some
light on how PCP regulates cell migration, is Syndecan-4 (Syn4). Syn4 is a member
of the heparan sulphate proteoglycan (HSPG) superfamily of transmembrane
glycoproteins, which are expressed on the cell surface, where they interact with the
extracellular matrix and extracellular soluble factors to modulate a wide range of cell
behaviours. Munoz et al (2006) have recently cloned Syndecan-4 in Xenopus and

find that it plays an essential role in regulating CE movement. Embryos injected with
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a morpholino against syn4 exhibit fail to elongate, as do Keller explants, a classic
assay system for CE. Furthermore, Syn4 appears to be signalling via the PCP
pathway, as the phenotype observed by inhibiting Syn4 could be rescued by
activating the PCP pathway downstream (Munoz et al., 2006).

The involvement of Syn4 in PCP signalling during Xernopus gastrulation is a
recent observation, but historically Syn4 has been characterised as a key regulator of
cell migration. Syn4 knockout mice show defects in wound healing, a process that
relies on the migration of fibroblasts, and fibroblasts lacking Syn4 also have
impaired motility in vitro (Echtermeyer et al., 2001; Longley et al., 1999). Syn4
interacts with fibronectin and is a component of focal contacts, the clusters of
proteins that form at the sites at which migratory cells attach to the extracellular
matrix (Woods and Couchman, 1994). Regulated adhesion to the ECM is essential
for cell migration and is mediated by co-ordinated signalling by members of the
integrin and syndecan families (Morgan et al., 2007). On fibronectin, initial
attachment is mediated by Integrin-o581 binding to the central binding domain
(CBD) of fibronectin. However cells fail to form mature focal adhesions or actin
stress fibres unless stimulated by a second attachment to the heparin-binding domain
of fibronectin (Bloom et al., 1999; Woods et al., 1986). This secondary interaction is
mediated by Syndecan-4 (Woods et al., 2000). Cells lacking Syn4 are unable form
actin stress fibres or mature focal adhesions in response to the heparin binding
domain of fibronectin and show decreased motility (Echtermeyer et al., 1999;
Ishiguro et al., 2000; Saoncella et al., 1999). Downstream of Syndecan-4 a number of
different signalling pathways have been implicated. Syn4 is able to directly bind to
and activate PKCa (Horowitz et al., 1999; Oh et al., 1997b) and to phosphorylate
focal adhesion kinase (FAK) (Wilcox-Adelman et al., 2002a). There is also evidence
that Syn4 can stimulate the activities of the small GTPases Rac and RhoA, although
there is some contradictory evidence in this regard (Bass et al., 2007; Dovas et al.,
2006; Saoncella et al., 1999; Tkachenko et al., 2004).

With an important role in controlling both cell migration, through the regulation
of attachment to the ECM and in PCP signalling, Syn4 is a potentially interesting
target molecule to be involved in neural crest migration. If Syn4 is involved in the
migration of the neural crest, it could help shed light on how exactly PCP signalling

is functioning to control NC migration.
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1.6. Summary and aims

The neural crest is a transient embryonic population that transforms from a static
epithelial population on top of the neural tube to vigorous migratory cells that travel
through the entire embryo and give rise to many different types of cell. Many aspects
of the neural crest are of interest: the complex network of signalling molecules
involved in its induction, its sudden epithelial to mesenchymal transition and its
remarkable pluripotency. However, one of the most intriguing questions about the
neural crest is how neural crest cells are able find their way through the embryo. A
number of molecules have been implicated including extracellular matrix and
secreted repellents, but so far no positive cues to guide neural crest migration have
been identified. There is scant evidence for chemoattraction in the neural crest, but in
this case, how do neural crest cells establish their polarity? One clue could be in the
PCP pathway, a regulator of neural crest migration that is also known to be involved
in establishing cell and tissue polarity in other systems. Another could be syndecan-
4, a key molecule involved in regulating cell migration, that has recently been
implicated in PCP signalling.

The aim of this thesis is to establish whether Syn4 is involved in neural crest
migration and, if so, to elucidate the molecular mechanism by which PCP signalling
and Syn4 control neural crest migration. First, I present new findings about the role
of PCP signalling in neural crest migration, which extends the previously published
work by de Calisto et al (2005). Secondly, I demonstrate a vital role for Syn4 in
neural crest migration. Then I present a detailed analysis of the effects of PCP
signalling and Syn4 on migrating neural crest cells in vitro and in vivo, looking at
cell behaviour, morphology, the actin cytoskeleton and focal adhesions. Then I
identify a molecular mechanism for their abnormal cell behaviour, based on the
regulation of small Rho GTPases by PCP signalling and Syn4. Finally, I investigate
the role of cell-cell contact inhibition in establishing neural crest cell polarity through
the activation of PCP signalling. Together these findings allow me to propose a novel

mechanism for the control of directional migration of the neural crest in vivo.
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2. MATERIALS & METHODS

2.1. Solutions and Media

Alkaline phosphatase (AP) Buffer

100 mM Tris-HC1 pH9.5
100 mM NacCl

50 mM MgCl,

0.1% Tween-20

Danilchick’s medium

53 mM NaCl

5 mM Na,CO;

4.5 mM KGluconate

32 mM NaGluconate

1 mM MgSO4

1 mM CaCl,

0.1 % BSA

pH 8.3 (adjusted with 1M Bicine)
50 ug/ml Streptomycin

Ficoll

3% Polysucrose
in NAM3/8

Hybridisation Buffer

50% Formamide

5xSSC

1 x Denhardt’s Solution

1 mg/ml Ribonucleic acid
100 pg/ml heparin

0.1% CHAPS

10 mM EDTA

0.1% Tween-20

pH 5.5

MEMFA

4% Formaldehyde
0.1 M MOPS

1 mM MgSO4

2 mM EGTA

Bleaching Solution

33% H,0;
5% Formamide
0.5 x SSC

Ege-laying medium (Ca2+ free)

110 mM NacCl

2 mM KCI

0.6 mM Na,HPO,
15 mM Tris base
2 mM NaHCO;
0.5 mM MgSO,

pH 7.6 (adjust with acetic acid)

Fish water

60 mg "Instant Ocean"
per litre dH,O

Maleic acid buffer (MAB)

100 mM Maleic acid
150 mM NacCl
0.1% Tween-20

Modified Barth’s Solution
(Ca**Mg*"-free)

88 mM NaCl

1 mM KCl1

2.4 mM NaHCO;

15 mM HEPES pH7.6

1 mg/ml BSA
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Normal amphibian medium (NAM) 1/10

Normal amphibian medium (NAM) 3/8

11 mM NaCl

0.2 mM KCl

0.1 mM Ca(NO3)2

0.1 mM MgSO4

0.01 mM Disodium EDTA
0.2 mM Na,HPO, pH7.5
0.1 mM NaHCO;

50 pg/ml Streptomycin

PBS (Phosphate buffered saline)

137 mM NaCl
2.7mM KCl

4.3 mM Na,HPO4
1.4 mM KH,PO4
pH 7.3

SSC (20x)
3M NaCl

0.3M Tri-sodium citrate
pH7.0

2.2. Obtaining Xenopus Embryos

41 mM NaCl
0.75 mM KClI

0.36 mM Ca(NO3),

0.36 mM MgSO,

0.036 mM Disodium EDTA
0.75 mM Na,HPO, pH7.5
0.1 mM NaHCO;

50 pg/ml Streptomycin
PBT

137 mM NaCl
2.7 mM KClI

4.3 mM NazHPO4
1.4 mM KH,PO,
pH 7.3

0.1% Tween-20

Mature Xenopus laevis females were pre-primed by subcutancous injection of 100

units of Serum Gonadotrophin (Intervet) 4 to 7 days before use. To stimulate

ovulation, females were injected with 500 units of choronic gonadotrophin (Intervet)

12-15 hours prior to requirement. Frogs were then placed in Egg-laying medium

(Ca** free), from which naturally laid, mature oocytes could be collected. Adult male

Xenopus were terminally anaesthetised in a solution of 0.5% Tricaine (3-amino

benzoic acid ethylester) and the testes were dissected and stored in Leibovitz L-15

medium (Invitrogen). For in vitro fertilisation, a small picce of testis was macerated

in dH,O and the resulting sperm suspension was mixed with the oocytes in a dry

Petri dish. After cortical rotation, the dish was flooded with dH,O. At the 2-8 cell

stage, the jelly was removed from embryos by vigorous agitation in a solution of 2%

L-cysteine (pH8.2) and embryos were raised in normal amphibian media

(NAM)1/10. Embryos were staged according to Nieuwkoop and Faber (Nieuwkoop

and Faber, 1967).
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2.3. Obtaining zebrafish Embryos

Zebrafish (Danio rerio) strains were maintained and bred according to standard
procedures (Westerfield, 2000). Embryos were obtained from natural spawning of an
AB wild-type colony. Transgenic sox]0:egfp embryos were obtained from crosses of
identified heterozygous sox10(-7.2):egfp carriers (Carney et al., 2006). Embryos
were raised in fish water at 28.5 °C and were staged according to (Kimmel et al.,

1995).

2.4. Synthesis of antisense RNA probes for in situ hybridisation

Competent DH5a cells were transformed with plasmid (pCS2+) DNA by heat shock
at 37°C for 5 minutes. Cells were then returned to ice for 5 minutes before plating on
LB-ampicillin plates. After 24 hours incubation at 37°C, individual colonies were
picked and grown up in LB-ampicillin medium for 14-16 hours at 37°C with
agitation. Plasmid DNA was purified using a spin midi-prep kit (QIAGEN). 10 pg of
plasmid DNA was cut at a 5’ restriction site with an appropriate restriction
endonuclease (Promega) according to the manufacturer’s instructions. The cut DNA
was purified by chloroform extraction, ethanol precipitated and re-suspended in
molecular biology H;O (Ambion) to a concentration of 1 pug/ul. In vitro transcription
of antisense RNA was carried out using T3, T7 or SP6 RNA polymerase (Promega)
using conditions suggested by the manufacturer. The NTP mix used for the reaction
contained 0.35 mM digoxigenin-labelled UTP, resulting in the production of a
digoxigenin-labelled RNA. After transcription 1 ul DNAase (Promega RQ1 DNase)
was added to degrade the template DNA and the quality of RNA was checked by gel
electrophoresis. RNA was purified using the Chroma-spin-100 kit (Clontech), re-
suspended in molecular biology H,O and diluted in hybridisation buffer to
concentrations of 0.5, 1 or 2 ng/ul for use for in situ hybridisation. RN A probes for
the following genes were used in this thesis: snail2 (Mayor et al., 1995), fli (Meyer et
al., 1995), frizzled7 (Wheeler and Hoppler, 1999), dishevelled (Sokol et al., 1995),
daaml(Nakaya et al., 2004), wnt1] (Ku and Melton, 1993), wnt5a (Moon et al.,
1993), wntl1r (Garriock et al., 2005) and syn4 (Munoz et al., 2006).

2.5. Whole Mount in situ hybridisation
In situ hybridisation protocol was adapted from (Harland, 1991). Due to the high risk

of RNAase contamination, which can degrade the RNA probe, all solutions (up to
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and including post hybridisation washes) were made using diethyl pyrocarbonate
(DEPC) treated water. Embryos were fixed in MEMFA for 1hr at room temperature
and transferred to 100% methanol for indefinite storage at -20°C. Embryos were re-
hydrated with successive washes of: 75% methanol, 50% methanol, 25% methanol
and PBT. Embryos were then bleached in bleaching solution under light for 30
minutes, washed thoroughly in PBT and re-fixed for 30 minutes in 4%
paraformaldehyde (PFA) in PBS. After further washing in PBT, embryos were
transferred to hybridisation buffer and incubated for 3-6 hours at 62°C. The
digoxigenin labelled probe was then added and incubated with embryos overnight at
62°C. The following post-hybridisation washes were performed for 10 minutes each
at 62°C: 50% formamide/2 x SSC/0.1% Tween-20, 25 formamide/2x SSC/0.1%
Tween-20, 12% formamide/2x SSC/0.1% Tween-20, 2x SSC/0.1% Tween-20
followed by one final 30 minute wash with 0.2% SSC/0.1% Tween-20. Embryos
were then rinsed with PBT and maleic acid buffer (MAB) and then blocked in 2%
BMBR (Boehringer Mannheim blocking reagent; Roche) in MAB for 2 hours at
room temperature. Embryos were incubated overnight at 4°C with an anti-
digoxigenin-alkaline phosphatase (AP) conjugated antibody (Roche) diluted in
2%BMBR/MAB. Excess antibody was removed by six 30 minute washes with MAB
at room temperature with gentle agitation. Embryos were then transferred to AP
buffer where the AP colour reaction was developed using 75pug/ml BCIP (5-bromo-
4-chloro-3-indoyl-phosphate; Roche) and 150pg/ml NBT (4-nitro blue tetrazolium
chloride; Roche) at 37°C. Embryos were then washed with 100% Methanol to

remove any background staining and transferred to 4% PFA for storage.

2.6. Double in situ hybridisation

When it was necessary to visualise the expression of two genes in one embryo,
double in situ hybridisation was carried out. Double in situ hybridisation uses the
protocol described above, with a few minor alterations; a mixture of two RNA
probes were added, one labelled with digoxigenin as described and one labelled with
UTP-fluorescein. After finishing the in situ hybridisation, embryos were transferred
back to 2% BMBR/MAB and incubated overnight at 4°C with an anti-fluorescein-
AP antibody (Roche). Embryos were then washed in MAB and transferred to AP
buffer. For the AP colour reaction, BCIP only was added, giving a pale blue colour,

which is distinguishable from the dark blue of the first in situ hybridisation.
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Alternatively, in some cases a BCIP/INT (Roche) reactive was used, with INT acting

as an oxidant to yield a red/brown colour.

2.7. Synthesis of mRNA/morpholinos for microinjection

Plasmid DNA was linearised with the appropriate restriction endonuclease
(Promega), purified by chloroform extraction, ethanol precipitated and re-suspended
in molecular biology H,O to a concentration of 1pug/ul. Synthetic capped mRNA was
synthesised using the SP6 mMessage mMachine kit (Ambion) following the
manufacturer’s instructions. mRNA was purified using the chroma-spin100 kit
(Clontech) and re-suspended in molecular biology H,O. The following synthetic
mRNAs were used during the course of this thesis: syn4 (Munoz et al., 2006), dshAN
and dshdep™ (Tada and Smith, 2000), dsh-gfp (Rothbacher et al., 2000), dsh-yfp
(Witzel et al., 2006) syn4-gfp (Kindly donated by J. Larrain), histone-2B-egfp,
histone-2B-cherry, membrane-egfp and membrane-cherry (gifts from S. Megason),
syndAPIP2 and syn4APDZ (constructed by S. Kuriyama).

Morpholinos used during this thesis were against wnt/ 1r (Garriock ct al., 2005),
Xenopus syn4 (Munoz at al, 2006) and zebrafish syn4. The wntl1r Mo was against
the S’UTR: S’ AATCATCTTCAAACCCAATAACAA3’ (Garriock et al., 2005). The
morpholino against Xenopus laevis syn4 consisted of a 1:1 mixture of two
translation-blocking Mos against the two syn4 alleles: syn4.1 Mo:
5"GCACAAACAGCAGGGTCGGACTCAT?3' and syn4.2 Mo:
5'CTAAAAGCAGCAGGAGGCGATTCAT3' (Munoz et al, 2006). The Mo against
zebrafish Syndecan-4 was designed over the 5’UTR:
5’CGGACAACTTTATTCACTCGGGCTA3’. A standard control morpholino was
used: S’CCTCTTACCTCAGTTACAATTTATA3’. Injection of this control Mo in

wild-type zebrafish or Xenopus embryos causes no defective phenotype.

2.8. Microinjection in Xenopus and zebrafish

Micro-injections were carried out using a Narishige IM300 Microinjector under a
Leica MZ6 or a Nikkon SMZ645 dissecting microscope. The needles for injection
were constructed from glass capillaries with an internal diameter of 0.5mm (Intrafil)
using a Narishige PC-10 needle puller. The needle was filled with mRNA or
morpholino solution and calibrated using an eye piece graticule to inject 10nl in

Xenopus or 4nl in zebrafish. Xenopus injections were carried out in a dish of Ficoll.
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Xenopus embryos were injected at the 2, 8 or 32-cell stage and cultured in Ficoll
until the onset of gastrulation, at which point they were transferred to NAM1/10. For
injections specifically targeted to the neural crest, embryos were injected in the
animal ventral blastomere at the 8-cell stage or into blastomeres A2 or B2 at the 32-
cell stage. Zebrafish embryos were injected dry at the 1 or 2-cell stage, with the
injection targeted through the yolk and into the cell. Zebrafish embryos were then

allowed to develop in fish water at 28.5°C.

2.9. Xenopus micromanipulation: Animal cap and DLMZ dissection

All Xenopus embryo dissections were carried in NAM 3/8 under a dissecting
microscope (Leica). The Vitelline membrane was physically removed using No. 5
Watchmakers forceps before dissection. Animal caps were taken from stage 9
embryos and were left to heal in NAM 3/8. They were then cultured until the
equivalent of stage 17 before fixation. Dorsal lateral marginal zones (DLMZ) were
removed from stage 10.5 embryos, conjugated with animal caps and cultured in

NAM3/8 until the equivalent stage 17.

2.10. Xenopus micromanipulation: Neural crest graft experiment

Neural crest grafts were carried out according to (Borchers ct al., 2000). Neural
crests from embryos injected with fluorescein-dextran (FDX) were dissected at stage
17 and transferred to wildtype host embryos, which had had their neural crest
removed. A fragment of glass coverslip was used to hold the grafted tissue in place
until healing was complete. Embryos were then cultured in NAM 3/8 until stage 26,
and neural crest migration was followed using fluorescent microscopy (Leica

MZFLIII).

2.11. Photography of Xenopus & zebrafish embryos
Embryos were immobilised in an agarose coated dish and photographed with a Leica
DFL420 camera attached to a Leica MZFLIII dissecting microscope using the IM50

software (Leica).
2.12. Invitro culture of Xenopus NC cells
Glass coverslips for neural crest culture were prepared in advance by successive

washes in 70% Ethanol, dH,O, and 100% Ethanol and were sterilized under flame.
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They were then incubated overnight at 4°C with a solution of 50 pg/ml fibronectin
(Sigma) in PBS. Coverslips were then washed with PBS and blocked with 1% bovine
serum albumin (BSA)/PBS for 2 hours at room temperature before being transferred
to Danilchick’s solution. Neural crests were dissected from embryos at stage 17-20
using the technique described in Alfandari et al (Alfandari et al., 2003). Dissection
was carried out in NAM 3/8 and once removed, neural crests were transferred to an
agarose coated dish containing Danilchick’s solution. The neural crests were then
transferred to the fibronectin coated coverslips and kept stationary at room
temperature until the cells attached to the fibronectin. Cultures were then kept at
18°C. For neural crest culture of dissociated cells, neural crests were initially placed
on a coverslip containing a 500 ul drop of Modified Barth’s Solution (Ca®>"Mg**-
free). After the cells had dissociated, the coverslip was flooded with Danilchick’s
solution and the cells were allowed to attach to the coverslip before transfer to 18°C.
For dissociation/re-association experiments, dissociated cells were manually formed
into small aggregates using an eyebrow knife before the addition of Danilchick’s

solution.

2.13. Time-lapse analysis of NC cells in vitro

Coverslips containing cultured NC cells were mounted on a microscope slide by
inverting over a wax chamber filled with Danilchick’s medium. Cells were imaged
using a Leica DM5500 compound microscope attached to a DFC300 Camera (Leica)
using either a 20x (low magnification) or a 40x (high magnification) oil objective.
For time-lapse recording images were collected every 1-minute for a period of 1 to 3
hours. Time-lapse movies were collected and edited using the Leica application suite
software (v1.7.0). For analysis of cell migration, 1-hour long low magnification
movies were analysed using the public domain program ImageJ (developed at the US
National Institute of Health, NIH). Individual cells were tracked using the ‘Manual
tracking’ plug-in, with the centre of the cell being taken as its position in each time
frame. From this, the velocity (total distance travelled divided by time) and
persistence (defined as the ratio between the linear distance between the initial and
the final point and the total length of the migratory path) of cells under different
conditions could be calculated. For analysis of cell protrusions, high magnification

movies were used over a time period of 20 minutes.
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2.14. Immunostaining of focal contacts in vitro

Neural crest cells that had been migrating ix vitro for several hours were fixed with
4% PFA/4% sucrose in PBS for 30 minutes at room temperature. Cells were then
washed thoroughly with PBS and permeabilised by incubation in 0.2% triton-X
100/PBS for 5 minutes at 4°C. After further washing with PBS, cells were blocked
with 1% BSA/PBS for 20 minutes, followed by addition of the primary antibody. To
visualise focal contacts an antibody against phospho-paxillin (Y118) (Biosource #44-
722G) was used at a dilution of 1:200 in 1% BSA/PBS for 30 minutes at 37°C. Cells
were thoroughly washed with PBS and incubated with the secondary antibody for 30
minutes at 37°C. The secondary antibody used was anti-rabbit IgG-FITC (Sigma)
along with rhodamine-phalloidin (Invitrogen), which stains actin filaments. Both
were diluted 1:500 in 1% BSA/PBS. After further washing in PBS, coverslips were
mounted in glycerol/PBS mounting medium. Samples were imaged using a Leica
SP1-DMRE confocal microscope with a 40 x plan apochromat NA 1.25 Ph3 oil
objective. Scanning was performed on a line-by-line basis using a digital zoom of 2.
Z-stack images were collected using Leica optimal settings, which results in a z step
size of half the z-resolution (167 nm for 40 x objective). Images shown in figures
show an average projection for 4 z sections. Focal contact number and size was
calculated using ImageJ (NIH), by recording the number and area of particles with
fluorescence intensity above an empirically determined threshold. The same

threshold was used for all conditions within each experiment.

2.15. Time-lapse analysis of zebrafish NC in vivo

Sox10:egfp (Carney et al., 2006) transgenic zebrafish embryos were used to analyze
NC migration in vivo. Each embryo was staged according to the number of somites
and only embryos with equal numbers were compared. The embryos were
dechorionated, inserted into a drop of 0.2 % agarose in fish water (Westerfield, 1995)
and mounted in a custom-built chamber, consisting of a glass ring mounted on a
microscope slide and sealed with wax. Control and experimental embryos were
mounted side to side in the same chamber. A compound (Leica DM5500) or a
confocal (Leica SP2-DMRE) microscope was used for time lapse imaging. Digital
images were typically collected at 30 to 90 second intervals for a period between 1
and 14 h. A Z-stack was performed in preliminary experiments to establish how deep

the NC migrates in the embryo. After 6 to 8 h time lapse of 20 somite embryos |
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found that cephalic NC migrate between 500-800 pum in the anterior-posterior axis,
between 40-60 um in the dorso-ventral axis and between 7 and 9 um in the
peripheral-central axis. Therefore, for tracking analysis I assume that most of the cell
migration occurs in two dimensions, while the third dimension (in the Z axis when
the embryo has a lateral orientation) can be neglected. Sequences of images were
quantitatively analyzed using ImageJ (NIH) and Matlab (MathWorks) software.
Tracking of individual cells was used to calculate velocity, persistence and angle of
migration (with respect to its previous position). For cell protrusion analysis only
cells with a clear border were used and the threshold in ImageJ was set in order to
visualize only the strongest fluorescence. Cell protrusions were defined as the new
positive area between two consecutives frames. Statistical analyses and graphical
illustration were performed on Matlab using both built-in functions and customized

scripts (Scripts by Carlos Carmona-Fontaine).

2.16. Whole mount immunostaining in zebrafish

Zebrafish embryos were fixed at 12 somites in 4% PFA/PBS overnight at 4°C.
Embryos were then washed in PBS and blocked in a blocking solution of 2% calf
serum/1% BSA/PBT for 2 hours at room temperature. The primary antibody was
added and incubated overnight at 4°C. Embryos were then subjected to three thirty
minutes washes with PBT before incubation with the secondary antibody for 2 hours
at room temperature. After three further half hour washes with PBT at room
temperature, embryos were mounted and imaged. For visualisation of focal contacts
in vivo, the primary antibody used was anti-phospho-paxillin (Y 118) (Biosource #44-
722G) at a dilution of 1:200 in blocking solution and the secondary antibody was
anti-rabbit IgG-FITC, diluted 1:500 in blocking solution. For imaging, the embryonic
yolk was removed using a tungsten needle and embryos were flat-mounted under a
coverslip in glycerol/PBS. Embryos were imaged using a confocal microscope
(Leica SP1-DMRE) with a 40 x plan apochromat NA 1.25 Ph3 oil objective and a
digital zoom of 2.5. Focal contact number and size was calculated as with the in vitro
method, although due to high levels of background, particles less than 0.01um? in

area were discounted.
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2.17. Cryostat Sections

Embryos for sectioning were fixed in MEMFA for 3-4 hours at room temperature
and washed for one hour in 5% sucrose/PBS followed by a further hour in 10%
sucrose/PBS at room temperature. They were then transferred to 5% sucrose/ 7.5%
gelatine in PBS and incubated for 1-3 hours at 37°C. Embryos were then placed in
15% Gelatine for 1-3 hours at 37°C, before cooling to room temperature. Once
solidified, the gelatine block around each embryo was trimmed and they were
mounted in OCT medium (Tissue-Tek) and frozen at -80°C. Sections were cut using
a Jung CM3000 cryostat to a thickness of either 12pm or 14pm, and mounted on
poly-lysine coated slides (VWR). Slides were dried, washed in PBS and mounted
using Glycerol/PBS mounting medium. For immunostaining of cryostat sections,
samples were permeablised with 0.2% Triton-X/PBS and blocked for 2 hours at
room temperature in 4% BSA/PBS. Slides were then incubated overnight at 4°C with
the primary antibody, washed in PBS, incubated with the secondary antibody for 2
hours at room temperature, thoroughly washed in PBS and mounted. The primary
antibodies used for this technique were anti-p-paxillin(Y 118) (Biosource) and the
monoclonal antibody 6D9 against Xenopus Fibronectin (Hybridoma bank, University
of Iowa). Secondary antibodies used were anti-rabbit IgG-FITC (Sigma) and anti-
mouse-IgG-Cy5 (Santa Cruz Biotech).

2.18. FRET analysis

Plasmid DNA encoding FRET probes; Raichu-Rac, Raichu-Cdc42 (Itoh et al., 2002)
and RhoA biosensor (Pertz et al., 2006) were injected directly into Xenopus embryos
at the 8-cell stage. I was able to achieve suitable levels of expression by directly
injecting DNA, as the pRaichu vector (based on pCAGGS) contains the CMV
promoter, which is ubiquitously expressed in Xenopus. For optimal expression levels
75 pg of RhoA FRET probe or 150 pg of Raichu-Rac or Raichu-Cdc42 was injected.
Fluorescence could be detected from stage 14 onwards. Neural crests expressing the
FRET probes were dissected at st17 and cultured on fibronectin-coated coverslips for
5-7 hours as previously described. Cells were filmed by time-lapse photography for
10 minutes prior to fixation in order to determine the direction of migration. Cells
were then fixed for 30 minutes in 4% PFA/4%sucrose/PBS at room temperature and

then mounted in glycerol/PBS for observation.
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Analysis of FRET data was carried out by Maddy Parsons as follows: Samples
were imaged using a Zeiss ISM 510 META laser scanning confocal microscope and
a 63 x Plan Apochromat NA 1.4 Ph3 oil objective. The CFP and YFP channels were
excited using the 405 nm blue diode laser and the 514 nm argon line respectively.
The two emission channels were split using a 545 nm diachroic mirror, which was
followed by a 475-525 nm band pass filter for CFP and a 530 nm long pass filter for
YFP. Pinholes were opened to give a depth of focus of 3 mm for each channel.
Scanning was performed on a line-by-line basis with zoom level set to two. The gain
for each channel was set to approximately 75 % of dynamic range (12-bit, 4096 grey
levels) and offsets set such that backgrounds were zero. Time-lapse mode was used
to collect one pre-bleach image for each channel followed by bleaching with 50
scans of the 514 nm argon laser line at maximum power (to bleach YFP). A second
post-bleach image was then collected for each channel. Pre- and post-bleach CFP
and YFP images were then imported into Mathematica 5.2 for processing. Briefly,
images were smoothed using a 3 x 3 box mean filter, background subtracted and
post-bleach images fade compensated. A FRET efficiency ratio map over the whole
cell was calculated using the following formula: (CFP postbleach-

CFPprepteach)/ CFPpostbieach. Ratio values were then extracted from pixels falling inside
the bleach region as well as an equally sized region outside of the bleach region and
the mean ratio determined for each region and plotted on a histogram. The non-
bleach ratio was then subtracted from the bleach region ratio to give a final value for
the FRET efficiency ratio. Data from images were used only if YFP bleaching

efficiency was greater than 70 %.

2.19. Statistical analysis
Graphs shown in this thesis were constructed using Microsoft Excel. All error bars
on graphs represent standard deviation. P values, where shown, were calculated

using the two-sample equal variance Student’s t-Test.
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3. Results: The role of PCP Signalling in neural crest migration

3.1. Introduction

Wnt signalling plays a role in countless developmental processes and is
important throughout the lifetime of ncural crest cells. De Calisto et al (2005)
elucidated the roles of different branches of the wnt pathway on neural crest
development by injection of constructs of Dsh into Xenopus embryos. Injection of
ddl1, a dominant negative form of Dsh that inhibits the canonical pathway, disrupts
the expression of early neural crest marker genes, a finding consistent with the much
described role of Wnt/B-catenin in neural crest specification (Garcia-Castro et al.,
2002; Wu et al., 2003). On the other hand, injection of a form of Dsh that specifically
blocks the PCP pathway without affecting the canonical pathway (Tada and Smith,
2000) does not result in neural crest induction defects, but the migration of cranial
neural crest cells 1s impaired (De Calisto et al., 2005). Additional inhibition of the
PCP pathway using a dominant negative form of Wnt11 has the same effect. This
indicates a vital role for the PCP pathway in controlling neural crest migration in
Xenopus, a role that has since been extended to zebrafish (Matthews et al., 2008).
However, although PCP signalling is indisputably important for neural crest
migration, there are many questions that remain unanswered. Firstly, several
extracellular wnt/PCP ligands have been identified but it is not certain which ligand
1s signalling in the neural crest. Wnt11 is likely to be playing a role, but it is not clear
if signalling from other wnt ligands is also required, and if so, where these signals
might be coming from. Secondly, the localisation of Dsh in neural crest cells has not
been investigated. It has been much reported that a membrane localisation of Dsh is a
prerequisite to PCP signalling, but is this also the case in the neural crest? Thirdly, it
is not obvious how exactly PCP signalling controls migration on a cellular level.
Does it prevent the initial delamination of the crest or is it involved in pathfinding at
later stages? Finally what are the down-stream effectors of PCP signalling in the
neural crest and how are they able to regulate cell migration? These latter two
questions require detailed analysis and will be addressed in later chapters of this
thesis, but in this chapter I will investigate the first two points; the role of wnt/PCP

ligands in the neural crest and the sub-cellular distribution of Dsh.
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3.1.1. Non-canonical wnt ligands

So far, 24 different wnt genes have been identified in Xenopus, falling into 12
different classes, with Wnts from different classes tending to activate either the
canonical or non-canonical pathways (Garriock et al., 2007; Kikuchi et al., 2007).
Two of these ligands, Wnt11 and Wnt5a, are known to signal through the PCP
pathway. Wntl1 was first isolated due to its role in gastrulation where it is expressed
in the marginal zone and is essential for convergent extension movements in fish and
frogs (Heisenberg et al., 2000; Tada and Smith, 2000). Wnt5a also regulates
morphogenetic movements during gastrulation, through the PCP pathway (Moon et
al., 1993; Wallingford et al., 2001).

De Calisto et al (2005) show that overexpression of Wntl1 or inhibition using
a dominant negative form inhibits cranial neural crest migration in Xenopus,
suggesting that Wnt11 could be the extracellular PCP signal required for neural crest
migration. However, a novel non-canonical wnt gene in Xenopus has been recently
identified and named Wnt11-Related (Wnt11R). Sequence alignment reveals greater
identity between the Xenopus Wnt11R protein and the Wnt11 of mouse and chicken
than with Xenopus Wntl1, which has prompted its description as the true Wnt11
homologue in Xenopus (Garriock et al., 2005). Additionally, like mammalian
wntl Is, but unlike Xenopus and zebrafish wntl 1, wntl 1r is expressed in the
developing heart (Christiansen et al., 1995; Garriock et al., 2005; Ku and Melton,
1993; Makita et al., 1998). Inhibition of wntl /¥ by morpholino disrupts heart
morphogenesis by affecting the contact between cardiac cells (Garriock et al., 2005).
Wntllr has also been implicated in neural crest migration. It is expressed in the sub-
population of neural crest cells that migrate into the dorsal fin in Xenopus and is
required for proper fin development (Garriock and Krieg, 2007). The role of Wntl1r
has only been studied at these late developmental stages and it is possible that it also
plays a role in the early migration of the cranial neural crest. Here I investigate

whether Wnt11R plays a role in controlling cranial neural crest migration.

3.1.2. Dishevelled is an important modulator of wnt signalling

Dishevelled (Dsh) is a key player in wnt signalling, acting at the crossroads
between the canonical and non-canonical pathways. Dsh is a vital component for
wnt/B-catenin, wnt/calcium and wnt/PCP signalling and its ability to have such wide

ranging effects has been the subject of much discussion (Wallingford and Habas,
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2005). Domain deletion studies make it clear that different domains of the Dsh
protein are required for the activation of different pathways. Dsh has three major
conserved domains (Figure 3.1); an N-terminal DIX (Dishevelled/Axin) domain, a
central PDZ (PSD-95, DLG, ZO1) domain and a C-terminal DEP (Dishevelled,
EGL-10, Pleckstrin) domain (Capelluto et al., 2002; Wong et al., 2003; Wong et al.,
2000). The DIX domain is required exclusively for canonical signalling, where it
regulates the interaction with axin, whereas the DEP domain is essential for
Drosophila PCP and vertebrate convergent extension (Axelrod et al., 1998;
Heisenberg et al., 2000; Julius et al., 2000; Rothbacher et al., 2000; Tada and Smith,
2000). The PDZ domain, meanwhile, is required for both pathways and facilitates the
binding of Dsh to other proteins including the intracellular domain of the frizzled
receptors (Wong et al., 2003). The PDZ domain also interacts with downstream
elements of the PCP pathway, notably the formin homology protein Daam1, which in
turn has been shown to bind and activate RhoA (Habas et al., 2001).

In addition to the domain structure of Dsh, the sub-cellular localisation also
appears to play a role in determining whether the canonical or non-canonical
pathway is activated. In Drosophila, canonical signalling is associated with
cytoplasmic Dsh, while PCP signalling requires a membrane localisation (Axelrod et
al., 1998) and there is evidence that this is also the case in vertebrates. Dsh can be
observed in large discrete puncta in the cytoplasm in Chinese Hamster Ovary (CHO)
cells and in Xenopus animal caps when canonical signalling is active (Capelluto et
al., 2002; Choi and Han, 2005). In contrast, mesodermal cells undergoing CE show a
localisation of Dsh at the plasma membrane (Wallingford et al., 2000). This
translocation of Dsh to the membrane is thought to be essential for successful PCP
signalling and it will be interesting to note whether this also occurs in migrating
neural crest cells. The localisation of Dsh and the roles of different wnt ligands will
both be addressed in this chapter, but first I will demonstrate the important role of

Wnt/PCP signalling in controlling neural crest migration.
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Figure 3.1. The central role of Dishevelled in wnt signalling

Dishevelled binds to the Wnt receptor, Frizzled, and is able to activate the
canonical/B-catenin pathway (shown in purple) via its DIX domain and the PCP
pathway (grey) via its DEP domain. The PDZ domain mediates protein-protein

interactions including those with Frizzled7 and Daam].
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3.2. PCP pathway genes are expressed in and around the cranial neural crest
Neural crest cells can be identified and their migration followed by in situ
hybridisation for marker genes, which are expressed specifically in the neural crest.
In Xenopus a large number of genes that are expressed in the cranial neural crest at
various stages of its development have been identified. These include snail2
(formerly known as slug), foxd3, twist and fIi (Hopwood et al., 1989; Mayor et al.,
1995; Meyer et al., 1995; Sasai et al., 2001). However, fewer trunk neural crest
specific genes have been identified and those that have tend only be expressed in a
subset of cells at later stages of development, for example #p2 in melanocytes (Aoki
et al., 2003). So, here I will consider only cranial neural crest migration. Before
migration, the cranial neural crest can be recognised as two distinct bands on either
side of the closing anterior neural tube (Fig 3.2A, snail2 in situ). Upon closure of the
neural tube at stage 20, the neural crest cells start to migrate. By stage 24, the three
separate streams, the mandibular, hyoid and branchial, can be identified migrating
through the head (Fig 3.2B arrowheads, labelled by snail2 in situ). Later, the crest
cells colonise the face region in the area that will become the branchial arches. At
this stage, snail2 is no longer strongly expressed in the crest but cranial neural crest
cells can be identified by the expression of other markers such as f7i (Fig 3.2C).
Intracellular components of the wnt/PCP pathway are also expressed in the
cranial neural crest during its development. /n situ hybridization of frizzled7, a wnt
receptor implicated in both the canonical and PCP branches of the wnt pathway
(Medina et al., 2000; Wheeler and Hoppler, 1999), reveals that it is expressed in a
remarkably similar pattern to snail2 and fIi. During neural crest induction frizzled7 is
expressed on either side on the neural tube in the neural crest (Fig 3.2D, compare to
A). There is also some expression in the neural tube with a particular concentration
at the mid-hind brain boundary. At stage 24, it can be seen in the migrating cranial
neural crest in streams in the head (Fig 3.2E arrowheads) and at stage 28 it is clearly
visible in the branchial arches (Fig 3.2F asterisk). The expression patterns of two
intracellular components of the PCP pathway, dsh and daam1 were also analysed.
Both show expression in the anterior neural folds in both the neural tube and the
crest at stage 17 (Fig 3.2G, J) although the staining is weaker than snail2 or fzd7,
which may indicate lower levels of expression. The expression also appears in the

deeper rather than superficial layer.
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dishevelled frizzled7 NC markers

daam1

Figure 3.2. PCP components are expressed in and around the neural crest

In situ hybridisation was carried out for neural crest marker genes snail2 (A-B), fli
(O), frizzled7 (D-F), dishevelled (G-I) and daaml1 (J-L). (A, D, G, J) Dorsal view of
stage 17 Xenopus embryos, anterior is to the left. The two stripes of staining in A
mark the pre-migratory neural crest. (B, E, H, K) Lateral view of stage 24 embryos,
anterior to the left. Arrowheads denote streams of migrating cranial neural crest. (C,
F, I, L) Lateral view of embryos between stage 28 and 30, Anterior to left, *= neural

crest cells migrating into the branchial arches.
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At stage 24, there is also some weak staining in the arca of migrating crest, although
the three streams cannot be clearly distinguished (Fig 3.2H, K arrowheads).
However, by stage 28, both dsh and daam1 can be seen in the branchial arches,
where cranial neural crest cells end their migration (Fig 3.2 I, L asterisk) So, while
the expression of dsh and daam1 is not as clearly localised in the crest as that of fzd7,
some levels can be detected in and around the cranial neural crest. The presence of
these important components of the PCP pathway in neural crest cells during their

migration is consistent with the vital role of PCP signalling in regulating this process.

3.3. PCP signalling is essential for cranial neural crest migration

To demonstrate the role of PCP signalling in neural crest migration, two
constructs of Dsh were used, which modulate the activity of the PCP pathway (Fig .
3.3). DshDEP+ consists of the DEP domain of Dsh and acts as a dominant negative
form inhibiting PCP signalling, but with no effect on the canonical wnt pathway
(Tada and Smith, 2000). DshAN, on the other hand, acts as a constitutively active
form of Dsh, which activates PCP signalling but not the canonical pathway. DshAN
is a truncated form of Dsh, lacking the DIX domain which is the main activator of
canonical signalling (Fig 3.3B) (Tada and Smith, 2000). mRNA coding for DshAN
or DshDEP+ was injected into Xenopus embryos and the effect on cranial neural
crest migration was analysed by in situ hybridisation of snail2. Injections were
carried out at the 8-cell stage in the dorsal animal blastomere, which is fated to
become neural crest (Dale and Slack, 1987; Moody, 1987). This is necessary to avoid
affecting early developmental processes such as convergent extension, for which
PCP signalling is known to be required. Additionally injections were carried out in
one side of the embryo only, leaving the other side to develop normally and act as an
internal control. After injection, embryos were cultured until stage 24, at which point
they were fixed for in situ hybridisation. In uninjected embryos, a dorsal view
reveals the cranial neural crest migrating ventrally away from the neural tube on both
sides of the embryo (Fig 3.3A). However injection of 1ng or 2ng of DshDEP+
inhibits neural crest migration on the injected side of the embryo, while neural crest
on the control sides migrate normally (Fig 3.3 C, D). RNA was co-injected with
fluorescein dextran (FDX), which allows identification of the injected side of the

embryo (Fig 3.3 C’,D’,E’).
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Figure 3.3. PCP signalling is required for cranial neural crest migration in
Xenopus

mRNA for dominant negative and constitutively activate forms of Dsh was injected
into 8-cell stage Xenopus embryos. Embryos were fixed at stage 24 and neural crest
migration visualised by in situ hybridisation of snail2. All embryos shown are dorsal
view, anterior to the left. (A) An uninjected embryo showing normal cranial neural
crest on both sides. (B) Schematic to show the domain structure of DshAN
(constitutively active for PCP) and DshDEP+ (dominant negative). (C) Example of
an embryo injected with 1ng DshDEP+ displaying the severe phenotype. Note the
lack of neural crest migration on the injected side. (D) Example of an embryo
injected with 1ng DshDEP+ displaying the mild phenotype. Arrowhead indicates
some residual migration on the injected side. (E) Example of an embryo injected
with 1ng DshAN, neural crest migration is also inhibited. (C’-E’) Fluorescent images
showing embryos in C-E. Green fluorescent indicates the injected side of the

embryo. (F) Quantification of the percentage of embryos displaying each phenotype.

- 48 -



Two phenotypes of different severity were identified resulting from inhibition of Dsh
with DshDEP+. Embryos were scored as a ‘severe migration’ phenotype if a total
inhibition of cell migration on the injected side was observed (Fig 3.3C). In other
embryos, migration was disrupted compared to the uninjected side but not
completely blocked. For example, in some embryos a small amount of residual
migration was present in one of the streams (Fig 3.3D) or, in others neural crest cells
migrated but the patterning of the streams was completely lost. These embryos were
classed as ‘mild migration phenotype’. Quantification of these phenotypes is shown
in figure 3.3F. Activation of Dsh/PCP by injection of 1ng or 2ng of DshAN also
inhibits neural crest migration (Fig 3.3E). Once again, embryos were classified into
mild and severe phenotypes and numbers were quantified (Fig 3.3F). Interestingly,
the effect of DshAN is stronger than that of DshDEP+, with up to 80% of embryos
displaying a phenotype when 2ng was injected. It is very common to find gain- and
loss-of function of PCP signalling producing an identical outcome in both vertebrates
and Drosophila (Mlodzik, 2002; Wallingford et al., 2002). The fact that both
inhibition and activation of Dsh/PCP signalling results in defects in neural crest

migration suggests that precise regulation of PCP signalling is required.

3.4. Wnt/PCP ligands are expressed around the pre-migratory neural crest

Although intracellular elements of PCP signalling like Dsh are clearly required for
neural crest migration, it is less clear where the initial PCP signal is coming from.
Therefore, the expression patterns of the PCP ligands, wnt/ 1 and wnt5a, were
analysed by in situ hybridisation (Fig 3.4). During neurulation, wntl ] expression can
first be detected around stage 14 in two specific locations. At the anterior of the
neural tube, wnt11 is present in a narrow band circumventing the edge of the anterior
neural folds (Fig 3.4A). Additionally expression is observed in the posterior
surrounding the closing blastopore (Fig 3.4B arrow). As neurulation proceeds,
expression in the anterior becomes limited to two thin bands lateral to the anterior
neural tube, and some expression in the trunk neural tube also appears (Fig 3.4C
arrows show two bands of expression) At this stage, the expression in the anterior
just is lateral to and closely associated with the cranial neural crest. The restriction of
Wntl1 from the most anterior edge of the neural tube also mirrors that of neural crest

markers as many early markers are expressed in a wide arc encompassing the
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anterior neural plate, which later becomes restricted to two populations lateral to the
plate (Carmona-Fontaine et al., 2007). At stage 23, some expression of wnt/I can be
observed in the migrating cranial neural crest around the eye (Fig 3.4D arrow) and
also in the somites (Fig 3.4E arrowheads). Later at stage 28, wntl I can be identified
in the somites and with some expression in the first branchial arch (Fig 3.4F).

In contrast to wntl 1, the expression of wntSa around the neural crest during
neurulation is not so clear. Low levels of wnt5a can be distinguished in the entire
neural plate at stage 17, with a particular accumulation in the anterior neural plate
(Fig 3.4G). This low level expression may also extend to the cranial neural crest. At
stage 24, some expression is observed in the branchial arches and also in the extreme
posterior of the embryo (Fig 3.4H). However, at stage 28 there is a clear expression
in the neural crest derived branchial arches as well as in the tail region (Fig 3.41).

In addition to Wnt11 and Wnt5a, Wnt11R has recently been identified as a
PCP ligand in Xenopus (Garriock et al., 2005). wntl 17 is expressed in the heart and
nervous system but its expression in early embryonic development has not been
extensively analysed. Thus, the expression of wntl Ir was analysed by in situ
hybridisation (Fig 3.5). At stage 17, in situ hybridisation reveals a strong localisation
of wntlIr in the neural tube (Fig 3.5B). This expression does not extend to the outer
neural folds and comparison with snail2 at the same stage (Fig 3.5A) indicates that
wntl 1r 1s not expressed in the neural crest at this point. However, double in situ
hybridisation using a mixture of probes against wnt/Ir and wntl 1 leads to an
interesting observation. wntl Ir is present in the neural tube medial to the neural
crest, while wnt11 is expressed in a thin band at the crest’s lateral edge. When the
two genes are shown together in the same embryo (Fig 3.5C) a narrow gap is formed
between them. Double in situ of snail2 and wnt11 (Fig 3.5D) illustrates that this band
corresponds exactly to the neural crest. So, at stage 17, just before they start to
migrate, neural crest cells are surrounded by PCP ligands, with wnt/ /¥ medially in
the neural tube and wnt11 laterally in the epidermis (Fig 3.5E).

The expression of wntl1r was also analysed at later stages of development.
At stage 24, wntl Ir is expressed in the neural tube, but no staining was evident in the
migrating neural crest (Fig 3.5F) suggesting that if Wnt1 1r is involved in neural crest
development, it is likely to play a role in the early stages of migration. Later still, at
stage 35, wntl Ir maintains a strong expression in the neural tube (Fig 3.5G), while

also appearing in the branchial arches (Fig 3.5H asterisks).
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wntba

Figure 3.4. wntl1 and wnt5a are expressed in and around the neural crest

In situ hybridisation was carried out for wnt/ 1 and wnt5a to establish their gene
expression patterns in early Xenopus embryos. (A) Anterior view of a stage 14
embryo, showing the ring of wntl1 expression around the anterior neural tube. (B)
Posterior view of a stage 14 embryo, showing wnt11 at the closing blastopore. (C)
Dorsal view of stage 17 embryo stained for wntl1 expression, anterior is to the left,
arrows indicate expression adjacent to the neural crest. (D-F) Expression of wntl] at
later stages of development showing expression in the cranial neural crest (arrow in
D), somites (arrowheads in E) and branchial arches (asterisk in F), embryos are
shown in lateral view with anterior to the left. (G) Dorsal view of a stage 17 embryo
showing wnt5a expression in the neural plate. (H,I) Expression of wnt5a in later
stages, asterisk denotes branchial arches, embryos viewed laterally, anterior to the
left.
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Figure 3.5. wnt11 and wntlIr surround the neural crest before migration

In situ hybridisation was éarried out to compare the expression patterns of wntl Ir,
wntl] and snail2 in the early Xenopus embryo. (A-D) Dorsal view of stage 17
embryos, anterior is to the top, showing expression patterns of snail2 (A, D), wntl 1r
(B, C) and wnt11 (C,D). Note how wnt11 and wnt11r flank the neural crest (marked
with snail2) on both sides (C,D). (E) Schematic representation of a transverse section |
through a stage 17 embryo with wnt11 (red) and wntl Ir (blue) expressing cells on
either side of the neural crest (green); np, neural plate; nc, neural crest; ¢, epidermis;
n, notochord; m, mesoderm. (F, G) Lateral view of later stage embryos showing the
expression of wntl Ir, arrow indicates expression in neural tube; asterisk, branchial
arches. (H) Higher magnification image of wntl Ir expression in the head of a stage

35 embryo, asterisk denotes branchial arches.
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3.5. Wntl1R is required for neural crest migration

The co-operative expression of wntl 1 and wntl 1r around the pre-migratory
neural crest prompted me to address the question of whether they play a functional
role in neural crest migration. De Calisto et al (2006) have implicated Wnt11 in
neural crest migration, but the function of Wnt11R in the neural crest has not been
previously explored. To determine the function of Wnt11R, a morpholino (Mo)
against wntl Ir (Garriock et al., 2005) was injected into 8-cell stage Xenopus
embryos, which were fixed at stage 14, 17 or 24 for analysis of the neural crest using
snail2 in situ hybridisation (Fig 3.6). Embryos injected with 30ng wnt/ I Mo fixed
at stage 14 (Fig 3.6A) or stage 17 (Fig 3.6B) showed no difference between the
neural crest on the injected and non-injected sides. In addition, embryos injected with
Ing Wntl1r mRNA also lack defects in the neural crest at this stage (Fig 3.6C). This
demonstrates that Wnt11R is not required for the early induction or maintenance of
neural crest genes such as snail2. However, once the neural crest cells have started to
migrate the effect of the morpholino becomes clear. In stage 24 embryos, the neural
crest migrate normally in the uninjected side (Fig 3.6D), but are unable to migrate
out of the neural tube on the injected side (Fig 3.6E). Phenotypes were quantified by
classification of embryos into ‘severe’ and ‘mild’ migration phenotypes using the
criteria described previously. When 30ng of morpholino was injected, 60% of
embryos showed a neural crest migration phenotype (Fig 3.6H). Use of a morpholino
always carries the risk that the morpholino is acting non-specifically on genes other
than wntl1r. So, to confirm the morpholino’s specificity a rescue experiment was
carried out, where wntl Ir Mo was co-injected with wntl Ir mRNA. Activation of
Wntl1R was able to rescue the effect of the morpholino, with the cranial neural crest
migrating normally (Fig 3.6F). The percentage of embryos displaying a phenotype
was dramatically reduced from 47% when injected with 15ng wntl1r Mo, compared
to just 22% when 15ng wntl1r Mo was co-injected with 1ng wntl Ir mRNA (Fig
3.6H). This demonstrates that the morpholino is inhibiting wrnt Ir only and therefore
that Wnt11R is required for neural crest migration. As Wntl1 is also required for
neural crest migration (De Calisto et al., 2004), it is possible that there may be some
redundancy between PCP ligands. To test this hypothesis, a rescue experiment was
performed to see if Wnt11 could rescue the effects of wntl1r Mo. When 15ng

wntlIr Mo was injected alongside 1ng wntl] mRNA, no rescue was obtained and
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neural crest migration remained inhibited (Fig 3.6G, H). Thus Wnt11R is affecting
neural crest specifically and not by altering global levels of PCP signalling.
Furthermore the absence of a rescue by co-injection of Wnt11 suggests that Wnt11R
is the primary PCP ligand required for neural crest migration. A dominant negative
form of Wnt11 inhibits neural crest migration in Xenopus (De Calisto et al., 2005).
Although this dominant negative has been shown not to affect Wnt8 signalling (Tada
and Smith, 2000), its specificity with regard to non-canonical ligands is unknown
and it may also have the ability to inhibit Wnt11r. Therefore, while Wnt11R is
clearly required for neural crest migration, Wnt11 may also be involved.

As wntl Ir is not expressed in the neural crest, we can presume that its
requirement during neural crest migration is not in the crest itself but as an
extracellular signal from the surrounding tissue. To test this, several graft
experiments were carried out (Fig 3.7). The relatively large area and compactness of
the Xenopus cranial neural crest allows it to be dissected at stagel7, removed intact
and grafted into other embryos (Borchers et al., 2000). Cranial neural crest from
embryos injected with 30ng wnt11r Mo and FDX were dissected and grafted into
uninjected host embryos. If Wnt11R is acting as an external signal, then grafting
neural crests into wildtype embryos expressing wntl Ir in their neural tube should
rescue the effect of the morpholino on neural crest migration. This is indeed the case.
When neural crest injected with FDX and 30ng control morpholino are grafted into
an uninjected host, they are able to migrate as normal following the migration
pathways of the host (Fig 3.6A). The same occurs in wnt/ Ir Mo injected neural crest
cells (Fig 3.6B), with neural crest migration being effectively rescued by the host
embryo. The converse experiment was also performed, with wildtype neural crest,
labelled with rhodamine dextran (RDX), being grafted into host embryos injected
with wntl Ir Mo and FDX in both blastomeres at the 2-cell stage. This means that the
morpholino is spread throughout the entire embryo except for the grafted neural crest
tissue. When RDX containing neural crests were grafied into hosts injected with
FDX and the control Mo, migration was able to proceed as normal (Fig 3.6C), but
when they were grafted into a host expressing the wnt/ 1r Mo, neural crest migration
was inhibited (Fig 3.6D). This suggests that the role of Wntl1r in the neural crest is
non-cell-autonomous. Thus, neural crest migration requires an extracellular signal
from Wntllr.
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Figure 3.6. Wnt11R is required for neural crest migration in Xenopus

Xenopus embryos were injected with Wnt11r Mo and/or mRNA at the 8-cell stage
and fixed at stage 14, 17 or 24 for visualisation of the neural crest by snail2 in situ
hybridisation. (A-C) Dorsal view of neurula embryos, anterior is to top. Expression
of neural crest marker gene, snail2, is unaffected by injection of 30ng wntl1r Mo at
stage 14 (A) or stage 17 (B) or by over-expression of 1ng of wnt//1r mRNA (C). The
site of injection is indicated by pale blue fluorescein staining. (D-G) Lateral view of
stage 24 embryos, anterior is to the left. Cranial neural crest migration proceeds as
normal in the uninjected side of an embryo (D), but is disrupted by injection of 15ng
wntlIr Mo (E) This effect can be rescued by co-injection of 1ng wntlIr mRNA (F),
but not by Ing of wntl1 mRNA (G). Sites of injection are indicated with light blue

staining as before. (H) Quantification of rescue experiment.
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Figure 3.7. Wnt11R is non cell-autonomous in its control of neural crest
migration

Xenopus embryos were injected with FDX or RDX at the 8-cell stage. At stage 17
cranial neural crest explants were removed and grafted into uninjected hosts, so that
cell migration can be followed by fluorescent imaging. (A-D) Cranial neural crest
cells labelled with FDX (A,B) or RDX (C,D) migrating in the head of a stage 28 host
embryo. Lateral view, anterior to the left. (A’-D’) Images from A-D overlaid on
brightfield image of the host embryo. Insets in C’ and D’ show green fluorescence in
host embryos co-injected with FDX along with the Mo. Neural crest cells expressing
a FDX with a control Mo (A) or wntl Ir Mo (B) are able to migrate in wildtype hosts.
Wildtype neural crest cells labelled with RDX can migrate in an embryo ubiquitously

expressing a control Mo (C) but not in a background of wntl 1r Mo expression (D).
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3.6. Dsh localises at the cell membrane in migrating neural crest cells

Dishevelled (Dsh) is a key modulator of all Wnt signalling including the PCP
pathway, but membrane localisation of Dsh is required for activation of PCP
signalling. So I investigated the subcellular localisation of Dsh in neural crest cells,
both before and during migration. To do this, RNA coding for a Dsh-GFP fusion
protein (Rothbacher et al., 2000) and for membrane-RFP were injected into 8-cell
stage embryos and cranial neural crests were dissected as before. However, rather
than being grafted into another embryo, the neural crest explants were cultured on
fibronectin coated coverslips, which have been shown to support the migration of
neural crest cells (Alfandari et al., 2003). The explants were then fixed and the
localisation of Dsh-GFP was analysed by confocal microscopy and compared to
membrane-RFP (Fig 3.8). Culturing neural crest cells in vitro like this allows for the
higher resolution imaging that is required to analysis the sub-cellular localisation of a
protein. In neural crest cells that were fixed immediately after attachment to the
fibronectin, before they have started to migrate, Dsh-GFP can be observed in discrete
puncta (Fig 3.8A) of several microns in diameter. These do not co-localise with
membrane-RFP (Fig 3.8B, C) and are similar to the localisation of Dsh that has been
previously observed in animal caps where canonical Wnt signalling is active (Choi
and Han, 2005). In neural crest explants plated on polylysine on which neural crest
cells can attach but not migrate (Alfandari et al., 2003), a similar cytoplasmic
localisation of Dsh-GFP can be detected (Fig 3.8 D-F). These cells were fixed after 6
hours of culture on polylysine and did not start to migrate, whereas neural crest cells
on fibronectin migrated extensively during this time period. In migrating neural crest
cells, Dsh-GFP can be observed where it co-localises with membrane-RFP (Fig
3.8G-L). This membrane localisation of Dsh clearly suggests that the PCP pathway is
activated in migrating neural crest cells. Interestingly, Dsh does not appear to be
uniformly distributed in the cell membrane, but rather has a specific localisation. In
groups of cells, Dsh is present in discrete accumulations in the membrane, which are
found at the border between two different cells (Fig 3.8G-I). In single cells
migrating away from the group, Dsh appears to be enriched in the back of the cell
and is notably absent from the leading edge (Fig 3.8J-L). Thercfore Dsh not only
localises to the plasma membrane, but to specific regions of the membrane in

migrating neural crest cells.
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Figure 3.8. Dishevelled localises to the cell membrane in migrating NC cells
Xenopus embryos were injected with 75pg of Dsh-GFP and 200pg membrane-RFP
RNA at the 8-cell stage. Cranial neural crest explants were dissected at stage 17 and
crest cells were cultured in vitro on glass coverslips. (A-C) Images of neural crest
cells taken immediately after plating on fibronectin coated coverslips. Note Dsh
appears in discrete puncta (A), which do not co-localise with membrane-RFP (C).
(D-F) Images of neural crest cells cultured on polylysine-coated coverslips for 6
hours. Neural crest cells do not migrate and Dsh is observed in cytoplasmic puncta
(D,F). (G-L) Neural crest cells that have been migrating on fibronectin coated
coverslips for 6 hours. Note co-localisation of Dsh and membrane-RFP (I,L). In
groups of cells Dsh can be observed at the contacts between cells (G-I), while in
individual migrating cells it can be observed towards the back of the cell (J-L). Scale

bar = 20 pum.
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3.7. Discussion

Here I have re-iterated the vital requirement of the PCP pathway in neural crest
migration. Inhibition of PCP signalling using the dominant negative DshDEP+, or
over-activation with the constitutively active DshAN produces disastrous results in
terms of neural crest migration. The observation that both inhibition and activation of
PCP signalling results in the same phenotype (in this case inhibition of neural crest
migration) has been noted previously in mesodermal cells during gastrulation, where
the inhibition of PCP signalling using a Dsh mutant or overexpression of the PCP
component strabismus both cause convergent extension defects (Goto and Keller,
2002; Wallingford et al., 2000). This has been proposed to be a consequence of the
role of PCP signalling in regulating polarity in these cells. As Dsh activity controls
polarity by limiting cell protrusion formation to the lateral ends of the cell, then
either an increase or decrease in activity would result in a subsequent increase or
decrease in cell protrusions and hence loss of cell polarity (Wallingford et al., 2002).
However, it is not clear whether there is a requirement for spatially restricted PCP
signalling, or simply a precise level of activity.

The role of Dishevelled in neural crest migration is clear and is further
confirmed by the fact that it is expressed in the neural crest during migration (Fig
3.2). Additionally, I have shown that several other intracellular PCP elements are
expressed in the migrating crest including Dsh’s binding partner, Daam1, and the
Wnt receptor Fzd7. Fzd7 has been implicated in many diverse cellular processes
during development including many that require canonical wnt signalling such as
dorsal/ventral patterning (Medina et al., 2000; Sumanas et al., 2000), others such as
convergent extension that require PCP signalling (Djiane et al., 2000; Medina et al.,
2000) and for separation of the ectoderm and mesoderm during gastrulation, where
signalling proceeds via the non-canonical Wnt/Calcium pathway (Winklbauer et al.,
2001). Thus, Fzd7 is able to act as the receptor for all known branches of the Wnt-
signalling pathway. In the neural crest, Fzd7 is expressed as early as stage 13, early
enough for it to play a role in the canonical signalling that is required for neural crest
induction (Abu-Elmagd et al., 2006). In fact, Fzd7 has been shown to be necessary
for neural crest induction, as snail2 early expression is inhibited by injection of a
morpholino against Fzd7 (Abu-Elmagd et al., 2006). Furthermore, neural crest cells

can be induced by injection of Fzd7 into noggin-treated animal caps (Abu-Elmagd et
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al., 2006). It is interesting to note that the same receptor appears to receive both the
canonical wnt signals required for neural crest induction and the non-canonical wnt
signals required for neural crest cell migration. At some point during neural crest
development there needs to be a switch from the fate-determining canonical Wnt
signalling to the PCP signalling required for migration. It is not known how this shift
1s instigated, but one possibility may be a shift in the expression of Wnt ligands. I
have shown that the non-canonical Wnt ligands, Wnt11 and Wnt11r flank the neural
crest from stage 17 onwards, and it is possible that their appearance could represent a
timing cue that signals the onset of neural crest migration. By the end of neurulation,
accumulation of Wnt11/Wnt11R ligands could overwhelm Fzd7, causing the shift
from canonical to non-canonical Wnt signalling. Alternatively, instead of offering a
temporal signal, non-canonical Wnt ligands could be providing a directional cue to
the migrating neural crest. De Calisto et al (2005) postulate that Wnt11 could be
acting as an attractant of neural crest cells based on its requirement for neural crest
migration and its position in the direction in which the cells will migrate.
Furthermore, when tissue expressing wntl ! was grafted in an inappropriate location,
some neural crest cells moved towards the graft and a local increase in motility was
observed around the graft (De Calisto et al., 2005). However, this simple hypothesis
of Wntl1-based attraction seems unlikely in light of the data shown here regarding
Wntl1R. I show that Wnt11R is essential for neural crest migration and that it is
independent from Wnt11, as inhibition of Wnt11R cannot be rescued by activation of
Wntl1 (Fig 3.6). Wntllr is acting non-cell autonomously, but it is unlikely that it is
acting as an attractant as its expression is restricted to the neural tube, in the opposite
direction from the future neural crest migration pathway. It is possible that both
signals act in conjunction to convey directionality to the neural crest, with Wnt1 1
attracting neural crest cells and Wnt11R repelling them. However, this model would
suggest that inhibiting Wnt11R alone would not be sufficient to completely block
migration and would simply allow ‘backwards’ migration into the neural tube. From
the data presented here, this is clearly not the case. Signalling by Wnt11R plays a
fundamental role in controlling neural crest migration, but there is no evidence that it
controls the direction of neural crest migration and could be playing a role in
regulating the timing of migration or regulating EMT.

Another factor that accompanies the start of neural crest migration is the

translocation of Dsh from the cytoplasm to the membrane. In neural crest cells
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cultured in vitro on fibronectin, Dsh is initially localised in cytoplasmic vesicles but
becomes re-localised to the membrane once the cells start to migrate (Fig 3.8). This
change mirrors the switch from canonical Wnt signalling, where Dsh is known to
have a cytoplasmic localisation to PCP signalling, where a membrane localisation is
required (Capelluto et al., 2002; Choi and Han, 2005; Wallingford et al., 2000).
Interestingly though, Dsh is not distributed evenly in the membrane of neural crest
cells, but rather appears to be enriched in discrete accumulations. These
accumulations frequently occur at the border between two cells when cells are in
groups and at the rear end of cells that are migrating individually at the point at
which the cell was last in contact with its neighbours. Although it has long been
known that Dsh has an asymmetrical localisation in Drosophila (Axelrod, 2001),
recent work by Witzel et al (2006) shows that a specific localisation can also be
found in vertebrates. They show that wntl 1-YFP, Fzd7-CFP and Dsh-YFP co-
localise at discrete areas in the plasma membrane in zebrafish animal pole cells.
Furthermore these accumulations are found at the junctions between cells in a
manner similar to those observed in migrating neural crest cells. Interestingly these
accumulations are only present when PCP signalling has been activated by the
addition of Wnt11. They show that these local accumulations are required for the
maintenance of cell contacts during movement of the prechordal plate progenitors
during gastrulation, which allows the tissue to move persistently as a whole (Ulrich
et al., 2005; Witzel et al., 2006). The presence of similar accumulations of Dsh in the
neural crest raises the possibility of a role for local cell-cell PCP signalling in
guiding neural crest migration and this will be investigated in greater detail in later
chapters of this thesis. Here, however, I have shown the essential requirement for
PCP signalling for neural crest migration in vivo, and demonstrated important roles

for Wntl1r and Dishevelled.
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4. Results: The role of Syndecan-4 in neural crest migration

4.1. Introduction

The PCP signalling pathway plays a major role in controlling neural crest
migration, and recently a novel co-factor for PCP signalling in Xenopus embryos has
been identified, the proteoglycan Syndecan-4 (Syn4). Syn4 has been shown to
control Xenopus gastrulation through Dishevelled (Munoz et al., 2006). In this
chapter I will address the role of Syn4 in the neural crest and its interaction with the
PCP pathway. Syn4 is an interesting candidate molecule as a regulator of neural crest
migration, as it is known to control cell migration in other cell types adherent to
fibronectin. Although Syn4 has been much studied in adult migratory cells such as

fibroblasts, little is known of its role during embryonic development.

4.1.1. The domain structure of Syndecan-4

The syndecans are a family of transmembrane glycoproteins that act as receptors
for the ECM and growth factors. Of the fours syndecans so far identified in
vertebrates, syn4 is the most ubiquitously expressed. Like all syndecans, Syn4
consists of a transmembrane protein core covalently linked to chains of heparan
sulphate glycosaminoglycans (GAGs). The basic domain structure of Syn4 is
illustrated in figure 4.1A. The extracellular domain of Syn4 contains threc GAG
attachment sites and it is these GAGs that mediate extracellular interactions with a
variety of molecules including growth factors, the extracellular matrix and protease
inhibitors (Bernfield et al., 1999). It has been proposed that the GAG chains also
facilitate binding with the Heparin-binding domain of fibronectin (Woods et al,,
2000). However the extracellular protein core also plays a role, as it is able to
stimulate the formation of fibronectin-induced focal adhesions in cells unable to
assemble GAG chains (Echtermeyer et al., 1999). The extracellular domain of Syn4
also contains a proteolytic cleavage site, where metalloprotease-mediated shedding
of the ectodomain occurs, a process that is required during wound healing (Fitzgerald
et al., 2000; Subramanian et al., 1997). The transmembrane domain, along with four
conserved membrane-proximal residues of the extracellular domain, mediate

Syndecan dimerisation (Asundi and Carey, 1995). Dimerisation is essential for
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correct Syn4 function and upon ligand binding clustering of Syn4 induces the
formation of multimers (Oh et al., 1997a; Tkachenko and Simons, 2002). The C-
terminal domain of Syn4 consists of a short cytoplasmic tail, which mediates
intracellular interactions and is made up of two highly conserved sequences (the C1
and C2 domains) linked by a variable (V) region. The C1 domain acts as binding
partner for a large number of cytosolic proteins including neurofibromin and the src
complex, while the C2 domain contains a conserved EFY A motif, which is a binding
site for PDZ domain containing proteins (Bass and Humphries, 2002). Meanwhile,
the V domain is rich in basic amino acids, which bind PIP, which can in turn recruit
and activate PKCa (Keum et al., 2004; Oh et al., 1998). Activation of PKCa drives
the recruitment of cytoskeletal proteins to focal adhesions, resulting in the maturation
and stabilization focal adhesions in a Syn4 dependent manner (Woods and
Couchman, 1992; Woods et al., 1986)

Throughout evolution, the syndecan family has shown high levels of
conservation with the C1 and C2 domains being conserved between human
Syndecans 1-4 and in the Syndecans of Drosophila and C. elegans (Spring et al.,
1994). Syn4 in humans, chick and zebrafish also displays high levels of sequence
identity in the cytoplasmic region (Fig 4.1B). In Xenopus, however, there are some
surprising differences. Two pseudo-alleles have been identified for syn4 in Xenopus
laevis (syn4.1 and syn4.2), with 71% identity between them (Munoz et al., 2006). A
single copy of syn4 has also been cloned in silico in Xenopus tropicalis, although it
has not yet been mapped to a chromosomal location. Although Xenopus syndecansi-
3 have high identity to their mammalian counterparts in the conserved cytoplasmic
domain (Teel and Yost, 1996), the sequence of both X. Laevis syn4 alleles and X.
tropicalis syn4 reveal some major differences compared to other species (Munoz et
al., 2006). Although the GAG attachment sites, proteolytic cleavage site, PIP2 and
PKCa binding sites are present, Xenopus Syn4 is entirely missing the C1 domain.
Also lacking is the characteristic EFY A motif at the extreme C-terminus. However
the c-terminal sequence of Xenopus Syn4, MEV, has been suggested to be a putative
PDZ binding domain (Songyang et al., 1997). Although many important elements of
Syndecan structure, such as the PIP2 binding site, are conserved in Xenopus Syn4,
the differences are great enough to warrant attention. There remains a possibility that
the Xenopus Syndecan cloned by Munoz et al (2006) may in fact be a novel member
of the syndecan family or indeed a novel HSPG.

-64 -



GAG chains

Proteolytic
cleavage site

PDz

binding
csyn4 1MPLPRAAF AAR M ] DLPBDEDIGEFTPS2
hsyn4 1MAPARLFA & Y FBA LPBDEDVVGPG-52
2syna 1ELKVYLEM- _ s
xsynd.1 1lsPTLMFY
xsyn4.2 1MNRLLEL-
csyn4 s3HLTSDEF-------- BYSOYDBAIYLTTVDTPAISD- GDTER9S
hsyn4 $53----QESHM--------- DDLEBSMICPEVVHP LVPLDNHIMERAC 595
zsyna 56 -NQTDDE@GFDE-DDED@YD FADV IDBI EDEFVN-------- QDD K G P 102
xsynd.1 51 EDDDYAIf@------- eDPE] TDKFDIBDNDEDEEEEETATLGHQMME LD F D99
xSyn4.2 52 DDY EDGVIBY E I DS ESDN, DDDFDDEDNVEDEDEEETTTLCHQMMEHD F D107
. x %* %
csyn4 99 KMEGEKKNTML-DNE 1 llPDKASPVEAN----L
hsyna 96 GSQVPTEPKKLE-ENEVIPKRISPVEESE-DV
zsyn4 103 FAPRPTVDENILVQ-NNEVFLRGAPNQDLDNH
xSynd.1 IOOQTKTCR%IETN——-—iE-TDNEIWSl_?;TKPKILEP
xSynd.2 108 ETKTGRKFDTFNENNEIDND I RHPRAKPKTLEP
csyn4d
hsyn4
z8ynd
xSynd.1
xSynd.2
*  GAG attachment site
A Proteolytic cleavage site
- Transmembrane region
=== P|P2 binding motif
—

PDZ binding motif

Figure 4.1. Domain structure and sequence of Syndecan-4

(A) Schematic illustrating the domain structure of Syn4. Syn4 consists of a large
extracellular domain with three GAG chain attachment sites, a single span
transmembrane region (TM) and a short cytoplasmic tail with two conserved (C1,C2)
regions and a variable (V) region. (B) Comparison of the protein sequences of the
two Xenopus laevis Syn4 pseudoalleles (xSyn4.1, xSyn4.2) with those from other

species. ¢, Gallus gallus; h, Homo sapiens; z, Danio rerio.
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4.1.2. Interaction with the PCP pathway

Xenopus Syn4 has been shown to control CE movements during gastrulation in
conjunction with the PCP pathway (Munoz et al., 2006), however it is not entirely
clear how it modulates this pathway. Munoz et al suggest that Syn4 is acting
upstream of Dishevelled as inhibition of CE by a Mo against syn4 can be rescued by
activating Dsh using a constitutively active form. Additionally they suggest a direct
interaction with Fzd7 and Dsh as they both co-precipitate with Syn4 in an
immunoprecipitation assay. Any binding of Syn4 to Dsh is likely to take place via
the PDZ binding domain of Syn4, since Dsh contains a PDZ domain (Wong et al.,
2003). Munoz et al also demonstrate that Syn4 affects the membrane localisation of
Dsh. Overexpression of syn4 mRNA was able to induce translocation of Dsh to the
plasma membrane in animal caps. Furthermore, inhibiting syn4 with a morpholino
prevents the translocation of Dsh to the membrane normally induced by fibronectin
treatment. They present a model whereby Syn4 recruits Dsh to the plasma membrane
following activation by fibronectin binding. Recruitment of Dsh and possibly also
Fzd7 allows activation of the PCP pathway in response to non-canonical Wnt
ligands. It will be interesting to see whether the observations of Munoz et al can be

reproduced in the neural crest.

4.2. synd is expressed in the migrating neural crest

Before analysing the effect of Syn4 on NC migration, it is important to verify
that it is expressed during the correct time and place during development. syn4.] and
syn4.2 have identical expression patterns in Xenopus and are expressed in the dorsal
mesoderm during gastrulation (Munoz et al., 2006) but the expression of syn4 during
later stages of development has not been analysed in detail. Therefore, in situ
hybridisation was carried out to determine the spatial and temporal expression
pattern of syn4.1 during embryonic development (Fig 4.2). As gastrulation ends,
synd expression can be observed in a ring around the closing blastopore (Fig 4.2A).
Later, this expression disappears and syn4 is expressed in the neural tube and is
particularly enriched at the mid-hindbrain boundary (Fig 4.2B). At this stage, neural
crest tissue has been specified as illustrated by the expression of snail? (Fig 4.2C),
however there is no overlap between the two genes and it appears that syn4 is absent

from the neural crest.
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Figure 4.2. Syndecan-4 is expressed in the migrating neural crest

In situ hybridisation of syn4 at various stages of development (A,B, E-I) and neural
crest marker snail2 (C) and f7i (E) for comparison. (A) Dorsal view of stage 13
embryo. Anterior is to the top. Arrow shows expression around the blastopore. (B,C)
Dorsal view of stage 13 embryos. Anterior is to the left. Note the difference in
expression patterns between syn4 and snail2. Arrow in B indicates midbrain-
hindbrain boundary. (D,E) lateral view of embryos at stage 2. Anterior is to the left.
Asterisks indicate three streams of migrating cranial neural crest. (F-H) Expression
of synd at later stages of development. Lateral view, anterior to the left. (I) Close-up

of head region of st35 embryo. Note Syn4 expression in the NC-derived branchial

arches.
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Once the neural crest starts to migrate at stage 24 however, syn4 expression can
clearly be observed in the three streams of cranial neural crest (Fig 4.2D) in a similar
pattern to the neural crest marker f7i (Fig 4.2E). syn4 can still be observed in the
cranial neural crest as late as stage 28, when the neural crest cells enter the branchial
arches (Fig 4.2F). At later stages, syn4 is expressed in the brain and the pronephros
(Fig 4.2G) and continues to be expressed at high levels in the branchial arches (Fig
4.2G-1). This highly localised expression of syn4 in the migrating neural crest
demonstrates that it is present at the right time to play a potential role in neural crest

migration.

4.3. Syn4 is required for neural crest migration

Since Syn4 is expressed in the migrating cranial neural crest in Xenopus, 1
investigated a possible functional role for Syn4 in controlling NC migration.
Morpholinos were used to inhibit syn4 translation and the effect on the neural crest
was visualised by in situ hybridisation against snail2 (Fig 4.3). An equal mixture of
two morpholinos that target the translation initiation sites of xsyn4.1 and xsyn4.2
were used, which has been shown to completely knock down Syn4 protein
expression (Munoz et al., 2006). The Mo mixture was injected into Xenopus embryos
at the 8-cell stage into blastomeres fated to become neural crest to avoid effects on
gastrulation. Injection of 8ng and 16ng of Mo produced an effect on neural crest
migration with some embryos exhibiting a severe phenotype with a complete
inhibition of migration on the injected side (Fig 4.3C). Others showed a milder
phenotype with a decreased distance of migration or migration inhibited only in
some streams (Fig 4.3B). In total when 8ng Mo was injected 74% of embryos
showed some defect in NC migration, while 16ng affected 86% of embryos (Fig
4.3F). These high percentages indicate an important requirement for Syn4 for cranial
NC migration. In order to show that the Mo was specifically inhibiting syn4, a rescue
experiment was carried out. The syn4 Mo was co-injected with syn4 mRNA, which
contains a mutated translation start site that cannot be recognised by the Mo.
Injection of 250pg of syn4 mRNA was able to significantly reduce the number of
affected embryos and in many cases completely restore NC migration (Fig 4.3E-F;

8ngMo + 250pg mRNA 34% show defects in migration).
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Figure 4.3. Inhibition or overexpression of Syn4 inhibits cranial NC migration
(A-E) Lateral view of stage 24 embryos with neural crest migration visualised
by in situ hybridisation of snail2. Lateral view, anterior to left, head only is shown.
Pale blue staining indicates FDX localisation and thus, site of injection.
Representative embryos are shown for each phenotype. 8ng of Control Mo shows no
effect on NC migration (A), while injection of 8ng of Syn4 Mo produces two NC
phenotypes: mild (B) and severe (C). Arrowhead indicates residual migration in mild
phenotype. Injection of 1ng Syn4 mRNA inhibits NC migration (D). Mo phenotype
can be rescued by co-injection of 250pg Synd mRNA (E). (F) Graph showing the

percentage of Embryos affected in each condition.
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Figure 4.4. The effect of Syn4 is cell autonomous

(A) Embryos were injected with FDX and 8ng control or syn4 Mo; at stage 17 neural
crests were dissected and grafted into an uninjected host embryo. NC migration was
analysed at stage 25 by looking at FDX fluorescence. (B) Head region of a control
embryo showing normal neural crest migration. Lateral view, anterior to left.
Migration observed in 90% of embryos, n=10. (C) Head region of Syn4 Mo injected
embryo where NC migration is inhibited. Migration observed in 0% of embryos,
n=12.
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Over-expression of syn4 mRNA alone also produces a neural crest phenotype with
injection of 1ng syn4d mRNA able to completely inhibit neural crest migration in 58%
of cases (Fig 4.3D, F). So, modulating Syn4 levels by either Mo knockdown or over-
expression disrupts neural crest migration.

These data indicate that Syn4 plays an important role in neural crest migration,
but it is possible that Syn4 interferes with NC migration in a non-cell autonomous
manner, for example by affecting convergent extension in the mesoderm. Although
this seems unlikely, given the specific expression of syn4 in the migrating neural
crest, it is nonetheless important to rule out this possibility. To test the cell-autonomy
of Syn4 for NC migration, a neural crest graft experiment was performed (Fig 4.4).
Embryos were injected with the syn4 Mo alongside fluoroscein dextran (FDX) at the
2-cell stage in one blastomere. At stage 17, the cranial neural crest on the injected
side was removed and grafted into a wildtype host embryo, which had had its neural
crest removed (Fig 4.4A). This technique ensures that the Mo is only present in the
neural crest and not in any surrounding tissue. Neural crests injected with FDX only
are able to migrate in the host following the characteristic three pathways (Fig4.4B,
90% migrated n=10). However, neural crest injected with the syn4 Mo were
completely unable to migrate even in the control host (Fig 4.4C, 0% migrated n=12).
This indicates that Syn4 is required in the neural crest cells themselves to control

their migration.

4.4. Syn4 is not involved in NC specification

Syn4 is required for proper migration of the cranial neural crest in Xenopus, but
it is necessary to eliminate the possibility that these effects are due to an earlier role
that Syn4 may be playing in neural crest induction. To address this question,
embryos were observed at stage 17 before neural crest migration has begun (Fig 4.5).
Injection of 16ng syn4 Mo was not able to elicit any effect on neural crest induction,
with the expression of snail2 appearing identical on the injected and uninjected sides
of the embryo (Fig 4.5A). The same was true with injection of syn4 mRNA (Fig
4.5B), although in some cases the crest was shifted slightly laterally. This can be
explained by an expansion of the neural tube, as Syn4 is involved in neural induction
in Xenopus and overexpression of syn4 has been shown to promote neural fates (S.
Kuriyama, unpublished data). However this is not at the expense of the neural crest,

which remains present. To further demonstrate that Syn4 is not involved in NC
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induction, an animal cap induction assay was carried out. Naive ectoderm in the form
of animal caps from stage 9 embryos was dissected and conjugated with dorsal
lateral marginal zone (DLMZ) from stage 11 embryos (Fig 4.5C). When cultured
alone until the equivalent of stage 20, animal caps do not differentiate to form neural
crest tissue (Fig 4.5D, E). However, DLMZ acts as a powerful neural crest inducer
and when cultured together with animal caps, neural crest tissue is specified and can
be visualised by the expression of snail2 (Fig 4.5F). In the presence of the syn4 Mo
this induction still occurs (Fig 4.5G), indicating that Syn4 is not required for cell fate

specification in the neural crest.

4.5. Syn4 interacts with the PCP pathway in the neural crest

I have demonstrated an important requirement for both PCP signalling and Syn4
in neural crest migration. As Syn4 has been shown to interact with PCP signalling in
the mesoderm (Munoz et al., 2006) it is likely that this interaction is also occurring in
the neural crest. To test this hypothesis, two rescue experiments were performed (Fig
4.6). syn4 Mo was co-injected with different concentrations of the constitutively
active Dsh, DshAN, into 8-cell stage embryos and neural crest migration was
analysed by snail2 expression at stage 24. Embryos were scored as normal migration,
mild defects in migration and severe defects in migration as before (Fig 4.6 A-C).
Injection of 8ng or 16ng of syn4 Mo or 100pg of DshAN alone all caused defects in
migration in a high percentage of embryos (Fig 4.6 D 1%, 5™ and 10™ bars). However
when syn4 Mo and DshAN were injected together the percentage of affected embryos
greatly decreased (Fig 4.6D). For example, 16ng synd Mo causes migration defects
in 96% of embryos (Fig 4.6D 5™ bar), while injection of 100pg of DshAN affects
66% of embryos (Fig 4.6D 10™ bar) but when they are injected together this
dramatically reduces to only 21% (Fig 4.6D 8™ bar). Thus, the effect of syn4 Mo can
be rescued by activating the PCP pathway, suggesting that they are indeed acting in
the same pathway to control NC migration. Furthermore, this suggests that Dsh is
acting downstream of Syn4. To test this further, the reverse rescue experiment was
also attempted. DshDEP+, which inhibits neural crest migration by inhibiting PCP,
was co-injected with syn4 mRNA (Fig 4.6E). Overexpression of synd mRNA was
not able to rescue the effect of DshDEP+ in the neural crest. When Ing of DshDEP+
is injected 32% of embryos show NC migration defects (Fig 4.6E 1 bar) compared
to 62% when DshDEP+ is co-injected with 350pg syn4 mRNA (Fig 4.5E 4™ bar).

-72 -



Figure 4.5. Syndecan-4 does not affect neural crest induction

(A,B) Dorsal view of stage 17 embryos with neural crest labelled by snail2 in situ
hybridisation. Anterior is to left. Injection of 8ng syn4 Mo (A, 95% n=42) or Syn4
mRNA (B, 89% n=27) do not affect snail2 expression. The site of injection is
indicated by green fluorescent overlay (A’) or blue anti-FDX staining (B). (C-G)
Neural crest induction assay. (C) 8ng of syn4 Mo was injected into 1-cell stage
Xenopus embryos and animal caps were dissected at the blastula stage and
conjugated with dorsal lateral mesoderm, which is known to induce NC. The
expression of snail2 was analysed at the equivalent of stage 18. (D, E) Animal caps
cultured alone do not express snail2 (F) Conjugates of animal caps with DLMZ show
a strong expression of snail2. 100% n=15. (G) Conjugates of syn4 Mo injected

animal caps with DLMZ also show a strong snail2 induction. 100%, n=10.
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Figure 4.6. The effect of Syn4 Mo can be rescued by activation of Dsh

(A-C) Examples of the three neural crest phenotypes used to score embryos. Neural
crest migration can be recognised by snail2 in situ hybrisation in stage 24 embryos.
Lateral view, anterior is to the left. Arrowheads in B show residual migration in mild
phenotype. (D) Graph showing phenotypes obtained by co-injection of different
concentrations of syn4 Mo and DshAN. Note DshAN is able to rescue synd Mo
phenotype e.g.compare 1% and 4™ bars. (E) Graph showing phenotypes obtained by
co-injection of different concentrations of Syn4 mRNA and DshDEP+. Note that

activation of Syn4 is is unable to rescue DshDEP+ phenotype ¢.g.compare 1% and 4™

bars.

-74 -



The fact that activating Dsh can rescue the phenotype of inhibiting Syn4, but
activating Syn4 cannot rescuc dominant negative Dsh places Dsh downstream of
Syn4 in the signalling cascade that controls neural crest migration.

As we have seen in the previous chapter, Dsh localises to the plasma membrane
in migrating ncural crest cells and this localisation is important for the activation of
thc PCP branch of Wnt signalling. Munoz ct al (2006) have suggested that it is this
localisation that rcquires Syn4. This hypothesis was tested in the neural crest by
analysing the localisation of Dsh in the absence of Syn4 protcin (Fig4.7). In pre-
migratory ncural crest cells, Dsh-GFP can be observed in cytoplasmic vesicles (Fig
4.7A-C), however in ncural crest cells migrating on fibronectin Dsh-GFP co-
localiscs with membrane-RFP (Fig 4.7D-F). When neural crest cells arc taken from
cmbryos injected with 8ng of syn4 Mo, however, this membranc localisation is
abolished. Dsh is once again visible in cytoplasmic puncta (Fig 4.7G) and shows no
co-localisation with a membrane marker (Fig 4.7H, I) even in cells that arc migrating
on fibronectin. So, Syn4 is required for the membrane localisation of Dsh in the

migrating ncural crest.

4.6. The PDZ and PKCa binding domains of Syn4 are required for its action in

the NC

To investigate the role of different domains of Syn4 in regulating NC migration,
two Syn4 domain dcletion mutants were used (Fig 4.8). xSyn4APKC contains a
YKK>LQQ mutation in the PIP2 binding site (Fig 4.8A), which facilitates the
binding of PKCa (Horowitz et al., 1999).This mutation has becn shown to prevent
PIP2 recruitment and thus intcraction with PKCa. A second mutant contains a C-
terminal truncation, which results in the deletion of the final three amino acids,
MEYV, which have been suggested to act as a putative PDZ binding domain and
potential binding sitc for Dsh (Fig 4.8A). Mutants were injected into Xenopus
embryos at the 8-ccll stage alongside the syn4 Mo to test their ability to rescuc the
cffects of the Mo. As before, 8ng synd Mo has a strong cffect on NC migration (Fig
4.8B 1* bar) that can be rescued by co-injection of 250pg synd mRNA (Fig 4.8B 2™
bar, Fig 4.3F). Howcver, co-injection of 250pg xSynAPDZ (Fig 4.8B 3" bar) or
250pg xSynAPDZ (Fig 4.8B 4™ bar) was not sufficicnt to rescuc the effects of the
Mo. This indicates that both of these domains are required for the activity of Syn4 in

the neural crest.
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Pre-migratory NC

Migratory NC

Migratory NC

Figure 4.7. Syn4 is required for translocation of Dsh to the membrane in
migrating NC cells

Embryos were injected with 75pg Dsh-GFP and 200pg membrane-RFP at the 8-cell
stage. Neural crests were removed at stage 17 and cultured in vitro. NC explants
were fixed and the localisation of Dsh (A,D,G) and membraneRFP (B,E,H) was
observed by confocal microscopy. (A-C) Cells fixed immediately after attachment
show no co-localisation of Dsh-GFP and membrane-RFP. (D-F) Cells allowed to
migrate and fixed 3 hours after attachment have a clear co-localisation between Dsh
and the membrane. (G-I) In NC cells co-injected with 8ng syn4 Mo and cultured

under the same conditions this membrane localisation was lost. Scale bars = 50 um.
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Figure 4.8. The PIP, and PDZ binding domains of Syn4 are required for its
action in the neural crest.

(A) Domain structure of two Syn4 mutants. Syn4dPKC contains a YKK>LQQ
mutation in the PIP, binding site. Syn4dPDZ is terminally truncated resulting in the
removal of the PDZ binding site. (B) 250pg of full length Syn4, Syn4dPDZ and
Syn4dPDZ were co-injected with 8ng syn4 Mo. Neural crest migration was
visualised by snail2 in situ hybridisation and phenotypes were scored as before (refer
to Fig 4.6A-C for examples). Full length Syn4 mRNA was able to rescue the
phenotype of syn4 Mo (compare 1% and 2™ bar) but neither mutant was able to

reproduce this effect (3™ and 4™ bars).
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4.7. Discussion

In this chapter I have shown that Syndecan-4 is expressed in the migrating
neural crest in Xenopus and plays a crucial role in neural crest cell migration.
Morpholino knockdown of Syndecan-4 does not affect neural crest induction, but
morphants show severe defects in neural crest migration. This effect is cell-
autonomous, demonstrating a requirement of Syn4 signalling in neural crest cells for
migration. Overexpression by injection of syn4 mRNA also inhibits neural crest
migration, a result that parallels the effects of modulating PCP signalling, where both
inhibition and activation of Dsh inhibit crest migration (Fig 3.3). This suggests that
an optimal level of Syn4 signalling is required to achieve neural crest migration.
Indeed it has been previously shown that a ‘normal’ level of cell surface Syn4
produces the most favourable conditions for migration in CHO-K1 cells, with
overexpression of both wildtype and dominant negative forms of Syn4 able to impair
motility (Longley et al., 1999).

This role of Syndecan-4 in neural crest migration has been confirmed in studies
in zebrafish (Matthews et al., 2008). Zebrafish Syndecan-4 shows a remarkably
similar expression pattern to its Xenopus counterpart. No expression is observed in
the neural crest prior to migration, however once the crest starts to migrate, the
expression of syn4 is indistinguishable from that of neural crest markers. In
zebrafish, syn4 is expressed in both the migrating cranial and trunk neural crest,
unlike in Xenopus, where it appears to be restricted to the cranial crest. However,
low levels of expression in trunk neural crest cells cannot be entirely ruled out in
Xenopus as trunk cells are difficult to identify and there are no good markers
available. Inhibition of Syn4 in zebrafish by morpholino injection disrupts both
cranial and trunk neural crest migration, as can be seen by in situ hybridisation
against the zebrafish neural crest marker, crestin (Matthews et al., 2008).
Additionally, over-expression of syn4 by mRNA injection also inhibits neural crest
migration. These zebrafish data strongly support those from Xenopus, which indicate
a vital role for Syn4 in neural crest migration. The functional conservation of Syn4 in
frogs and fish suggests that despite its structural differences in the cytoplasmic
domain, it is likely to be the Xenopus Syn4 orthologue.

It has been suggested that Syn4 plays no real role in embryological development

as the syn4 knock-out mouse survives to adulthood and only shows relatively minor
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defects in wound healing (Echtermeyer et al., 2001). However, the data presented
here demonstrates that Syn4 plays an important role in the embryo, as it is required
for neural crest migration, an essential process for the development of many tissues
including the PNS and craniofacial skeleton. Indeed, zebrafish embryos lacking Syn4
allowed to develop to later stages show major defects in the cartilage of the head and
jaw as well as an almost total lack of NC-derived melanocytes (Matthews et al.,
2008). Studies in Xenopus have also shown a requirement for Syn4 during
gastrulation and neural tube closure, two early and fundamental steps of development
(Munoz and Larrain, 2006). Therefore it would be expected that inhibition of syn4
would disrupt many aspects of development. This inconsistency highlights a possible
difference in the role of Syn4 between mice and lower vertebrates such as fish and
frogs. It could be that redundancy with other heparan sulphate proteoglycans in mice
is able to compensate for the loss of Syn4. Individual knockouts for many HSPGs,
including Synl, Syn3 and Syn4, develop to adulthood with relatively subtle
phenotypes (Alexander et al., 2000; Echtermeyer et al., 2001; Kaksonen et al., 2002;
Reizes et al., 2001), however mice carrying a homozygous null-mutation in the gene
EXT1, which codes for an enzyme that catalyses the construction of heperan
sulphate chains show severe developmental defects and die at gastrulation (Lin et al.,
2000). This demonstrates an important role for HSPGs during development, but in
mice at least there is clearly some redundancy.

The effect of syn4 morpholino on neural crest migration can be rescued by
activation of PCP signalling, as has been previously demonstrated during Xenopus
gastrulation (Munoz et al., 2006). This supports a clear involvement of Syn4 in PCP
signalling. Syndecan-4 is not the first proteoglycan to be implicated in Wnt
signalling and a number of proteoglycans have been described as acting as co-
receptors in both the canonical and non-canonical pathways. For example, in
Drosophila two members of the glypican family, dally and dally-like, facilitate
canonical signalling by binding and stabilising wingless at the cell surface, thus
regulating the range of wingless diffusion and the production of a gradient (Baeg et
al., 2001; Lin and Perrimon, 1999; Strigini and Cohen, 2000). Syndecan-1 has also
been implicated in canonical signalling and is required for Wnt-1 induced
tumorigenesis in mice (Alexander et al., 2000). HSPGs have also been identified that
act specifically in the PCP pathway including knypek/Glypican-4, which is required
for PCP-dependent CE movements in zebrafish and Xenopus (Ohkawara et al., 2003;
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Topczewski et al., 2001). It is not known how Glypican-4 interacts with the PCP
pathway, although it does bind to both Wnt11 and Fzd7 in immunoprecipitation
assays and therefore may be involved in presentation of non-canonical wnt ligands to
their receptors (Ohkawara et al., 2003). It is possible that Syndecan-4 may also be
acting in this way as a co-receptor for soluble PCP ligands such as Wntl11 or
Wnt11R. However, Munoz et al (2006) have suggested an alternative mechanism
whereby Syn4 is required upstream of PCP signalling for the recruitment of Dsh to
the plasma membrane, which allows the activation of the PCP pathway in response
to Wnt ligand binding to their receptors. The results presented here are consistent
with this hypothesis as the syn4 morpholino was able to inhibit the membrane
translocation of Dsh normally observed when neural crest cells start to migrate (Fig
4.7). It is also likely that binding of Syn4 to fibronectin plays a role in this process as
I have previously shown that plating on fibronectin is sufficient to induce Dsh
translocation (Fig 3.8) in neural crest cells. Culture on fibronectin is also sufficient to
induce membrane translocation of Dsh in Xenopus dorsal marginal zone explants
(Marsden and DeSimone, 2001). In fact, several studies point to an important role for
fibronectin in co-ordinating CE movements, where correctly aligned fibrils are
required to polarize cells along the mediolateral axis (Goto et al., 2005; Marsden and
DeSimone, 2001; Marsden and DeSimone, 2003). A similar mechanism could also
be operating in the neural crest, with cells responding to signals from the polarised
extracellular matrix, resulting in the recruitment of Dsh to the membrane and the
activation of the PCP pathway required for migration. With interactions with both
fibronectin and PCP elements, Syn4 is a good candidate to mediate this interaction.
An interaction between Syn4 and Dsh is supported by the rescue experiments
described in this chapter, as Syn4 lacking the PDZ binding domain, the potential
binding site of Dsh, is unable to rescue the effect of syn4 Mo (Fig 4.8). In addition,
my results also point to a requirement for PKCa activation downstream of Syn4 in
the neural crest, as Syn4 mutated in the PKCa. binding site was also unable to
compensate for the effect of the morpholino. Signalling through PKCa. is a well-
cstablished consequence of Syn4 activation in vitro and contributes to the Syn4-
dependent stabilisation of focal adhesions. The Syn4 cytoplasmic domain forms
oligomeric complexes, which bind the catalytic domain of PKCa, resulting in hyper-
activation of the enzyme (Koo et al., 2006; Lim et al., 2003). Both Syn4 and PKCa,

localise to the substrate contacts of cells migrating in vitro and stabilise focal
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adhesion complexes (Hyatt et al., 1990; Oh et al., 1997b; Woods and Couchman,
1994). In the neural crest also, it would seem that the downstream response to Syn4
signalling requires activation of PKCa.

In conclusion, Syn4 working via the PCP pathway is essential for neural crest
migration in the embryo. Cell migration in vivo is, however, a complex process
involving the co-ordination of many different cellular mechanisms. In the next
chapter, I will address in further detail exactly how Syn4 and Dsh affect neural crest

cell migration.
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5. Results: A cellular basis for the effect of Syn4 and PCP Signalling

in neural crest migration.

5.1. Introduction

In previous chapters [ have shown that both Syn4 and PCP signalling are
required for neural crest migration, however it is not clear how exactly they influence
cell migration. Neural crest migration is a multi-step process beginning with an
initial delamination from the neural tube, followed by the onset of cell migration, a
process that requires constant guidance to keep neural crest cell to their correct
pathways. Which stage of this migration is affected by Syn4 and the PCP pathway?
Furthermore, how do individual neural crest cells behave when Syn4 or Dsh
signalling is inhibited? In this chapter I attempt to address these questions by
carrying out an in-depth analysis of neural crest cell behaviour under different
conditions of Syn4 and PCP signalling. For this, I employ two different but
complementary methods. Firstly, cranial neural crest cells will be dissected from
Xenopus embryos and observed migrating iz vitro on a fibronectin substrate. This
allows high-resolution imaging and the characterisation of cell morphology.
However, as Syn4 and PCP signalling modulate migration in the embryo, it is also
important to gain an in vivo perspective. Additionally, some reports suggest that
there may be some significant differences between the mechanisms of cell migration
on a flat substrate and in a three dimensional matrix (Even-Ram and Yamada, 2005).
For the in vivo analysis, I use a transgenic sox-10:egfp zebrafish line (Carney et al.,
2006), which expresses GFP in neural crest cells. The aim of this chapter is to
analyse changes in cell behaviour and morphology when Syn4 or Dsh signalling is
modulated both in vitro and in vivo, with a particular emphasis on two physical
aspects of cell migration; the formation of cell protrusions and the attachment to the

substrate at focal contacts.

5.1.1. Cell protrusions and the actin cytoskeleton

Directional cell migration requires a highly polarised actin cytoskeleton (Ridley
et al., 2003). At the front of the cell, actin filaments form new protrusions to extend
the membrane forwards, while thick actin bundles known as stress fibres take the

strain under the cell body. Extension of protrusions at the leading edge is driven by
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polymerisation of actin monomers to form actin filaments. Inherently polarised actin
filaments are orientated with their faster growing ‘barbed’ ends towards the cell

edge, where their extension drives membrane protrusion (Pollard and Borisy, 2003).
The organisation of actin filaments at the leading edge differs to form two different
types of cell protrusion. Broad, thin lamellipodia are formed by a branching network
of cross-linked filaments, whereas spiky filopodia are composed of densely packed
parallel bundles (Welch and Mullins, 2002). A number of protein complexes control
the polymerization of actin at the leading edge. In lamellipodia, the main regulator of
actin polymerization is the Arp2/3 complex, which binds to the sides of pre-existing
actin filaments to promote the formation of a new branched daughter filament (Goley
and Welch, 2006). The activity of Arp2/3 complex is dependent on various
nucleation promotion factors, mostly members of the WASP/WAVE family, which
are activated at the cell membrane (Takenawa and Suetsugu, 2007). Numerous other
factors help to regulate actin polymerization in lamellipodia including profilin, which
promotes self-nucleation, capping proteins that restrict polymerization close to the
membrane to promote branching and filamin A and a-actinin, which serve to
stabilize the entire network (See (Welch and Mullins, 2002) for review). Filopodia
also have their own array of scaffold proteins, many of which are localized at their
tips. For example, the Ena/VASP proteins bind the barbed ends of filopodial bundles
to inhibit both capping and branching and therefore promote elongation of the
filaments (Bear et al., 2002). The formation of both filopodia and lamellipodia at the
front of the cell is a tightly controlled process, which requires co-ordination of a

large number of structural and regulatory proteins.

5.1.2. Attachment to the substrate

In addition to forming membrane protrusions, a migrating cell needs to attach to
its surrounding substrate. Early interference reflection microscopy studies of cells
migrating ir vitro showed that attachment is not uniform, but that cells bind to the
extra-cellular matrix at discrete foci (Curtis, 1964). These points of attachment,
known as focal contacts or focal adhesions (FAs) have since been shown to be large
protein complexes containing more than 50 different constituents (Zamir and Geiger,
2001), which play a key role in cell migration. Focal contacts act not only as
transmembrane anchorage sites, physically linking the extracellular matrix to the

actin cytoskeleton and allowing the cell to exert traction against its surroundings
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(Beningo et al., 2001; Galbraith et al., 2002), but also transduce information about
the state of the ECM into the cell (Wozniak et al., 2004). Focal adhesion formation
begins with the engagement of Integrins in the membrane with the extracellular
matrix, which is rapidly followed by the recruitment of a large number of other
proteins. These include scaffold proteins that link to the actin cytoskeleton such as
paxillin, vinculin, a-actinin and tensin, as well as enzymes including many tyrosine
kinases such as focal adhesion kinase (FAK) and members of the src family
(reviewed in (Zamir and Geiger, 2001). Focal contacts can be generally grouped into
three categories depending on their size, sub-cellular location and component parts
(Webb et al., 2002). The smallest, known as focal complexes, are found immediately
behind the leading edge of the cell (Nobes and Hall, 1995b). These quickly mature to
form larger focal adhesions, which are found at the periphery as well as more
centrally and are often associated with the tips of actin protrusions (Ridley and Hall,
1992; Sastry and Burridge, 2000). Finally, fibriller adhesions are larger, elongated
focal adhesions, which are enriched along the length of stress fibres under the cell
body (Pankov et al., 2000). Different proteins are recruited at different stages of focal
adhesion maturation. For example paxillin is rapidly recruited to nascent focal
complexes at the leading edge, shortly followed by a-actinin (Laukaitis et al., 2001)
while tensin and a5 1-integrin are found in the most mature fibriller adhesions
(Pankov et al., 2000). For a cell to move forward, focal contacts also need to be
disassembled. This occurs as both a rapid turnover and cycling of FA components in
the lamella and by dismantling focal adhesions at the rear of the cell to facilitate
detachment from the substrate (Webb et al., 2002).The assembly, disassembly and
turnover of focal adhesions is a tightly co-ordinated process, which is crucial for cell
migration.

Syn4 localises to focal adhesions and promotes their formation and maturation
in fibroblasts (Echtermeyer et al., 1999; Saoncella et al., 1999; Woods and
Couchman, 1994). Therefore, it may be playing a similar role in the neural crest.
Focal adhesion formation has not been previously studied in Xernopus or zebrafish
embryology. Several FA components have been cloned in fish and frogs and have
been shown to play important roles in morphogenesis and tissue separation. For
example, paxillin and phosphorylated FAK co-localise with fibronectin at the
boundaries between the forming somites and in the notochord of zebrafish embryos

(Crawford et al., 2003; Henry et al., 2001). FAK, along with vinculin and B-integrin,
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is also found at the intersomitic junctions in Xenopus embryos and inhibition of FAK
in Xenopus results in defects in somite formation and fibronectin matrix deposition
(Hens and DeSimone, 1995; Kragtorp and Miller, 2006). However these studies have
been confined to epithelial tissues and any role in cell migration during embryonic
development has not been described. In fact, some controversy exists about the
nature of focal adhesions in vivo. FAs have been characterised almost exclusively
during in vitro migration and it has been suggested they may be an artefact of cells
migration in 2 dimensions. Recent studies in artificial 3D matrices have found
accumulations of focal adhesion proteins that appear very different in structure from
the FAs observed in vitro (Cukierman et al., 2001; Even-Ram and Yamada, 2005).
Therefore the study of focal adhesions in neural crest cells in vivo is of particular

interest.

5.2. Syn4/PCP signalling affects the persistence but not the speed of neural crest

cell migration

To observe the behaviour of neural crest cells under different conditions, cranial
neural crest explants were taken from stage 17 Xenopus embryos, cultured on
fibronectin and monitored by time-lapse photography (Fig 5.1). Figure 5.1A shows
four frames of a one hour long time-lapse film of a cranial neural crest explant on
fibronectin. After attachment to fibronectin, the mass of cells in the explant initially
starts to spread out as a coherent sheet, moving away from the centre of the explant.
By 60 minutes, cells on the edge of the sheet begin to break away from their
neighbours and migrate away from the explant as individual cells. A similar pattern
can be observed in neural crest explants taken from embryos injected with 8ng syn4
Mo (Fig 5.1B). syn4 Mo cells are able to attach to fibronectin and are highly motile.
However, tracking of individual cell movements reveals a significant difference
between the behaviour of cells expressing the control and syn4 morpholinos. Cell
trajectories were tracked by marking the nucleus of the cell at each one-minute time
point over the 60-minute period and the paths taken by individual cells were plotted
using Image]J software (NIH). Cells migrating at the edge of the sheet and as
individual cells were included in the analysis. Control Mo cells move petsistently
away from the centre of the explant to produce relatively straight trajectories (Fig 5.1
C, D, G). In contrast, syn4 Mo cells move randomly and frequently change their

direction of migration (Fig 5.1 E,F). This results in cell tracks that are curly and
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frequently cross over themselves (Fig 5.1H). Cells over-expressing syn4 mRNA were
also analysed in this way (Fig 5.2). Interestingly, compared to controls (Fig 5.2 A-C),
syn4 mRNA cells showed a decreased motility. Although they were able to attach to
the fibronectin-coated coverslip and migrate, their movement was severely impaired
and once again the direction of migration appeared random with frequent changes of
migration (Fig 5.2D-F). To quantify these difference in cell behaviour two different
parameters were calculated; the average speed of cell migration (Fig 5.2G) and the
persistence (Fig 5.2H). Neural crest cells expressing the control morpholino migrate
with an average speed of 1.9um/min. This is relatively fast compared to other cell
types plated on fibronectin. Fibroblasts travel between 0.5 to 1um/min on a similar
concentration of fibronectin, although some cell types such as keratocytes can reach
speeds of up to 10um/min (Lauffenburger and Horwitz, 1996). Neural crest cells
expressing the syn4 Mo do not show any impairment of motility compared to
controls, in fact they travel marginally faster with an average speed of 2.2um/min.
On the other hand, cells over-expressing syn4 mRNA had a significant decrease in
velocity with their average speed being 1.4pm/min. Both increasing and decreasing
Syn4 levels has a significant effect on the persistence of cell migration (Fig 5.2H).
Persistence gives an indication of a cell’s commitment to continue moving in the
same direction and is calculated by dividing the vectoral distance between the start
and end position of a cell over a given time by the length of the actual path taken.
Thus, persistence close to 1 indicates a straight migration pathway. Control neural
crest cells have an average persistence of 0.65, while in the presence of the syn4 Mo
this is reduced to 0.36. This reflects the increase of random movement observed in
syn4 Mo cells. So, inhibiting Syn4 does not affect the intrinsic ability of cells to
migrate, but rather they are unable to maintain a directional movement. Cells
expressing syn4 mRNA also saw a significant decrease in persistence compared to
controls, with an average of 0.27. Thus, increasing Syn4 activity also results in a
decrease in persistent migration as well as a decrease in speed, suggesting a more
general impairment of motility.

Since Syn4 interacts with the PCP pathway to control neural crest migration,
the effect of modulating PCP signalling on cell behaviour was also tested in vitro
(Fig 5.3). Uninjected explants (Fig 5.3A-C) were compared to explants taken from
embryos injected with DshDEP+ (a dominant negative of Dsh/PCP; Fig 5.3 D-F) or
DshAN (an activated form of Dsh/PCP; Fig 5.3 G-I).
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Figure 5.1. Syn4 is required for persistent migration of neural crest cells in vitro
Xenopus cranial neural crest explants were cultured in vitro on fibronectin coated
coverslips and their migration was filmed over a 1 hour period. (A) Four frames of a
60-minute time-lapse film of a neural crest explant migrating on fibronectin, taken
from an embryo injected with 8ng control Mo. (B) Four frames of a 60-minute time-
lapse film of a neural crest explant migrating on fibronectin, taken from an embryo
injected with 8ng syn4 Mo. Scale bars = 200um. (C-F) Manual tracking of individual
cell migration pathways of control Mo cells (C,D) and syn4 Mo cells (E,F). The first
frame (A,E) and last frame (D,F, 60™ frame) of each 60-minute film is shown. (G,H)
Individual cell tracks were plotted on a graph. Axis show distance travelled in X and
Y in um. Tracks appear different to D and F as they have been rotated 90° and have
all been plotted from a common origin. Note the relatively straight persistent tracks

of control Mo cells (G) compared to syn4 Mo cells (H).
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Figure 5.2. Syn4 mRNA affects the persistence and velocity of neural crest
migration in vitro.

Cranial neural crest explants were cultured on fibronectin as before and individual
cell trajectories were tracked. (A,B) Images from a timelapse film of control Mo
neural crest cells as in figure 5.1. (C) Graph showing tracks of control neural crest
cells as in Fig 5.1G. (D,E) A neural crest explant taken from an embryo injected
with Ing syn4 mRNA. Images show two timepoints taken 60 minutes apart. (F)
Individual cell tracks of syn4 mRNA cells. Note the lack of migration compared to
control cells. (G) Graph showing the average speed of neural crest cell migration in
control, syn4 Mo and syn4 mRNA expressing cells. (H) Graph showing the average
persistence of neural crest cell migration in control, syn4 Mo and syn4 mRNA
expressing cells. ***p<0.005 ; **p<0.01; scale bars = 200um. n indicates number of

cells, 3 (controls) or 2 (Syn4 Mo/mRNA) explants were analysed in each case.
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Figure 5.3. Dishevelled affects the persistence of neural crest migration in vitro
Cranial neural crest explants were cultured on fibronectin as before and individual
cell trajectories were tracked. (A,B) Images from a timelapse film of control neural
crest cells migrating on a fibronectin-coated coverslip, taken at 2 timepoints, 60-
minutes apart. (C) Individual cell tracks of control neural crest cells. (D,E) A neural
crest explant taken from an embryo injected with 1ng PCP inhibitor DshDEP+ at two
timepoints separated by 60 minutes. (F) Individual cell tracks of DshDEP+ cells.
(G,H) A neural crest explant taken from an embryo injected with 1ng DshAN, the
constitutively active form of Dsh at two timepoints separated by 60 minutes. (I)
Individual cell tracks of DshAN cells. (J) Velocity of neural crest cell migration. (K)
Persistence of neural crest migration. n numbers indicate number of cells, 2 explants

were analysed in each condition. ***p<0.005; scale bars = 200um.
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Uninjected cells migrated persistently as those previously shown in cells expressing
the control Mo (Fig 5.3 C). Inhibiting PCP signalling using DshDEP+ resulted in cell
behaviour reminiscent of that observed when Syn4 is inhibited (Fig 5.3F). Once
again the cells were able to attach to the fibronectin and migrate with no significant
difference in speed compared to the controls (Fig 5.3J) but they did display a greatly
reduced persistence (Fig 5.3K) of 0.38 compared to 0.64 in uninjected cells.
Likewise, over-activating PCP signalling using DshAN (Fig 5.31) produced a
phenotype similar to that resulting from over-expression of syn4. DshAN cells were
considerably less motile with a significant decrease in speed compared to control
cells (Fig 5.3J). Additionally the directionality of migration was also affected with
cells expressing DshAN having an average persistence of only 0.28 (Fig 5.3K). In
summary, the phenotypes observed by modulating the activity of Dsh closely mirrors
that observed when Syn4 levels are altered. As with Syn4, the correct level of PCP
signalling is required for persistent and directional migration of neural crest cells in
vitro.

Neural crest cells migrating in vivo face a completely different environment
to a fibronectin-coated coverslip and therefore it is important to ascertain whether
these observations also hold true in vivo. In vivo imaging in Xenopus presents many
technical difficulties with high levels of background fluorescence from the dense
yolky particles making it impossible to image more than a few cells deep. Therefore,
zebrafish embryos were used for in vivo analysis. A single copy of syn4 has been
identified in zebrafish, which has not yet been mapped to a chromosome (Whiteford
and Couchman, 2006). Zebrafish Syn4 retains the conserved regions of the C1
domain, which are lacking in Xenopus (See Fig 4.1 for sequence alignment),
however like Xenopus Syn4, it is also required for neural crest migration (Matthews
et al., 2008). To analyse neural crest migration in zebrafish, I utilized a sox10:egfp
transgenic line, which expresses GFP only in the neural crest (Carney et al., 2006).
The movement of individual cephalic neural crest cells was followed over a time
period of 4 hours and their migration pathways were tracked (Fig 5.4). It is worth
noting that only cranial neural crest cells were used for this analysis although similar
effects were also observed in the trunk neural crest. This is because the in vitro
analysis used only cephalic crest, as the trunk cells in Xeropus form a more disperse

population and are not easily separated from the surrounding tissue. Furthermore, the
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cffect of syn4 Mo has only been analysed in the cranial neural crest (Fig 4.3). Fig 5.4
A-D shows a time-lapse sequence of cranial neural crest migration in a control Mo
injected embryo covering 4 hours of development, while figure5.4F-1 shows the
equivalent syn4 Mo injected embryo. Over this time period, control neural crest cells
disperse over a significant area (Fig 5.4D) and their tracks reveal a highly directional
migration away from the neural tube (Fig 5.4E). The cells travel at an average speed
of 2um/min, a similar speed to Xenopus neural crest cell migrating in vitro. In the
syn4 morphant neural crest cells are highly motile and are clearly able to delaminate
from the neural tube epithelium as cells can frequently be observed outside the
neural tube (Fig 5.4I). However most cells fail to travel any distance away from the
neural tube and tracking of individual cell pathways shows a random migration with
frequent changes of direction (Fig 5.4J). As with the in vitro system, syn4 morphant
cells show no significant difference in speed compared to control cells (Fig 5.4K),
but their persistence of migration is reduced (Fig 5.4L). This confirms that in vivo as
well as in vitro Syn4 does not interfere with the intrinsic ability of neural crest cells
to migrate but instead is involved in regulating the directionality of migration. To
further assess the directionality of migration, the angle of migration was measured
for each individual cell at each time point. The distribution of angles showed a
significant difference between controls (Fig 5.4M) and syn4 Mo expressing cells (Fig
5.4N), with syn4 Mo cells showing a much wider distribution of angles reflecting

their movement in many different directions.

5.3. Syn4 and PCP signalling control the directionality of cell protrusions.

As persistence of migration usually depends on the directional formation of cell
protrusions, I analysed the effect of modulating Syn4 and Dsh on cell protrusion
formation. Higher magnification images and time-lapse movies were used to analyse
the shape of Xenopus neural crest cells migrating on fibronectin under different
condition (Fig 5.5). Control cells show a highly polarised morphology reminiscent of
typical migratory cell types such as fibroblasts, with extensive lamellipodia forming
at the leading edge and a lagging edge devoid of cell protrusions. Time lapse analysis
over a 20 minute interval (with frames taken every one minute) shows that extension
of cell protrusions occurs only at the leading edge while retraction occurs at the very
back of the cell with very little change along the lateral edges (Fig 5.5 A-C). In

contrast, synd Mo cells are much more dynamic and lack any clear polarity.
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Figure 5.4. Syn4 is required for persistent migration in vivo.

A sox10:egfp zebrafish transgenic line was used to analyse neural crest migration in
vivo. (A-D, F-I) Timelapse sequence showing cranial neural crest migration in
embryos at 16hpf for 4hours, three frames are shown (t= 0 hours, t=2h43, t=3h55). A
and F show the first frame overlapped with a DIC image, dorsal is to left, anterior to
top. Arrow indicates an individual cell as an example. (A-D) An embryo injected
with éng control Mo (F-I) An embryo injected with 6ng syn4 Mo. (E) Trajectories of
control Mo cells over 4 hours of migration. (J) Trajectories of syn4 Mo cells over 4
hours of migration. (K) Velocity of migration (L) Persistence of migration. (M,N)
Roseplot showing the distribution of angles at each time point during the 4 hours of
migration. The area of each bin represents the number of cells moving in each

direction. (M) Control Mo (N) syn4 Mo. At least two embryos were analysed in each
condition. ***p<0.005
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Over a 20-minute period lamellipodia and filopodia are extended in all directions
around the cell periphery (Fig 5.5 D-F). While syn4 Mo cells have an increase in cell
protrusions, cells over-expressing syn4 mRNA have a marked lack of cell protrusion
formation. These cells have a smooth, rounded morphology with no identifiable
lamellipodia or filopodia (Fig 5.5G-I). The cells are alive and can be observed to
constantly move, but with a rolling rather than crawling movement. However,
although the peripheral regions of the cell are fairly dynamic, the body remains
static.

Once again, modulating Dsh signalling has a similar effect to Syn4. Inhibiting
PCP signalling using DshDEP+ results in depolarised cells that produce many cell
protrusions around the entire membrane (Fig 5.5J-L), similar to what was observed
in syn4 Mo cells. Likewise, DshAN expressing cells have a decreased number of cell
protrusions and a more rounded morphology (Fig 5.5M-0), although it is worth
noting that the phenotype was not so pronounced as in syn4 RNA cells, and the cells
were more static with no ‘rolling” motion observed.

To identify whether these changes in cell morphology are also apparent in vivo,
higher magnification images of NC cells migrating around the optic vesicle in
sox10:egfp zebrafish were also analysed (Fig 5.6). Control Mo cells show an
clongated morphology and are uniformly aligned along the axis of migration (Fig
5.6A, B). However when Syn4 is inhibited, the cells appear more rounded with no
obvious alignment (Fig 5.6D, E). Likewise, cells lacking Dsh activity also appear
more rounded with no clear polarity (Fig 5.6G-H). To quantify the effect on cell
protrusions, the ‘cell extension area’ was calculated for each of these treatments. I
define cell extension as the new positive area of a cell formed between two
consecutive frames (separated by 1 min). During this time the body of a cell (and
centroid) does not move significantly, which suggests that these cell extensions
mostly correspond to cell protrusions such as lamellipodia. It is unlikely that
filopodia can be observed, however, as their rapid movement and small area mean
that the intensity of fluorescence would be much weaker. In control cells most cell
extension can be observed at the anterior of the cell at the ‘leading edge’, the
direction in which the neural crest is migrating (red area in Fig 5.6C). However cells
lacking Syn4 (Fig 5.6F) or Dsh (Fig 5.61) produce extensions in all directions around
the cell.
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Figure 5.5. Syn4 and Dsh control the formation of cell protrusions in vitro
Xenopus cranial neural crest cells were cultured on fibronectin and the shape of
individual cells was observed over a 20-minute period by timelapse photography. (A,
D, G, J, M) DIC image of cells at t=0. Scale bars = 20um. (B, E, H, K, N) DIC
image of the same field after 20 minutes. (C, F, I, L, O) Outline of individual cell
shapes plotted every 5 minutes to show the change in cell protrusions over the 20-
minute time period. Images not to scale. Cell were taken from control embryos (A)
and embryos injected with 8ng syn4 Mo (D-F), 1ng syn4 mRNA (G-I), Ing
DshDEP+ (J-L) and 1ng DshAN (M-O). Arrow in C indicates direction of cell

migration. Examples shown are representative of cell shape in each condition.
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Figure 5.6. Syn4 and Dsh control the formation of cell protrusions in vivo

(A, B, D, E, G, H) Time-lapse analysis of the mandibular neural crest stream of a
sox10:egfp zebrafish embryo at 18hpf for 30 minutes. The initial and final frames are
shown. Arrows indicate the expected direction of migration based on the orientation
of the embryo, scale bars = 25um. (C, F ,I) Outlines of individual cells taken from
time-lapse analysis. Red area indicates the new cell extensions formed over the 30-
minute period. (A-C) Embryo injected with 6ng control Mo (D-F) Embryo injected
with 6ng syn4 Mo (G-I) Embryo injected with 300pg DshDEP+. (J-L) Rose plots
showing the orientation of cell extension over 30 minutes in control Mo (J), syn4 Mo
(K) and DshDEP+(L) injected embryos. At least three embryos were analysed in

each condition. ***p<0.005.
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The orientation of the cell extension was measured by calculating the direction of the
vector that goes from the centroid of the cell to the centre of the new cell extension
arca. A significant difference in the orientation was observed between control Mo
cells (Fig 5.6J) and syn4 Mo (Fig 5.6K) or DshDEP+ (Fig 5.6L) cells.

Taken together, these results indicate that both Syn4 and Dsh regulate the
polarized formation of cell protrusions in vitro and in vivo. These changes in cell
morphology underlie the differences observed in cell behaviour. Cells that form
protrusions in all directions such as those where Syn4 or Dsh is inhibited will be
unable to maintain a persistent migration as protrusions in new directions will result
in frequent changes of direction. On the other hand, cells where formation of
protrusions is inhibited, such as Syn4 or Dsh over-expression, will also lack
directional migration through lack of cell protrusions required to move in the

‘correct’ direction.

5.4. Syn4 and Dsh signalling control the formation of paxillin-containing focal

contacts in vitro

Syndecan-4 is known to be a regulator of focal adhesion formation, so I
investigated the role of Syn4 and PCP signalling on focal adhesion formation in the
neural crest. Although several FA elements have been cloned in Xenopus and
zebrafish, no antibodies against these proteins are currently available. Therefore, a
number of antibodies that have been shown to bind to focal adhesion elements in
other cell types were tested on Xenopus neural crest cells. These included antibodies
against B1-integrin, vinculin, focal adhesion kinase (FAK), phospho-FAK, paxillin
and phospho-paxillin. Out of these, only phospho(Y118)-paxillin (Biosource)
revealed any specific staining in Xenopus neural crest cells (Fig 5.7). In control
neural crest cells, p-paxillin accumulates in discrete puncta (Fig 5.7A) as has been
described in many other cell types. Co-staining with rhodamine-phalloidin, which
binds to filamentous actin, reveals co-localisation with the ends of actin filaments in
cell protrusions (Fig 5.7B, C) suggesting that these are focal adhesions rather than
smaller focal complexes. Focal complexes can be too small to recognise in some fast
moving cell types (Webb et al., 2002) and this could be the case in the neural crest. It
is not possible to distinguish for certain between focal complexes and focal
adhesions, so for ease of reference I shall simply refer to these paxillin

accumulations as focal contacts (FC). Cells from embryos injected with the syn4 Mo
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and nuclear-GFP (used so that injected cells could be easily identified in vitro) show
a decrease in phospho-paxillin (ppax) staining with very few focal contacts visible
under the same conditions (Fig 5.7 D-F). Phalloidin staining (Fig 5.7E) also
illustrates the increase of cell protrusions in syn4 Mo cells compared to controls (Fig
5.7B). In contrast, cells over-expressing syn4 mRNA showed an increase in the
number of paxillin-containing focal contacts (Fig 5.7G-I) compared to controls.
Furthermore, many of the focal contacts appeared much larger, with some elongated
along the length of the actin bundles, resembling mature fibriller adhesions. To
accurately compare different conditions, the number of focal contacts per cell was
counted (Fig 5.7J, expressed as no. FCs per pm’ to allow for variety in cell size). The
size of individual focal contacts was also measured and averaged over a number of
cells (Fig 5.7K). syn4 Mo cells showed a significant decrease in both FC number and
size while syn4 mRNA cells had a significant increase in both parameters. Therefore,
an increase in Syn4 activity correlates with an increase in focal contact size and
number, suggesting that Syn4 may contribute to focal contact stability and
maturation in the neural crest.

The effect of modulating PCP signalling on focal contacts was also investigated
in the same way (Fig 5.8). Inhibition of PCP using DshDEP+ resulted in a decrease
in ppax staining (Fig 5.8D-F) compared to controls (Fig 5.8 A-C), with many
DshDEP+ cells completely lacking any visible ppax staining. On the other hand
activation of PCP signalling with DshAN resulted in an increase in p-paxillin staining
(Fig 5.8G-I) with many focal contacts in the interior of the cell as well as in the
lamella. Once again, the average number of focal contacts per cell (Fig 5.8]) was
calculated as well as the average size (Fig 5.8K). DshDEP+ cells showed a
significant decrease in both the number and size of focal contacts compared to
controls, while DshAN cells had a significantly larger number of focal contacts than
controls, although curiously the average size of focal contacts was unaffected. As
with Syn4, the level of PCP signalling in neural crest cells has a positive correlation

with the formation of focal contacts.

5.5. Syn4 and Dsh signalling affect p-paxillin distribution in vivo.
Focal contacts have been well characterised in vitro, however they are much
less well defined in vivo, therefore it is of interest to analyse focal contact formation

in the embryo.
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Figure 5.7. Syn4 affects the formation of focal contacts in vitro

(A-I) Xenopus neural crest cells were cultured for 5 hours on fibronectin and then
fixed and stained with an antibody against phospho-paxillin (small green puncta in
A, D, G) and rhodamine-phalloidin (shown in red in B, E ,H). Embryos were also co-
injected with nuclear-GFP (Large green circles in A, D, G) to identify injected cells
in vitro. (C,F,I) show merged green and red channels. Note paxillin accumulations
that co-localise with actin protrusions. Scale bars = 20 um. Cells shown are taken
from embryos injected with 300pg nuclear GFP only (A-C) and with 8ng syn4 Mo
(D-F) and Ing syn4 mRNA (G-1). (J) Graph showing the mean number of focal
contacts per p.m2 of cell area. (K) Graph showing the mean size of each paxillin
accumulation (in pm®). N numbers indicate the number of cells analysed, taken from
at least two experiments. Only individually migrating cells were analysed.

**%*p<0.005 ; **p<0.01; *p<0.05.

Figure 5.8. Dsh affects the formation of focal contacts in vitro

(A-I) Xenopus neural crest cells were cultured for 5 hours on fibronectin and then
fixed and stained with an antibody against phospho-paxillin (A, D, G), and
rhodamine-phalloidin (B, E, H). Cells shown are taken from embryos injected with
300pg nuclear GFP only (A-C) and 1ng DshDEP+ (D-F) and 1ng DshAN (G-I).
Scale bars = 20um. (J) Average number of focal contacts per pm? of cell area. (K)
Average size of focal contacts (in um?). N numbers indicate the number of cells
analysed, taken from at least two experiments. Only individually migrating cells

were analysed. ***p<0.005 ; **p<0.01.
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Whole mount sox!0:egfp zebrafish embryos were stained with the phospho-paxillin
antibody (Fig 5.9). Specific ppax staining was observed in zebrafish embryos,
compared to embryos incubated without the primary antibody. Accumulation of
activated paxillin can be observed around the edges of the neural tube (Fig 5.9A) and
between the forming somites (Fig 5.9B) as has been previously described (Crawford
ct al., 2003). Interestingly, the neural crest cells identifiable by their GFP
fluorescence, appear to have less p-paxillin staining than the surrounding tissue, such
as the neural tube (Fig 5.9C). However, closer analysis reveals there is significant
paxillin in and around neural crest cells (Fig 5.9 D,E). Furthermore, the staining
appears in discrete clusters, which could be equivalent to the puncta of paxillin
staining observed in focal contacts in vitro. By looking at the co-localisation between
GFP and p-paxillin fluorescence it is possible to see that many of the puncta are
clearly within neural crest cells and are particularly enriched at the border of the cells
and at the leading edge (Fig 5.9F). This further suggests that these accumulations do
correspond to focal contacts, although it is not possible to state this with certainty
without looking for co-localisation with other FA proteins, the actin cytoskeleton or
fibronectin. Embryos injected with syn4 Mo were also stained with p-paxillin to
assess the effect of Syn4 on FA formation in vivo. As before, neural crest cells in
syn4 Mo embryos were more rounded and did not move persistently away from the
neural tube (Fig 5.9G). p-paxillin staining is dramatically decreased in syn4 Mo cells
(Fig 5.9H-I), a result which mirrors that obtained in vitro where inhibition of Syn4
resulted in a decrease in focal contact number and size. To show that this is a specific
effect of Syn4, a rescue experiment was performed, whereby co-injection syn4
mRNA is able to rescue the effects of the Mo on neural crest migration. In these
rescued embryos, with normal neural crest migration, p-paxillin levels returned to
normal (Fig 5.9J-L). Whole mount p-pax immuno-staining was also carried out in
embryos injected with DshDEP+ and once again, a decrease in the number of puncta
was observed (Fig 5.9M-0), similar to the effect of DShDEP+ in vitro. To quantify
these differences, the average percentage of GFP-positive area per cell that co-
localises with p-paxillin staining was calculated. A significant decrease was observed
in embryos injected with syn4 Mo and DshDEP+ compared to control Mo injected
embryos (Fig 5.9P). So, the observed effect of Syn4 and Dsh on focal contact

formation in vitro also hold true in an in vivo environment.
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It is difficult to conclude whether the paxillin puncta in zebrafish neural crest
cells truly represent focal contacts in vivo, so I attempted to see whether paxillin
staining in the neural crest co-localises with fibronectin in the extracellular matrix.
For this Xenopus embryos were used (Fig 5.10). Graft experiments were carried out
where cranial neural crests were taken from embryos injected with membrane-RFP
and grafted into uninjected control embryos. After the grafted cells had started to
migrate, embryos were fixed and sectioned into 12um slices using a cryostat. In
these sections, the migrating neural crest cells are clearly visible and as the
membrane is labelled, it is possible to see the shape of the migrating cells and
identify cell protrusions (Fig 5.10A’). Staining with an antibody against fibronectin
(mADb 6D9, Hybridoma Bank, lowa) shows that fibronectin is distributed primarily
between the different tissue layers in particular around the neural tube, underneath
the epidermis and around the somites (Fig 5.10B). However closer magnification
reveals that there are also substantial deposits of fibronectin around the neural crest
cells (Fig 5.10B°, B*’). Co-staining with phospho-paxillin reveals that it co-localises
with fibronectin surrounding the somites and the neural tube (Fig 5.10C,D). Paxillin
and fibronectin also co-localise in the neural crest, although not fully as both
fibronectin and ppax staining can be observed separately (Fig 5.10C”,D’). In general
the fibronectin staining takes up a greater area around neural crest cells while p-
paxillin appears in discrete puncta, similar to what was observed in zebrafish (Fig
5.10 C’,D”’). Both, ppax and fibronectin staining frequently overlaps with the
membrane of neural crest cells, with ppax being found almost exclusively in the
membrane (Fig 5.10E). Thus we have a picture where fibronectin is distributed
around migrating neural crest cells, with specific points of paxillin activation that co-
localise with membrane-RFP and in many cases, with fibronectin. This co-
localisation suggests that the paxillin accumulations observed in vivo are involved in
attachment of neural crest cells to fibronectin, which would correspond to the focal
adhesion complexes described in vitro.

Graft experiments using explants from embryos that had been injected with syn4
Mo or DshDEP+ were also carried out and sections were stained with p-paxillin.
Both syn4 Mo cells (Fig 5.10G) and DshDEP+ cells (Fig 5.10H) showed a decrease
in ppax staining compared to control cells (Fig 5.10F). The percentage of neural crest
cell membrane that stains positive for p-paxillin was calculated and once again syn4

Mo cells and DshDEP+ cells showed a significant decrease (Fig 5.10I).
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Whole mount sox/0:egfp zebrafish embryos were stained with the phospho-paxillin
antibody (Fig 5.9). Specific ppax staining was observed in zebrafish embryos,
compared to embryos incubated without the primary antibody. Accumulation of
activated paxillin can be observed around the edges of the neural tube (Fig 5.9A) and
between the forming somites (Fig 5.9B) as has been previously described (Crawford
et al., 2003). Interestingly, the neural crest cells identifiable by their GFP
fluorescence, appear to have less p-paxillin staining than the surrounding tissue, such
as the neural tube (Fig 5.9C). However, closer analysis reveals there is significant
paxillin in and around neural crest cells (Fig 5.9 D,E). Furthermore, the staining
appears in discrete clusters, which could be equivalent to the puncta of paxillin
staining observed in focal contacts in vitro. By looking at the co-localisation between
GFP and p-paxillin fluorescence it is possible to see that many of the puncta are
clearly within neural crest cells and are particularly enriched at the border of the cells
and at the leading edge (Fig 5.9F). This further suggests that these accumulations do
correspond to focal contacts, although it is not possible to state this with certainty
without looking for co-localisation with other FA proteins, the actin cytoskeleton or
fibronectin. Embryos injected with syn4 Mo were also stained with p-paxillin to
assess the effect of Syn4 on FA formation in vivo. As before, neural crest cells in
syn4 Mo embryos were more rounded and did not move persistently away from the
neural tube (Fig 5.9G). p-paxillin staining is dramatically decreased in syn4 Mo cells
(Fig 5.9H-I), a result which mirrors that obtained in vitro where inhibition of Syn4
resulted in a decrease in focal contact number and size. To show that this is a specific
cftect of Syn4, a rescue experiment was performed, whereby co-injection syn4
mRNA is able to rescue the effects of the Mo on neural crest migration. In these
rescued embryos, with normal neural crest migration, p-paxillin levels returned to
normal (Fig 5.9J-L). Whole mount p-pax immuno-staining was also carried out in
embryos injected with DshDEP+ and once again, a decrease in the number of puncta
was observed (Fig 5.9M-0), similar to the effect of DshDEP+ in vitro. To quantify
these differences, the average percentage of GFP-positive area per cell that co-
localises with p-paxillin staining was calculated. A significant decrease was observed
in embryos injected with syn4 Mo and DshDEP+ compared to control Mo injected
embryos (Fig 5.9P). So, the observed effect of Syn4 and Dsh on focal contact

formation in vitro also hold true in an in vivo environment.
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It is difficult to conclude whether the paxillin puncta in zebrafish neural crest
cells truly represent focal contacts in vivo, so I attempted to see whether paxillin
staining in the neural crest co-localises with fibronectin in the extracellular matrix.
For this Xenopus embryos were used (Fig 5.10). Graft experiments were carried out
where cranial neural crests were taken from embryos injected with membrane-RFP
and grafted into uninjected control embryos. After the grafted cells had started to
migrate, embryos were fixed and sectioned into 12um slices using a cryostat. In
these sections, the migrating neural crest cells are clearly visible and as the
membrane is labelled, it is possible to see the shape of the migrating cells and
identify cell protrusions (Fig 5.10A’). Staining with an antibody against fibronectin
(mAb 6D9, Hybridoma Bank, Iowa) shows that fibronectin is distributed primarily
between the different tissue layers in particular around the neural tube, underneath
the epidermis and around the somites (Fig 5.10B). However closer magnification
reveals that there are also substantial deposits of fibronectin around the neural crest
cells (Fig 5.10B’, B’’). Co-staining with phospho-paxillin reveals that it co-localises
with fibronectin surrounding the somites and the neural tube (Fig 5.10C,D). Paxillin
and fibronectin also co-localise in the neural crest, although not fully as both
fibronectin and ppax staining can be observed separately (Fig 5.10C°,D’). In general
the fibronectin staining takes up a greater area around neural crest cells while p-
paxillin appears in discrete puncta, similar to what was observed in zebrafish (Fig
5.10 C’,D”’). Both, ppax and fibronectin staining frequently overlaps with the
membrane of neural crest cells, with ppax being found almost exclusively in the
membrane (Fig 5.10E). Thus we have a picture where fibronectin is distributed
around migrating neural crest cells, with specific points of paxillin activation that co-
localise with membrane-RFP and in many cases, with fibronectin. This co-
localisation suggests that the paxillin accumulations observed in vivo are involved in
attachment of neural crest cells to fibronectin, which would correspond to the focal
adhesion complexes described in vitro.

Graft experiments using explants from embryos that had been injected with syn4
Mo or DshDEP+ were also carried out and sections were stained with p-paxillin.
Both syrn4 Mo cells (Fig 5.10G) and DshDEP+ cells (Fig 5.10H) showed a decrease
in ppax staining compared to control cells (Fig 5.10F). The percentage of neural crest
cell membrane that stains positive for p-paxillin was calculated and once again syn4

Mo cells and DshDEP+ cells showed a significant decrease (Fig 5.101I).
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Figure 5.9. Syn4 and Dsh control focal contact formation in vivo in Zebrafish
Wholemount sox!0:egfp transgenic zebrafish embryos were fixed at 12 somites and
stained with phospho-paxillin. (A) Dorsal view, anterior to top, of a 12 somite
control embryo showing p-pax staining at the edges of the neural tube (B,C) Two
different magnifications of p-pax staining between the somites in control embryos,
lateral view, anterior to right. Scale bars in A-C=120um. (D-O) Higher
magnification view of individual neural crest cells (Sox10 fluorescence shown in
green in D,G,JM) showing paxillin staining (red dots in E, H, K, N). F, , L & O
show sox10-GFP in grey and area of paxillin/sox10 co-localisation in yellow. Scale
bars= Spum. (D-F) Embryo injected with 6ng control Mo. (G-I) Embryo injected with
6ng syn4 Mo. (J-L) Embryo injected with 6ng syn4 Mo and 200pg syn4 mRNA. Note
the syn4 Mo phenotype is rescued. (M-O) Embryo injected with 300pg DshDEP+.
(P) Quantification of rescue experiment, graph shows average percentage of cell area
(sox10-GFP positive area) that co-localises with p-pax staining. n indicates number

of cells analysed, taken from at least 2 embryos. ***p<0.005 ; *p<0.05.

Figure 5.10. Syn4 and Dsh control focal contact formation in vivo in Xenopus
Xenopus embryos were injected with 300pg membrane-RFP, and cranial neural
crests were dissected and grafted into wildtype host embryos and allowed to migrate.
Embryos were fixed at stage 28, sectioned and stained with antibodies against p-
paxillin and fibronectin. (A-E) Transverse section of a control Xenopus embryo
showing mRFP labelled migrating crest cells (A,E), fibronectin (B, D, E) and p-
paxillin (C,D,E). Note paxillin and fibronectin co-localisation around the neural tube.
Scale bar = 120um. NT, neural tube; n, notochord. (A’-E’) Higher magnification
image of A-E showing two migrating neural crest cells labelled C1 and C2, scale bar
= 10pum. (A”’-E”’) Higher magnification image of cell membrane in A’-E’, scale bar
= 2um. Arrowheads show paxillin puncta that co-localise with the cell membrane
and fibronectin. C1, cell 1; C2, cell 2. (F-H) Neural crest cells from a control
embryo (F) compared to cells from an embryo injected with 8ng syn4 Mo (G) or Ing
DshDEP+ (H). P-paxillin (F-H) and membrane-RFP (F’-H’) are shown, scale bars =
20pm. (I) Graph showing the average percentage of cell membrane (mRFP positive
area) that co-stains with p-pax. n indicates number of cells analysed, taken from at

least 3 embryos. ***p<0.005.
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So, as in zebrafish there appears to be a correlation between Synd/PCP levels and the
amount of activated paxillin-containing puncta. These puncta may well be the in vivo
cquivalent to focal contacts, as they co-localise with fibronectin. It is clear that Syn4
and Dsh both play a role in focal contact regulation in vitro and it is likely that this

also extends to cells migrating in the embryo.

5.6. Focal adhesion kinase (FAK) is required for NC migration in vivo but not in
vitro
Syndecan-4 and PCP signalling regulate directional migration of neural crest

cells by controlling the polarised formation of cell protrusions, but they also play a
role in regulating focal contact number and size. Which of these two functions is
required for the migration of neural crest cells in the embryo, or do they both equally
contribute to neural crest migration? It is clear how the formation of polarised cell
protrusions would be essential for directional migration, but do the observed effects
on focal contacts also affect directionality, or are they just a secondary consequence
of inhibition of Syn4 or PCP signalling? In an attempt to dissociate these two effects
and also to further investigate the role of focal adhesions in neural crest migration in
vivo, an independent method for disrupting focal contacts was sought. FAK related
non-kinase (FRNK) is a naturally occurring dominant negative form of focal
adhesion kinase (FAK), which was originally isolated from chick embryos (Schaller
et al,, 1993). Consisting of the non-catalytic domain of FAK only, FRNK has been
shown to be a potent inhibitor of FAK autophosphorylation and cell motility
(Richardson and Parsons, 1996; Sieg et al., 1999). FRNK was injected into Xenopus
embryos at the 8-cell stage and any effect on neural crest migration were analysed by
in situ hybridisation against snail2 (Fig 5.11). Two different concentrations were
injected resulting in embryos expressing 400pg or 800pg of FRNK mRNA. The
800pg amount proved toxic, although embryos gastrulated normally and survived to
around stage 20, whereupon they started to disintegrate. Embryos injected with
400pg FRNK survived long enough to allow analysis of neural crest migration,
although they too perished around stage 35. FRNK had no effect on neural crest
induction (Fig 5.11A), but did have a strong effect on neural crest migration with no
migration observed in the injected side (Fig 5.11C), compared to the control side
(Fig 5.11B). Strikingly, a very high proportion of embryos displayed this phenotype

with 92% (n=60) of embryos having neural crest migration defects. This is much
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higher even than the percentage affected by syn4 Mo or DshDEP+. Graft
cxperiments reveal that the effect of FRNK on neural crest migration is cell
autonomous, as FRNK injected neural crest cells are unable to migrate even in a
control host embryo (Fig 5.11E,F). To understand the cellular mechanism underlying
this extreme phenotype, sox!0:egfp zebrafish embryos were also injected with
FRNK and their neural crest migration was followed by time-lapse analysis as before
(Fig 5.12). While control neural crest cells migrate extensively as before (Fig 5.12
A,B), FRNK injected neural crest cells hardly move any distance and most remain
static in the neural tube (Fig 5.12C,D). Tracking of individual cell movements reveal
the contrast between FRNK expressing NC cells (Fig 5.12F) and controls (Fig
5.12E). Unlike syn4 Mo or DshDEP+ cells, the speed of migration is greatly reduced
in FRNK neural crest cells (Fig 5.12G). Whereas inhibition of Syn4 or Dsh results in
motile neural crest cells that have lost directionality, cells lacking FAK appear
unable to move at all. This could point to an underlying defect in neural crest
delamination.

FRNK injected neural crest explants were also dissected and cultured in vitro
(Fig 5.13). Surprisingly, cells were able to attach to the fibronectin and migrate.
Tracking of individual neural crest cells illustrates that FRNK cells are able to
migrate fairly persistently (Fig 5.13B). However the distance that they travel is
reduced compared to controls over the same time period (Fig 5.13A). Once again, the
speed at which the cells travel is significantly reduced (Fig 5.13C) but there is no
difference in persistence (Fig 5.13D). However, unlike in vivo, cells are able to move
forwards. Higher magnification images show that like control cells (Fig 5.13E-G)
FRNK expressing cells are polarised, with cell protrusions being found mostly at the
leading edge. However an interesting cell ‘elongation phenotype’ is sometimes
observed, whereby cells move their leading edge forward without retracting their
rear, resulting in thin elongated cells (Fig 5.13H-J). This phenotype was only
observed in 30% of cells and many cells were observed successfully retracting at the
rear. Thus, the only defect in cell migration in vitro when FAK is inhibited is a
reduction in speed, a relatively minor phenotype compared to in vivo. This suggests
that in vivo, FAK is playing an additional role to the regulation of migration, perhaps

being involved in the earlier process of delamination.
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Figure 5.11. FAK is required for neural crest migration in Xenopus embryos
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Focal adhesion kinase was inhibited in Xenopus embryos by injection of 400pg
FRNK at the 8-cell stage. (A) In hybridisation of snail2 in a stage 17, FRNK injected
embryo, dorsal view, anterior to top. Injected side is shown in pale blue. Note that
FRNK has no effect on the neural crest at this stage. (B,C) Lateral view of a stage 23
FRNK-injected Xenopus embryo with neural crest visualised by snail2 in situ
hybridisation. Site of injection is shown in pale blue. Compare uninjected side (B) to
injected side where no migration is observed (C). (D) Quantification of the FRNK
phenotype. (E,F) FDX-labelled neural crests were grafted into wildtype hosts. (E)
Neural crest taken from an embryo injected with FDX only, (F) Neural crest taken
from an embryo injected with FDX and 400pg FRNK. Inhibition of migration

indicates a cell autonomous effect.
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Figure 5.12. FRNK affects the speed of neural crest cell migration in zebrafish
embryos

A sox10:egfp zebrafish transgenic line was used to analyse neural crest migration in
vivo. (A-D) Time-lapse sequences showing cranial neural crest migration in embryos
at 16hpf for 150 minutes, four frames are shown (t= 0 mins, t= 50 mins, t=100 mins,
t=150 mins). A and C show the first frame overlapped on a DIC image, dorsal is to
top, anterior to right. Arrow indicates the position of individual neural crest cells as
examples. (A-B) control embryo. (C-D) Embryo injected with 100pg FRNK. (E)
Trajectories of control cells over 150 minutes of migration. (F) Trajectories of
FRNK Mo cells over 150 miutes of migration. (G) Velocity of migration
**¥n(.005,
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Figure 5.13. FRNK affects the velocity but not persistence of neural crest cell
migration in vitro

Xenopus cranial neural crest cells were dissected at stage 17, cultured on fibronectin
and observed by time-lapse photography. (A,B) Trajectories of individual neural
crest cells migrating in vitro over a 60-minute period, (A) control cells, (B) cells
taken from an embryo injected with 400pg FRNK. (C) Velocity of migration,
**%p<0.005. (D) Persistence of migration. (E-J) Higher magnification DIC images
of individual cells on fibronectin showing cell shape and position at two time periods
separated by 20 minutes. G & J show the outline of individual cells every 5 minutes
to show the change in cell protrusions over the 20-minute time period. (E-G) control
cells (H-J) FRNK cells. n numbers show number of cells analysed, which were taken

from three (control) or two (FRNK) different explants. Scale bars = 20 um.
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5.7. FRNK treatment results in the stabilisation of focal contacts in vitro and in
vivo

In order to assess how exactly FRNK affects focal contacts in the neural crest,
FRNK expressing cells were stained with an antibody against phospho-paxillin and
rhodamine phalloidin (Fig 5.14). Once again, focal contacts can be observed in
control cells migrating in vitro (Fig 5.14A-C). However in cells taken from embryos
injected with FRNK, the amount of p-paxillin staining was greatly increased. In
particular some very large fibriller adhesions could be observed arranged along the
entire length of the actin stress fibres (Fig 5.14D-F). In the FRNK cells, the number
of focal contacts was increased (Fig 5.14G), but more significantly the area of each
paxillin particle was very much larger than in controls (Fig 5.14H). Thus it appears
that FRNK treatment results in the stabilisation and maturation of focal adhesions in
vitro. These large focal contacts explain the slower speed of FRNK cells, as too
strong an attachment to the matrix is likely to slow the cells down. This could also
account for the strange morphology in FRNK cells where they have difficulty
retracting their rears, as these large focal adhesions may prove difficult to
disassemble.

Paxillin was also analysed in vivo in zebrafish and Xenopus embryos injected
with FRNK (Fig 5.15). In FRNK-injected zebrafish, it is difficult to identify
individual neural crest cells as they remain in the neural tube, however some rounded
neural crest cells can be observed on the periphery of the tube (Fig 5.15D-F). The
Paxillin deposits in and around these cells do appear much larger than in control cells
(Fig 5.15A-C). Similarly in Xenopus embryos, paxillin accumulations also appear
much larger in FRNK injected embryos (Fig 5.15J-L) compared to controls (Fig
5.15G-I). Furthermore, some of these accumulations appear to run the whole length
of one side of a neural crest cell (Fig 5.15L), in a similar manner to the fibriller
adhesions observed in vitro. In both embryos the percentage of sox10-GFP
/membrane-RFP, which co-stains with ppax is significantly higher in FRNK cells
than in controls (Fig 5.15M, N). Thus, the increase of FA size observed in vitro is
reproducible in vivo. However, it is difficult to attribute this purely to the effects of
FRNK as the neural crest cells in FRNK injected embryos stay in the neural tube, an
area that is surrounded by a layer of activated paxillin with much higher levels of

staining than migrating neural crest cells (See Fig 5.10).
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Figure 5.14. FRNK stabilises focal contacts in neural crest cells in vitro

(A-F) Xenopus neural crest cells were cultured for 5 hours on fibronectin and then
fixed and stained with an antibody against phospho-paxillin (A, D), and rhodamine-
phalloidin (B, E). (A-C) Control neural crest cells. (D-F) Neural crest cells taken
from an embryo injected with 400pg FRNK and 200pg nuclear-GFP. Scale bars =
20um. (G) Average number of focal contacts per um” of cell area. (H) Average size
of focal contacts (in um?”). n numbers show number of cells analysed, taken from at

least 3 explants. ***p<0.005 ; *p<0.05.
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Figure 5.15. FRNK stabilises focal contacts in neural crest cells in vivo

(A-F) Neural crest cells migrating in a sox/0:egfp transgenic zebrafish (sox10-GFP
in A,D) stained with p-paxillin (B,E). D & F show sox10-GFP in grey and area of
paxillin/sox10 co-localisation in yellow. (A-C) Control embryo (D-F) Embryo
injected with 100pg FRNK. Scale bars= Sum. (G-L) Images of individual neural
crest cells migrating in a sectioned Xenopus embryo stained with the p-paxillin
antibody (H,K). Crest cells are labelled with membrane-RFP (G, J), scale bar =
10um. (M) Graph showing average percentage of cell area (sox10-GFP positive
arca) that co-localises with p-paxillin staining in zebrafish neural crest cells. (N)
Graph showing the average percentage of cell membrane (mRFP positive area) that
co-stains with p-paxillin in Xenopus neural crest cells. n numbers show number of

cells analysed, taken from at least 2 embryos for each condition. *p<0.05.
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5.8. Discussion

The effects of modulating Syn4 and Dsh signalling on neural crest cell
behaviour are remarkably similar, perhaps unsurprisingly so, since I have shown that
they are working in the same pathway. Inhibition of both Syn4 and Dsh results in
motile cells that are unable to migrate persistently iz vitro and in vivo. Increasing
Syn4 and PCP activity also causes a loss of persistent migration, but this is also
coupled with a decrease in speed. It is well known that persistent, directional
migration requires the formation of polarised cell protrusions (Ridley et al., 2003)
and in neural crest cells too, the lack of persistence observed in cells where
Syn4/PCP signalling is disrupted correlates with a disorganisation of cell protrusions.
When either Syn4 or Dsh is inhibited, an increase in the number of protrusions is
seen, with cells producing many peripheral protrusions all around the cell, which
explains the lack of persistent migration. Conversely, over-expression of Syn4 or
Dsh suppresses protrusion formation. These cells have a very unusual rounded
appearance and any protrusions they do form have a more rippled, circular formation
quite unlike a classical lamellipodium. This is more reminiscent of other types of
migratory cell such as fish keratocytes, which migrate using a rapid rolling motion
(Anderson et al., 1996). However unlike keratocytes, which are amongst the fastest
known migratory cells, the syn4 RNA/DshAN neural crest cells’ movement is
severely limited. There is a clear correlation between Syn4/PCP signalling and cell
protrusion formation, with both Syn4 and Dsh appearing to act as general inhibitors
of protrusion formation. Furthermore, a balanced level of Syn4/PCP signalling is
required for the production of polarised protrusions at the front of the cell, with
either too much or too little signalling disrupting cell polarity and thus preventing
directional migration. This explains why the embryonic phenotypes of inhibiting or
activating Syn4 or Dsh are so similar, as neural crest cells are unable to maintain a
directional migration under either condition.

Little has been previously published about the effect of Syndecan-4 on the actin
cytoskeleton and protrusion formation. However, recent work from Bass et al (2007)
have shown that Syn4 can control persistence of migration in fibroblasts through
regulation of the small GTPase Racl, although they do not specifically examine the
formation of cell protrusions. PCP signalling, on the other hand, is a known regulator

of the actin cytoskeleton and its earliest identified role in hair formation in the
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Drosophila wing requires the polarised formation of an actin pre-hair structure
(Adler, 2002; Mlodzik, 2002). During Xenopus gastrulation PCP signalling regulates
the formation of polarised cell protrusions in Xenopus mesodermal cells undergoing
CE (Wallingford et al., 2002). However the mechanism underlying this must be
subtly different from the neural crest, as intercalating cells produce cell protrusions
at both lateral ends of the cell, with a suppression of protrusions at the medial sides.
Finally, de Calisto et al (2005) also show that inhibition of Dsh in neural crest cells
cultured in vitro affects the formation of cell protrusions, with cells lacking Dsh
forming a large number of filopodia around the cell periphery.

As well as regulating directional migration through the production of polarised
protrusions, I have also shown a role for Syn4 and PCP signalling in the control of
focal contact formation. Despite some limitations in this analysis, such as the use of
only one antibody (against paxillin) and the fact that no turnover was studied, a clear
correlation was observed between Syn4/Dsh levels and the number and size of
paxillin-containing focal contacts in vitro and in vivo. Increased levels of Syn4/Dsh
result in an increase in focal contacts, while decreased levels decrease the number of
observable focal contacts, suggesting that Syn4/Dsh signalling may be playing a role
in the maturation or stabilisation of focal contacts. Overexpression of Syn4 in CHO-
K1 cells increases focal contact formation, whilst at the same time decreasing
motility while expression of a truncated, dominant negative form inhibits the
formation of mature focal contacts (Longley et al., 1999). Furthermore, fibroblasts
plated on the cell binding domain of fibronectin (which binds integrin-B1 only) can
be stimulated to form focal adhesions only after engagement of Syndecan-4
(Mostafavi-Pour et al., 2003; Saoncella et al., 1999). This has led to a 2-step model
of focal adhesion formation, whereby integrin engagement mediates an initial
attachment and drives the formation of focal complexes at the cell periphery, while
Syndecan-4 is required for the maturation and stabilisation of focal adhesions
(Morgan et al., 2007; Wilcox-Adelman et al., 2002b). The results presented here in
the neural crest clearly fit with this model. Several downstream pathways have been
proposed by which Syn4 may modulate focal adhesion formation. Syndecan-4 binds
directly to an adaptor protein Syndesmos, which itself binds to paxillin, indicating a
possible mechanism to physically link Syn4 to focal adhesions (Baciu et al., 2000;
Denhez et al., 2002). This interaction requires the activity of PKCa (Denhez et al.,

2002), and as I have demonstrated previously, an intact PKCo binding site is
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essential for Syndecan-4 to control neural crest migration. Additionally, Syn4
activity has also been shown to promote phosphorylation of FAK at tyrosine-397, a
role that is dependent on the activity of RhoA (Wilcox-Adelman et al., 2002a).

Until recently, the role of PCP signalling in controlling focal contacts has
remained unknown, but a recent study by lioka and colleagues (2007) firmly links
Dsh activity with focal adhesion formation. They show that paxillin, like PCP
signalling, is required for cell intercalation during gastrulation in Xenopus.
Furthermore, they suggest that Dsh/PCP regulates the stability of paxillin by two
mechanisms; firstly, using pull-down assays, they demonstrate that non-canonical
Wnt signalling promotes paxillin ubiquitination. Secondly they show that PCP
signalling stabilises a novel ring finger protein, XRNF185, which physically binds to
both paxillin and the proteosome, thus targeting paxillin for degradation (Iioka et al.,
2007). This appears to be in direct contradiction to what I have shown here, where an
increase in Dsh signalling results in an increase in active paxiilin. However it is
worth noting that Tioka et al do not directly examine the effect of modulating Dsh
levels on paxillin-containing focal contacts, but rather show that XRNF185 promotes
the turnover of focal adhesions.

The fact that inhibition of FAK results in such a strong neural crest migration
phenotype highlights the need for proper focal adhesion regulation during neural
crest migration. FAK is a 125kDa tyrosine kinase, which was originally identified to
localise to focal adhesions and has since emerged as a key modulator of focal
adhesion dynamics (Schaller et al., 1992; Schlaepfer et al., 2004). Many focal
adhesion components are phosphorylated in response to integrin engagement and
FAK is thought to be responsible for much of this phosphorylation especially of its
binding partners paxillin and p130Cas (Tachibana et al., 1997). However it is also
likely to be important as a FA scaffold protein, as kinase dead FAK retains much of
its activity (Schaller et al., 1999). FAK itself requires auto-phosphorylation of its
tyrosine 395 residue to be active, and clustering of FAK to focal adhesion sites
enhances this auto-phosphorylation (Kwong et al., 2003; Schaller et al., 1994). In
focal adhesions the main function of FAK is as a regulator of focal adhesion turnover
and disassembly. Thus, focal adhesion kinase null fibroblasts exhibit larger focal
adhesions and impaired migration (Ilic et al., 1995). This is very similar to what is
observed in neural crest cells. More recently live imaging experiments reveal that

FAK promotes the turnover and disassembly of adhesion complexes (Ren et al.,
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2000; Webb et al., 2004). Since the rate of attachment/detachment from the
extracellular matrix also governs the speed of cell movement (Palecek et al., 1997),
FAK null cells also move slower (Ilic et al., 1995). In neural crest cells, too,
inhibition of FAK results in a greatly reduced speed of migration. Interestingly, a
difference in severity is observed between the effect of FRNK on neural crest cells
migrating irn vitro versus in vivo. This hints at an additional role for FAK in vivo,
which may not be directly related to regulation of focal adhesions. As neural crest
cells remain in the neural tube in FRNK embryos, this additional role may be in
controlling delamination from the neural tube epithelium. FAK has been linked to
invasive behaviour in cancer cells and FAK expression levels is often elevated in
metastatic tumours (McLean et al., 2005). FAK -/- fibroblasts cannot permeate a 3D
matrix, and more importantly, neither can v-src transformed FAK null cells, despite
the fact that v-src transformation fully rescues the ability of these cells to migrate in
2D (Hsia et al., 2003). This indicates that FAK may be playing quite a different role
in 3-dimensions than in two. FAK may be regulating invasion through the control of
matrix metalloproteases (MMP), which are required for degradation of the
extracellular matrix. FAK activity is required for the expression and secretion of
matrix metalloproteases in an number of cancer cell lines as well as in fibroblasts
(Hsia et al., 2003; Hu et al., 2006; Shibata et al., 1998; Zhang et al., 2002). In
addition, expression of FRNK in thyroid carcinoma cells results in a reduction of the
transcription and secretion of MMP-9 and a decrease in invasiveness (Rothhut et al.,
2007). Matrix-metalloproteases also play a role in cranial neural crest migration
(Alfandari et al., 2001; Kuriyama and Mayor, 2008), therefore it is not unreasonable
to imagine that FAK is playing a similar role in delamination in cancer cells and the
neural crest. Thus FRNK cells are unable to leave the neural tube in vivo, while in
vitro neural crest cells do not face this problem, having been already forcibly
removed from the neural tube. Another possible explanation for the difference
observed in vitro and in vivo is that FAK affects cell matrix deposition. FRNK has
been shown to inhibit the deposition of fibronectin during Xenopus somitogenesis
(Kragtorp and Miller, 2006). FAK may also be required for the proper organisation
of fibronectin in the ECM, as FAK-deficient endothelial cells lack a fibriller,
organised fibronectin matrix in the E8.5 mice (Ilic et al., 2004). So, FAK may also be

required to regulate polarised fibronectin matrix deposition around the neural crest.
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One of my original aims in studying FAK was to assess the effect of focal
adhesions on neural crest migration, in an attempt to dissociate the two observed
cffects of Syn4 and Dsh signalling. However, as its effects on delamination and the
ECM illustrate, the role of FAK is more complex than the simple regulation of focal
adhesion formation and turnover. Furthermore, focal adhesion mediated-attachment
to the extracellular matrix has been postulated to be a key regulator of persistent cell
migration (Moissoglu and Schwartz, 2006) and indeed overexpression of FAK
causes a loss of persistence and directionality in cell migration (Gu et al., 1999).
FAK has also shown to be an upstream regulator of Rac and RhoA, both of which
control cell protrusion formation (Chen et al., 2002; Moissoglu and Schwartz, 2006;
Zhai et al., 2003). However here I show that, unlike Syn4 or Dsh, inhibition of FAK
in vitro affects neither the persistence of migration nor cell polarity (Fig5.13). This
indicates that focal adhesion size and number is not important for directional
migration of neural crest cells. Thus, the effects of Syn4 and PCP signalling on
directional migration are likely to be independent of their capacity to regulate focal
adhesions. While the effects on directed protrusion formation are likely to underlie
the loss of persistent migration, the effect on focal adhesions may be more important
in regulating speed. Inhibition of FAK and overexpression of Syn4 and DshAN all
result in increased focal adhesion size and a reduction of velocity.

In summary, both Syn4 and PCP signalling are having wide ranging effects on
the global migration machinery, affecting the formation of polarised cell protrusions
to control directional migration, as well as regulating focal contacts. One family of
molecule that are known to be similar global regulators of cell migration are the
small Rho GTPases, and in the next chapter I will address the role of the Syndecan-4

and Dsh as regulators of these molecules.
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6. Results: Syndecan-4 and PCP signalling control Small GTPase
activity

6.1. Introduction

Syndecan-4 and PCP signalling regulate neural crest migration by similar
cellular mechanisms: both are required for directional, persistent migration of crest
cells in vitro and in vivo by controlling the directed formation of cell protrusions as
well as by modulating focal adhesion dynamics. In this chapter I investigate the
down-stream signalling responsible for these effects.

Both Syn4 and the PCP pathway have been suggested to modulate the activity of
Racl and RhoA (Bass et al., 2007; Dovas et al., 2006; Habas et al., 2003), members
of the Rho family of small GTPases. The Rho GTPases are a highly conserved
protein family that regulate many aspects of eukaryotic cell biology including the
cell cycle, morphogenesis, and cell polarity, but are especially well known as
regulators of cell migration (Jaffe and Hall, 2005). In particular three well-studied
members of the family; Rac, RhoA & Cdc42, regulate different aspects of cell

migration.

6.1.1. Rac, RhoA and Cdc42 in cell migration

Rac, RhoA and Cdc42 are pivotal regulators of the actin cytoskeleton during
migration. Rac and Cdc42 promote actin polymerisation at the leading edge and are
associated with lamellipodia and filopodia respectively, while RhoA promotes stress
fibre formation (Kozma et al., 1995; Nobes and Hall, 1995b; Ridley and Hall, 1992;
Ridley et al., 1992). Although Rac and Cdc42 promote different types of protrusions
at the cell membrane, both are thought to initiate actin polarisation through the
Arp2/3 complex. Activated Cdc42 can bind directly to N-WASP, relieving an
inhibition and allowing N-WASP to bind and activate the Arp2/3 complex (Rohatgi
ct al., 2000; Rohatgi et al., 1999). Rac activates Arp2/3 via an indirect interaction
with the WAVE complex (Soderling and Scott, 2006; Steffen et al., 2004). RhoA, on
the other hand, stimulates actin polymerisation during stress fibre formation through
several members of the formin family, including mDia, which is a direct binding
partner of RhoA (Watanabe et al., 1999; Zigmond, 2004). RhoA also stimulates
formation and contraction of stress fibres through its downstream effectors Rho

kinases (ROKs), serine/threonine kinases, which phosphorylate myosin light chain
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(Riento and Ridley, 2003). As well as modulating the actin cytoskeleton, Rho
GTPases also regulate focal adhesion dynamics. Focal complex formation at the
front of the cell is driven by the activity of Rac and Cdc42 (Nobes and Hall, 1995b),
while RhoA promotes the formation of the more mature focal adhesions
(Chrzanowska-Wodnicka and Burridge, 1996; Nobes and Hall, 1995a; Ridley and
Hall, 1992).

Thus Rac and Cdc42 play complementary roles to RhoA during cell
migration, with Rac and Cdc42 acting at the leading edge to regulate both actin
polymerisation and the production of new focal complexes, while RhoA works under
the cell body to stabilise focal adhesions and promote the formation of stress fibres.
In addition, RhoA inhibits the formation of cell protrusions away from the leading
edge (Worthylake and Burridge, 2003). A fine balance between Rac/Cdc42 and
RhoA signalling enables a cell to remain polarised and promotes directional
migration and the perturbation of either RhoA or Rac is characterised by defects in
persistent migration (Bass et al., 2007; Pankov et al., 2005; Worthylake and
Burridge, 2003). Naturally then, the activities of the Rho GTPases during cell
migration require tight regulation. Like all small G proteins, Rho GTPases exist in
two different conformations: an active GTP-bound state and an inactive GDP-bound
state. Switching between these two states is regulated by guanine nucleotide
exchange factors (GEFs) that activate GTPases by catalysing the GDP to GTP
exchange, and GTPase activating proteins (GAPs), which stimulate GTPase activity
and thus the return to the GDP-bound inactive form (Bos et al., 2007). This switch
allows many different signalling inputs to feed into regulation of Rho GTPases
through the control of GAPs and GEFs. A diverse array of upstream signalling
pathways affect Rho GTPase activity including inputs from growth factors,
ECM/integrin interactions, Ephrins and Semaphorin ligands and lysophosphatidic
acid (Bernards and Settleman, 2005; Klein, 2004; Moolenaar et al., 2004; Puschel,
2007) . In addition there is considerable crosstalk between Rac, Cdc42 and RhoA
themselves as well as with other members of the Rho GTPase family (Burridge and
Wennerberg, 2004). Rac antagonizes RhoA in fibroblasts, as expression of a
constitutively active form of Rac results in the down-regulation of RhoA (Sander et
al., 1999). This repression may be the result of Rac-mediated production of reactive
oxygen species, which leads to the activation of a RhoGAP (Nimnual et al., 2003).

Activation of Cdc42 has also been shown to suppress RhoA activity (Sander et al.,
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1999). RhoA has been shown to limit protrusion formation and may do this by
repression of Rac away from the leading edge (Tsuji et al., 2002; Worthylake and
Burridge, 2003). Activation of RhoA using a constitutively active form suppresses
Rac activity, while inhibition of ROK using the small molecule inhibitor Y27632
results in an increase in GTP-bound Rac (Tsuji et al., 2002; Yamaguchi et al., 2001).
ROK has also been shown to phosphorylate and activate FilGAP, a GAP specific for
Rac, providing a mechanism for RhoA antagonism of Rac (Ohta et al., 2006). This
mutual repression of Rac and RhoA is likely to contribute to the polarised GTPase

activity that is required for directional migration.

6.1.2. Using FRET to measure small GTPase activity

The current model for Rho GTPase control of cell migration relies on activation
of discrete Rho GTPases in specific locations within the cell and there have been
many attempts to visualise both the localisation and activity of Rho GTPases.
Previously Rho GTPase localisation has been imaged in live cells cultured in vitro
using GFP-Rho GTPase fusion proteins, but although these can show the location
within the cell, they do not show whether the protein is in the GTP-bound, active
form. Alternatively pull-down assays, which utilise the effecter domains of Rho
GTPase binding partners that bind only the GTP-loaded form, can be used to
measure levels of Rho GTPase activity in cell lysates. Recently, however, a new
generation of fluorescent probes have been developed that allow the simultaneous
measurement of Rho GTPase activity levels and live imaging of their sub-cellular
localisation, by utilizing fluorescent resonance energy transfer (FRET) technology
(reviewed in (Kiyokawa et al., 2006; Kurokawa et al., 2005; Pertz and Hahn, 2004).
FRET is based on the principle that when two fluorophores with the appropriate
excitation and emission spectra come into close proximity (10-100A apart), non-
radioactive energy transfer will take place from an excited donor fluorophore to an
acceptor fluorophore, which will then emit at its characteristic wavelength. Initial
Rho GTPase FRET probes consisted of two components: for example, Kraynov et at
(2000) measured Rac activation using a GFP-Rac fusion protein which acts as a
donor and the CRIB-domain of Rac effector PAK fused to Alexa-546, which acts as
the acceptor fluorophore. Only when Rac is loaded with GTP, will it bind the CRIB
domain, bringing the two fluorophores into close enough proximity to allow FRET to
occur, resulting in a shift from GFP to Alexa-546 fluorescence. They showed a

gradient of Rac activation at the leading edge in migrating cells, with specific
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activity in membrane ruffles. (Kraynov et al., 2000). More recently, unimolecular
FRET reporters have been developed. These are single fusion proteins consisting of
the Rho GTPase/donor-fluorophore physically joined by a small linker domain to the
cffector domain/acceptor-fluorophore. Activation of the GTPase results in binding to
its effector, changing the conformation of the molecule and bringing two
fluorophores together to allow FRET to occur. These unimolecular FRET probes
allow direct measurement of the levels of interaction from the FRET/donor emission
ratio, and eliminate some of the previous problems associated with the two protein
system such as donor bleed through and direct acceptor excitation, which result from
the different distribution of donor and acceptor fluorophores (Pertz and Hahn, 2004).
Unimolecular FRET probes, using cyan fluorescent protein (CFP) and yellow
fluorescent protein (YFP) have confirmed specific localisations of active Cdc42 and
Rac. Cdc42 activity is strongest at the tip of the cell protrusions, while Rac is
concentrated slightly behind the leading edge (Itoh et al., 2002). RhoA has also been
analysed in this manner and its activity is found to be highest away from the leading
edge but at the base of the cell protrusions and in the retracting tail of the cell (Pertz
et al., 2006). Here I use these FRET probes; raichu-Rac (YFP-PAK CRIB domain-
Rac-CFP) raichu-cdc42 (YFP-PAK CRIB domain-cdc42-CFP)(Itoh et al., 2002) and
the RhoA unimolecular FRET probe (RhoA-YFP-CFP-RhoA binding domain of
Rhotekin)(Pertz et al., 2006) to analyse the activity of small GTPases in neural crest
cells and the effects of Dishevelled and Syndecan-4 on this activity.

6.2. Syn4 controls Rac activity but not RhoA or Cdc42

Plasmid DNA coding for the FRET probes for Rac, RhoA and Cdc42 (150pg
DNA was injected for Rac and Cdc42, 75pg for RhoA) was injected into 8-cell
Xenopus embryos and neural crest cells were removed at stage 17 and cultured on
fibronectin. Plasmid DNA diffuses slower than mRNA, resulting in a mosaic
expression pattern with not all cells expressing the FRET probes. Nevertheless,
between 5 and 10 cells in each neural crest explant expressed the probes and this was
sufficient to measure FRET efficiency in individual cells. Initially, live imaging of
moving cells was attempted, but the rapid dynamics of neural crest cell movement
quickly ruled this out, as the position of the cells was shifted between the pre-bleach
and post-bleach scans. Thereafter only fixed cells were analysed. To avoid losing
vital information about the directionality of the fixed cells, cells were filmed before

and during fixation so that it was possible to tell the direction of movement for each
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cell prior to fixation. The FRET efficiency of each probe was compared in cells from
embryos injected with the control morpholino and those from a syn4 morpholino
embryo (Fig 6.1). No difference was observed in the levels of Cdc42 or RhoA
activity with or without syn4 morpholino (Fig 6.1A), however a significant
difference in Rac levels was observed. In syn4 Mo cells, the FRET efficiency was
increcased four-fold compared to controls (Fig 6.1A). This indicates that Syn4 plays a
role in the repression of Rac in the neural crest, as removal of Syn4 results in an up-
regulation of Rac activity. Analysis of the distribution of Rac activity in individual
cells reveals a difference in spatial distribution between syn4 Mo cells and controls.
In control Mo cells, Rac activity is concentrated at the leading edge of the cell (Fig
6.1B), as has been described in other cell types (Itoh et al., 2002). However, in syn4
Mo cells elevated levels of Rac are visible around the entirety of the cell membrane
(Fig 6.1C). As Rac activity is associated with cell protrusion formation, this explains

why syn4 Mo cells produce protrusions all around the cell.

6.3. Dishevelled controls RhoA activity but not Rac or Cdc42

The effect of modulating Dsh signalling on small GTPase activity was also
addressed. FRET efficiencies were measured for all three FRET probes in NC cells
taken from embryos injected with 1ng DshDEP+ or 1ng DshAN (Fig 6.2). Once
again, no difference was observed in the levels of Cdc42 activity in the presence of
DshDEP+ or DshAN (Fig 6.2A). However, surprisingly given the effect of syn4 Mo
on Rac, no difference was observed in the levels of Rac activity (Fig 6.2A). Instead,
Dsh appears to be regulating the activity of RhoA. In DshAN cells, RhoA activity
was doubled, while inhibition of Dsh via DshDEP+ resulted in a significant decrease
in RhoA activity (Fig 6.2A). No specific localisation of RhoA was observed in
control neural crest cells, with RhoA enriched around the entire membrane, although
in a few cells there was a visible accumulation of RhoA at the retracting edge of the
cell (Fig 6.2B). In Dsh AN cells, RhoA activity was increased around the entire
membrane (Fig 6.2C), while DshDEP+ treatment resulted in a general decrease in
RhoA activity all over the cell (Fig 6.2D). This suggests that Dsh is promoting RhoA
activity in the neural crest. Thus Syn4 and Dsh are affecting different GTPases, with
Syn4 regulating Rac activity, while Dsh controls RhoA.
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Figure 6.1. syn4 Mo affects Rac activity but not RhoA or Cdc42

Xenopus embryos were injected with 75pg RhoA, or 150pg Rac or Cdc42 FRET
biosensor plasmid DNA and cranial neural crest explants were cultured on
fibronectin for 4 hours. Explants were then fixed and the FRET efficiency measured
in individually migrating cells. n= 5 cells for each condition, taken from at least 2
coverslips, ***p<0.005. (A) Graph of average FRET efficiency for Cdc42, Rac and
RhoA in control Mo and syn4 Mo injected cells. (B) Rac FRET efficiency for a
control Mo cell. Arrow indicates direction of migration determined by time-lapse
analysis of cell behaviour immediately before fixation. (C) Rac FRET efficiency for

a syn4 Mo cell. Scale bars = 10 um
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Figure 6.2. Dishevelled affects RhoA activity but not Rac or Cdc42

Xenopus embryos were injected with RhoA, Rac or Cdc42 FRET biosensors and
cranial neural crest explants were cultured on fibronectin for 4 hours. Explants were
then fixed and the FRET efficiency measured in individually migrating cells. (A)
Graph of average FRET efficiency for Cdc42, Rac and RhoA in cells taken from
control embryos, and embryos injected with 1ng DshDEP+ or Ing DshAN. n= 6 cells
for each condition, taken from at least 2 coverslips, ***p<0.005; *p<0.05. (B) RhoA
FRET efficiency for a control cell. Arrow indicates direction of migration
determined by time-lapse analysis of cell behaviour immediately before fixation. (C)
RhoA FRET efficiency for a DshAN cell. (D) RhoA FRET efficiency for a DshDEP+

cell. Scale bars = 10 pm.
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As these experiments were carried out in vitro, it is important to attempt to
observe Rho GTPase levels in neural crest cell migrating in vivo. Using zebrafish
embryos in this case is not possible, as neural crest cells in the sox10:egfp line
already exhibit GFP fluorescence. Therefore, graft experiments were carried out in
Xenopus embryos (Fig 6.3). Embryos were injected with the Rac and RhoA FRET
probes alongside rhodamine dextran (RDX) and neural crests were dissected at stage
17 and transplanted to uninjected hosts. Embryos were then fixed at stage 25 during
neural crest migration and sectioned using a cryostat. Migrating neural crest cells
can be easily visualised by RDX fluorescence (Fig 6.3 A-D). As plasmid DNA does
not diffuse as quickly as RDX, only a small proportion of RDX positive neural crest
cells also express the FRET probes (Fig 6.3 A’-D’). This allows analysis of the
FRET efficiency of individual migrating neural crest cells (Fig 6.3E-H). The
resolution is significantly lower than for neural crest cells in vitro, but it was still
possible to observe localised Rac and RhoA activation. In some, although not all
cases, Rac activity is clearly localised at the front of migrating neural crest cells in
vivo (Fig 6.3E). This was particularly clear for leading cells in a group of migrating
neural crest. As with in vitro, Rac activity was enriched around the entire cell
periphery in neural crest cells taken from embryos co-injected with syn4 Mo (Fig
6.3F). The highest levels of RhoA activity in neural crest cells in vivo were
concentrated at the edges of the cell, with some cells showing a particular enrichment
at the back (Fig 6.3G). In cells taken from embryos injected with Dsh-DEP+, this
was significantly reduced (Fig 6.3H). Most importantly, measurement of the overall
FRET efficiency for a number of cells in each condition, reveals a clear difference
when Syn4 or Dsh is inhibited. Rac levels were greatly increased in syn4 Mo cells
compared to controls (Fig 6.31), while RhoA levels suffered a significant reduction in
the presence of DshDEP+ (Fig 6.3]). Therefore, the effects observed in vitro can be

reproduced in vivo.
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Figure 6.3. Syn4 affects Rac while Dsh affects RhoA in vivo

Embryos were injected with the FRET probes for Rac and RhoA and membrane-
RFP. Before migration the injected neural crests were grafted into wildtype host
embryos. NC migration was observed in vivo and then the embryos were fixed,
sectioned and processed for FRET analysis. (A-D) Transverse section of stage 28
Xenopus embryos, overlay of membrane-RFP (NC cells) and bright field images.
Dotted circle indicates the neural tube. Green arrow: direction of migration. (A’-D’)
The embryos from A-D showing fluorescence from the FRET probes. Arrows
indicate the selected cells shown in E-H. (E-H) Examples of FRET efficiency in
individual migrating cells in vivo. (A, A’ E) Rac probe in cells injected with the
control Mo. (B, B’, F) Rac probe in cells injected with syn4 Mo. (C, C’, G) RhoA
probe in cells injected with control Mo. (D, D, H) RhoA probe in cells injected with
DshDep+. (I) Average FRET efficiency for Rac in vivo. (J) Average FRET

efficiency for RhoA in vivo. ***: p< 0.005, scale bars=10um.
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6.4. ROK represses Rac in the neural crest

Syn4 and Dsh appear to be acting on different GTPases in the neural crest, with
Syn4 acting as a repressor of Rac, while Dsh activates RhoA. However, neither
GTPase exists as an isolated entity and many example of crosstalk between the
different GTPases has been described. To investigate the possibility of cross
regulation between RhoA and Rac in the neural crest, small molecule inhibitors were
used to modulate Rac and RhoA signalling. Y-27632 is a specific inhibitor of ROK,
RhoA’s downstream effector, (Uchata et al., 1997) while the inhibitor NSC-23766
has been specifically designed to inhibit Racl by interfering with the Rac-GEF
interaction (Gao et al., 2004). Neural crest cells taken from embryos injected with the
FRET reporters for Rac, RhoA or Cdc42 were cultured in vitro in a medium
containing either 50 uM Y-27632 or 100 pM NSC-23766 (Fig 6.4). The results
reveal crosstalk between all three GTPases. Treatment with the specific Rac
inhibitor, NSC-23766, results in an increase in Cdc42 activity, suggesting possible
competitive roles of Rac and Cdc42 at the leading edge (Fig 6.4A). Naturally, a
decrease in Rac activity is also observed with this treatment, however no significant
effect on RhoA activity is visible (Fig 6.4A). Previous studies have shown that
activation of Rac leads to a decrease in RhoA, suggesting a suppression of RhoA by
Rac (Sander et al., 1999), however the results shown here cast doubt on an
endogenous repression in neural crest cells, as inhibition of Rac would be expected
to relieve such repression resulting in an activation of RhoA.

Treatment with the ROK inhibitor, Y-27632, also results in an increase in
Cdc42 levels and a small decrease in RhoA activity, likely to be due to positive
feedback between ROK and RhoA. Most significantly, though, a large increase in
Rac activity is observed in the presence of the ROK inhibitor (Fig 6.4A). This
suggests that ROK is acting as a potent inhibitor of Rac in the neural crest, an
interaction which has been well described in other cell types (Ohta et al., 2006; Tsuji
ct al., 2002; Yamaguchi et al., 2001) Images of the FRET efficiency of individual
migrating cells demonstrate that while Rac activity is confined to the leading edge in
control cells as before (Fig 6.4B), Y-27632 treatment results in high levels of Rac
activity around the cell membrane (Fig 6.4C). This is very similar to what is
observed in cells expressing the syn4 Mo. So like Syn4, RhoA may be acting as a

repressor of Rac in the neural crest.
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Figure 6.4. ROK represses Rac in neural crest cells migrating in vitro
Xenopus embryos were injected with DNA coding for RhoA, Rac or Cdc42 FRET
biosensors and cranial neural crest explants were cultured for 4 hours on fibronectin.
Explants were then fixed and the FRET efficiency measured in individually
migrating cells. (A) Graph of average FRET efficiency for Cdc42, Rac and RhoA in
cells cultured in a control medium or in a medium containing 50 pM Y-27632 or 100
uM NSC-23766 (NSC). n= 5 cells for each condition, taken from at least 2
coverslips, ***p<0.005; **p<0.01. (B) Rac FRET efficiency for a control cell.
Arrow indicates direction of migration determined by time-lapse analysis of cell
behaviour immediately before fixation. (C) Rac FRET efficiency for a cell treated

with the ROK inhibitor, Y-27632. Scale bars = 10 um.
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6.5. Rac and ROK are required for directed migration of neural crest cells

The roles of Rac and RhoA during cell migration have been widely described,
and both GTPases are expressed in the neural crest in Xenopus embryos(Lucas et al.,
2002; Wunnenberg-Stapleton et al., 1999), however their functions during neural
crest migration have not previously been analysed. Therefore neural crest behaviour
was analysed when Rac or ROK were inhibited using the small molecule inhibitors.
Initially, whole embryos were placed in a medium containing up to 100 pM of Y-
27632 or NSC-23766, and in situ hybridisation was carried out to examine in vivo
neural crest migration. However, no effects on neural crest migration were observed
nor any other developmental defects. It is not known whether Y-27632 or NSC-
23766 are able to cross the outer epithelium of the embryo, and since Rac and ROK
are known to be vital for many developmental processes, it would seem likely that
they are not. Additionally beads soaked in Y-27632 or NSC-23766 were grafted into
the neural crest of Xenopus embryos, but no effect on neural crest migration was
observed. Once again, it is not known whether the inhibitors would in fact be caught
up in the porous beads and whether they would be able to diffuse freely out. Also,
the small size of Y-27632 or NSC-23766 means that any diffusion would likely to be
rapid, resulting in a rapid dispersal away from the neural crest. Due to these
difficulties in using the inhibitors in vivo, neural crest cell behaviour was analysed in
vitro in the presence of the inhibitors (Fig 6.5). As before, control neural crest cells
migrated persistently away from the centre of the neural crest explant with an
average speed of 1.9um/min (Fig 6.5A-C). When neural crest cells were cultured in a
medium containing 50 uM Y-27632, their behaviour was markedly different from
controls and they rapidly dispersed away from the centre of the explant (Fig 6.5D,E).
Tracking of individual cell trajectories reveals that in the presence of Y-27632 cells
lose persistent migration and frequently change direction (Fig 6.5F, compare to
6.5C). On the other hand, cells cultured in medium containing 100 uM NSC-23766
show a decrease in migratory behaviour and travel very little distance over 60
minutes (Fig 6.5G-H). Cell tracking shows a loss of persistence and as well as a
shortening of track length indicating a decrease in migration speed (Fig 6.51).
Measurement of the velocity of individual cells shows that in the presence of the Rac
inhibitor, cells do have a significantly decreased mean speed of 1.55pum/min. The

speed of cells treated with the ROK inhibitor is unaffected. So, an increase in Dsh
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signalling, which correlates with an increase in RhoA levels results in a decrease in
migration speed (Fig 6.5J). Meanwhile, the higher levels of Rac activity associated
with syn4 Mo or with the ROK inhibitor treatment have no significant effect on
migration speed (Fig 6.5J). The average persistence of individual neural crest cells
was also calculated. Treatment with either the Rac or ROK inhibitors resulted in a
decrease with cells having an average of 0.26 and 0.45 respectively (compared to
0.65 in control neural crest cells). All of the treatments result in a significant
decrease in persistence of migration (Fig 6.5K), suggesting that a fine balance of
Syn4 and Dsh signalling is required to precisely regulate Rac and RhoA to allow

persistent migration.

6.6. Rac and ROK control the formation of cell protrusions and focal contacts

in neural crest cells

As Syn4 and Dsh both control the formation of cell protrusions and focal
contacts and modulate Rho GTPase levels, it is likely that Rac and RhoA are also
playing a role in these processes. Cells treated with the Rac and ROK inhibitors were
imaged at higher magnification to observe the effects on cell protrusion formation
(Fig 6.6). As previously, control cells have a polarised morphology with new
protrusions forming only at the leading edge (Fig 6.6A-C). By contrast cells cultured
with the ROK inhibitor are anything but polarised with filopodium-like protrusions
forming all around the cell (Fig 6.6D-E). Analysis of protrusions over a 20-minute
period reveals that these small protrusions form and collapse very rapidly (Fig 6.6F).
As Rac activity is increased in these cells, this is consistent with the well-established
role of Rac in promoting protrusion at the leading edge. Additionally, RhoA has been
described to limit the production of cell protrusions possibly through repression of
Rac (Worthylake and Burridge, 2003). In cells cultured in the presence of the Rac
inhibitor, polarity is also lost (Fig 6.6G, H). Furthermore these cells exhibit a
rounded morphology and lack cell protrusions. In fact over a 20minute period, no
protrusive activity was observed (Fig 6.61), although the cells moved constantly and
were clearly alive. Again, this is consistent with an essential role for Rac in

protrusion formation.
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Figure 6.5. Rac and ROK are required for persistent migration in vitro.
Xenopus cranial neural crest explants were cultured on fibronectin as before and
individual cell trajectories were tracked. (A, B) Images from a timelapse film of
control neural crest cells migrating on a fibronectin-coated coverslip, taken at 2
timepoints, 60-minutes apart. (C) Individual cell tracks of control neural crest cells
over the 60-minute period. (D, E) A neural crest explant treated with Y-27632 for 30
minutes previously at two timepoints separated by 60 minutes. (F) Individual cell
tracks of Y-27632 treated cells over the 60-minute period. (G, H) A neural crest
explant treated with NSC-23766 for 30 minutes previously at two time points
separated by 60 minutes. (I) Individual cell tracks of NSC-23766 treated cells over
the 60-minute period. (J) Velocity of neural crest cell migration for all treatments.
(K) Persistence of neural crest migration for all treatments. n= number of cells
analysed. Cells were from at least 2 different explants in each condition.

*#%p<0.005; **p<0.01; *p<0.05, scale bars = 200 pum.
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Figure 6.6. Rac and ROK control the formation of cell protrusions in vitro
Xenopus cranial neural crest cells were cultured on fibronectin and the shape of
individual cells was observed over a 20-minute period by timelapse photography. (A,
D, G) DIC image of cells at t=0. (B, E, H) DIC image of the same field after 20
minutes. (C, F, I) Outline of individual cell shapes plotted every 5 minutes to show
the change in cell protrusions over the 20-minute time period. Images not to scale.
(A-C) Control neural crest cells. Arrow in C indicates direction of cell migration. (D-
F) Cells treated with Y-27632. (G-I) Cells treated with NSC-23766. Scale bars =
20pm.
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Cells were also fixed and focal contacts analysed using the p-paxillin antibody
(Fig 6.7). Polarised control cells have a similar distribution of focal contacts as
before, with paxillin containing adhesions mostly localised at the leading edge, often
associated with the tips of actin filaments (Fig 6.7A-C). In ROK inhibitor treated
cells, no paxillin accumulations could be observed in the majority of cells (Fig 6.7D-
F). These cells are clearly attached to the underlying substrate but the sites of
attachment may be too small to visualise at this magnification. However Y-26732
treatment has been shown to decrease paxillin tyrosine phosphorylation (Tsuji et al.,
2002), so it is likely that adhesion structures containing phosphorylated paxillin are
not present. Staining with rhodamine phalloidin in these cells shows the large
number of small actin protrusions all around the cell periphery (Fig 6.7F). In cells
treated with the Rac inhibitor, p-paxillin staining is greatly increased with many
large focal adhesion structures being visible (Fig 6.7G). In addition, many thick
actin stress fibres can be observed under the cell body, the tips of which co-localise
with paxillin containing adhesions (Fig 6.7H,I). To quantify these effects on focal
contact formation, the average number of focal contacts per pm” and the average size
was measured as before. Cells treated with the ROK inhibitor have significantly
fewer and smaller focal contacts compared to controls (Fig 6.7J,K) while cells
treated with the Rac inhibitor show a significant increase in both focal contact
number and size (Fig 6.7J.K). Once again, these results confirm the previously well-
described roles of Rac and RhoA in cell migration in neural crest cells. Inhibition of
Rac gives rise to cells lacking in cell protrusions, but containing many mature focal
adhesions and stress fibres, confirming a role for Rac in protrusion formation and
focal contact turnover. Meanwhile, inhibition of ROK, which I have shown
corresponds to a general increase in Rac activity (Fig 6.4), results in an increase in
cell protrusions and decrease in focal contacts (presumably due to increased turnover
and promotion of new focal complex formation driven by Rac), as well as a decrease

in stress fibres, which are typically associated with RhoA activity.
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Figure 6.7. Rac and ROK control focal contacts in vitro

(A-I) Xenopus neural crest cells were cultured for 5 hours on fibronectin, fixed and
stained with an antibody against phospho-paxillin (A, D, G), and rhodamine-
phalloidin (B, E, H). (A-C) Control neural crest cells. (D-F) Cells treated with Y-
27632. (G-I) Cells treated with NSC-23766. Scale bars = 20um. (J) Average number
of focal contacts per um” of cell area. (K) Average size of focal contacts (in pum?). n=

no. cells analysed, takend from at least two experiments. ***p<0.005.
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6.7. Inhibition of Rac is able to rescue the effect of syn4 Mo on focal contact
formation.

FRET analysis indicates that Syn4 is acting as a repressor of Rac in the neural
crest, as injection of syn4 Mo results in an increase in Rac activity (Fig 6.1). It is
likely to be through this inhibition of Rac that Syn4 modulates cell polarity and the
formation of cell protrusions and focal contacts. To test this hypothesis, a rescue
experiment was carried to see if inhibition of Rac using NSC-23766 was able to
reverse the effect on focal contact formation observed with syn4 Mo (Fig 6.8).
Neural crest cells were dissected from stage 17 Xenopus embryos, cultured in vitro
for 5 hours and then fixed and stained with the p-paxillin antibody and rhodamine-
phalloidin. As before, control neural crest cells have a polarised actin cytoskeleton
with medium sized focal contacts visible at the front of the cell (Fig 6.8 A-C).
Treatment of control cells with the Rac inhibiter once again greatly increases the
number and size of focal contacts and results in increased stress fibre formation (Fig
6.8D-F). Cells taken from syn4 Mo injected embryos, when cultured in a normal
Danilchick medium, show a decrease in focal contact formation compared to controls
and also lose cell polarity (Fig 6.8G-I). However when syn4 Mo cells are cultured in
a medium containing the Rac inhibitor, the opposite phenotype is observed with cells
exhibiting much larger focal adhesions in a phenotype more similar to that of control
cells treated with the inhibitor (Fig 6.8J-L). The fact that the Rac inhibitor is
effectively able to ‘override’ syn4 Mo treatment and restore focal contact formation,
suggests that Rac is acting downstream of Syn4 in the neural crest to control the
cytoskeleton and focal adhesions. However, no true rescue is achieved as cells are
not able to regain their polarity or directional migration. This is unsurprising, given
that NSC-23766 acts as a global inhibitor of Rac, which in itself causes an inherent
loss of polarity. Nevertheless, this result supports a model in which Syn4 controls

neural crest migration through repression of Rac.
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Figure 6.8. The effect of syn4 Mo on focal contacts can be rescued by inhibition
of Rac.

Xenopus neural crest cells were cultured for 5 hours on fibronectin and then fixed
and stained with an antibody against phospho-paxillin (A, D, G, J), and rhodamine-
phalloidin (B, E, H, K). (A-C) Control neural crest cells. (D-F) Cells cultured in a
medium containing 100 uM NSC-23766 (G-I) Cell taken from an embryo injected
with 8ng syn4 Mo and nuclear-GFP. (J-L) Cell taken from an embryo injected with
8ng syn4 Mo and nuclear-GFP, cultured in a medium containing 100 uM NSC-
23766. Note how the decrease in focal contacts normally observed with synd Mo is

reversed. Scale bars = 20um.
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6.8. Discussion

Rac and RhoA are pivotal regulators of cell migration in many different cell
types and the data presented here, using small molecules to inhibit Rac and ROK
activity, confirms that this is also the case in neural crest cells. Cells with reduced
Rac or ROK activity lose polarised morphology and are unable to undertake
directional migration (Figs 6.5, 6.6). Furthermore, the roles of Rac and RhoA in
regulating membrane protrusion and substrate attachment in the neural crest correlate
with those that have been previously described in other cell types. It comes as no
surprise that small GTPases act downstream of Syn4 and Dsh in the neural crest,
however it appears that Syn4 and the PCP pathway are primarily affecting the
activities of different GTPases.

Cdc42 is involved in the regulation of cell polarity in a number of migratory
cell types (Reviewed in (Etienne-Manneville and Hall, 2002). Expression of
dominant negative forms of Cdc42 results in cell depolarisation and inhibits
directional migration in fibroblasts and astrocytes (Etienne-Manneville and Hall,
2001; Nobes and Hall, 1999). Cdc42 also regulates polarity during migration by
contributing to formation of filopodia at the leading edge and by re-orientating the
microtubule organising centre and Golgi apparatus to form a polarised network
(Etienne-Manneville and Hall, 2003; Nobes and Hall, 1995b; Nobes and Hall, 1999;
Palazzo et al., 2001). However, more recent studies have shown little effect of Cdc42
upon cell polarity. Pankov et al (2005) used siRNA to inhibit Cdc42 in fibroblasts
and found no effect on directional migration. Likewise, genetic ablation of Cdc42 in
fibroblastoid ES cells, unlike expression of a dominant negative form, has been
shown to have no effect on directional migration, cell polarity or the formation of
filopodia in a wound healing assay (Czuchra et al., 2005). One possible explanation
for these differences is that dominant negative forms of Cdc42 may bind GEFs that
are not specific for Cdc42, and therefore could disrupt the activity of other Rho
GTPases such as Rac or RhoA. Here I show that inhibition of Syn4 or PCP signalling
have no effect on the activation status of Cdc42, despite the fact that these treatments
have a profound effect upon cell polarity and directed migration. This would suggest
that in NC migration Cdc42 is not the primary GTPase regulating cell polarisation
and protrusion formation. However a role for Cdc42 cannot be ruled out as inhibition

of Cdc42 in neural crest cells has not been attempted here.
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There is much evidence that Syndecan-4 regulates Rho GTPases, and it was
initially proposed to be an activator of RhoA, based upon the rapid formation of
stress fibres observed when Syn4 is artificially activated by antibody binding. This
effect can be blocked by addition of a Rho inhibitor, C3 transferase from Clostridium
botulinum, suggesting a direct link between Syn4 and Rho activation (Saoncella et
al., 1999). Syn4-dependent phosphorylation of focal adhesion kinase may also
involve RhoA, as activation of RhoA with LPA treatment can rescue the decrease in
phosphorylation observed in Syn4 null fibroblasts (Wilcox-Adelman et al., 2002a).
More recent work places PKCa in this pathway, with Syn4 activating PKCa, which
in turn activates RhoA to control FAK phosphorylation (Dovas et al., 2006).
However none of these studies directly measured GTPase activity in the presence or
absence of Syn4 and most conclusions are inferred from the use of RhoA activators
or inhibitors to rescue cell morphologies. Here, by directly measuring RhoA activity
using FRET, I have shown that in neural crest cells at least, the effect of Syn4 on
RhoA is negligible. Instead, an antisense Mo against syn4 increases the levels of Rac
in the entire cell, suggesting that Syn4 contributes to the inhibition of Rac. Several
recent publications have supported the idea that Rac, rather than RhoA may be the
principal small GTPase acting downstream of Syn4. Saoncella et al, using both a
Rac-GTP pull-down assay and immunostaining of Rac in fixed cells, show that Rac
activity is elevated in Syn4-null fibroblasts and that its sub-cellular distribution is
disrupted (Saoncella et al., 2004). However work by Tkachenko and colleagues has
shown that Rac is activated at the leading edge in response to Syn4 engagement and
clustering (Tkachenko et al., 2006; Tkachenko et al., 2004). Some clarification has
come from the recent study by Bass et al (2007). They used FRET to measure Rac
activity in migrating fibroblasts and found that while wildtype cells showed Rac
activity localised at the leading edge, Syn4-null cells had an increase in Rac activity
all around the membrane. RhoA, however, was unresponsive to changes in Syn4
signalling. Furthermore, they show that regulation of Rac by Syn4 contributes to
persistent migration. I have shown here that this is also the case in the neural crest.
However, Bass et al also propose that Syn4 stimulates an initial wave of Rac
activation upon cell spreading. They suggest that this early activation of Rac,
induced by engagement of Syn4 with the extracellular matrix, is responsible for
localised Rac activity and hence membrane protrusion at the leading edge (Bass et

al., 2007). In neural crest cells only antagonism of Rac by Syn4 was observed, a
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result that conflicts with the hypothesis presented by Bass and colleagues. Their
model is based on the finding that syn4-/- fibroblasts lack the early wave of Rac
activation that is normally observed in wildtype cells plated on fibronectin. However
they also show that Rac levels are consistently higher in Syn4-null cells, so it is
possible that any initial increase in Rac could simply be masked by a background of
high Rac activity, and is therefore not necessarily dependent on Syn4. Alternatively,
an initial Syn4-based activation of Rac may occur in the neural crest, but may not
have been observable in the conditions used here. As live FRET imaging proved
impractical, analysis of neural crest cells was carried out on fixed cells that had been
migrating for several hours and Rho GTPase activity was not analysed during initial
attachment and onset of migration. Thus, it is possible that any initial peak in Rac
activity could have been missed during this analysis. Either way, the data presented
here are consistent with the conclusions of Bass et al that Syn4 controls directional
migration through the regulation of Rac, but not RhoA.

While Syn4 appears to be affecting Rac but not RhoA in the neural crest,
PCP signalling is principally acting on RhoA. Inhibition of Dsh using DshDEP+
decreases RhoA activity levels, while overexpression of DshAN results in higher
RhoA levels, suggesting that Dsh is acting as an activator of RhoA in the neural
crest. In the literature Rac, RhoA and Cdc42 have all been placed downstream of the
PCP signalling cascade, as direct links to the actin cytoskeleton. Cdc42 has been
implicated in PCP signalling in both the Drosophila wing and during vertebrate
gastrulation (Choi and Han, 2002; Eaton et al., 1996; Penzo-Mendez et al., 2003).
However other reports suggest that RhoA and Rac are the main PCP effectors. Rac
and RhoA are both required for cell intercalation during convergent extension
movement and appear to play complimentary roles, with RhoA controlling cell shape
while Rac is responsible for protrusive activity and filopodium formation (Tahinci
and Symes, 2003). Biochemical assays measuring Rho GTPase activity in Xenopus
cells after modification of PCP signalling have indicated that Rac and RhoA, but not
Cdc42, are activated in response to PCP signalling (Habas et al., 2003). However, a
triple deletion of the three rac genes in Drosophila, racl, rac2 and mtl, fails to cause
PCP defects (Adler, 2002; Hakeda-Suzuki et al., 2002) suggesting that Rac signalling
is not essential for the PCP pathway. The body of evidence for RhoA playing a role
in PCP signalling is more compelling. RhoA can bind to Dishevelled, albeit

indirectly through their common interaction with the Formin homology protein,
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Daaml (Habas et al., 2001). RhoA and ROK have both been shown to act
downstream of dishevelled in Drosophila PCP signalling (Strutt et al., 1997, Winter
et al., 2001) and overexpression of ROK also disrupts convergent extension in
zebrafish (Marlow et al., 2002). RhoA zebrafish morphants phenocopy PCP mutants
and furthermore, activation of RhoA is able to rescue the convergent extension
defects normally associated with Wnt11 or WntS mutants (Zhu et al., 2005),
suggesting that PCP signalling is responsible for an activation of RhoA during
gastrulation. Cells undergoing convergent extension with their elongated
morphology and lateral cell protrusions present a different prospect to individually
migrating neural crest cells, which form protrusions only at the leading edge.
However the effect of PCP signalling on RhoA in the neural crest appears to be
conserved. This is the first study in which the levels of Rac, RhoA and Cdc42 have
been directly measured using FRET in response to changes in PCP signalling and it
points to a clear role for PCP signalling in activating RhoA, but not Rac and Cdc42.
These results indicate that Syn4 and Dsh activate two parallel pathways that
lead to the inhibition of Rac and activation of RhoA respectively. However I also
show that ROK inhibits Rac in the neural crest. So activation of RhoA by PCP
signalling is also likely to lead to Rac inhibition. Thus both pathways ultimately have
the same effect of decreasing the overall levels of Rac cither directly, or indirectly.
Activation of Rac at the front of a cell is a key event during directional migration.
Several factors control the localized activity of Rac, such as specific guanine
nucleotide exchange factors (GEFs) that are delivered at the front of the cell in a
PI;K dependent manner (Welch et al., 2003), and the formation of lipid rafts (del
Pozo et al., 2004). Once Rac is active, numerous feedback loops help maintain
directional protrusions. It has been shown that maintaining precise levels of Rac
activation at the leading edge is enough to promote persistent migration in vitro.
Pankov et al (2005) found that modulating Rac levels using RNAi was sufficient to
switch cell migration from persistent directional migration to random walk. At very
low levels of Rac migration of fibroblasts was inhibited, while at higher levels cells
migrated with a high persistence. If levels were increased further, cells lost their
persistence and migrated randomly with frequent changes of direction (Pankov et al.,
2005). I propose that something similar is happening in neural crest cells. Signalling
via Syn4 and the PCP pathway contribute to the inhibition of Rac in the neural crest,

thus forming part of the mechanism by which highly localised Rac activity and
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directional migration is maintained. Bass et al (2007) have proposed a similar Syn4-
based mechanism for the maintenance of directional migration in fibroblasts
migrating in vitro. This model is able to explain the effects of modulating Syn4 and
Dsh on cell migration and morphology described in the previous chapter: Inhibition
of Syn4 or Dsh results in an increase in Rac levels and loss of cell polarity. Increased
Rac activity also causes an increase in cell protrusions and a decrease in paxillin-
containing focal contacts. Conversely, over-activation of Syn4 or Dsh results in a
decrease in Rac signalling. This also gives loss of polarity as no cell protrusions are
produced in any direction. Additionally, inceased Dsh activity results in higher RhoA
levels and the associated increase in stress fibres and mature focal adhesions. This
model however throws up a somewhat paradoxical result. If Dsh activates RhoA,
which then represses Rac, why is it that no effect on Rac FRET is observed when
Dsh is inhibited in neural crest cells? One possible explanation is that a residual
amount of RhoA after Dsh inhibition is sufficient to maintain the normal Rac level.
This model explains how Syn4 and PCP signalling allow neural crest cells to
maintain a balance of small GTPase activity and thus a directional, persistent
migration. However it does not address how neural crest cells establish this polarity
in the first place. Additionally, are Syn4 and PCP signalling functioning purely by
modulating the overall levels of Rac and RhoA in the cell or are they able to transmit
some kind of directional cue that limits Rac activity to the front of the cell? If the
latter is the case, then Syn4 and Dsh activity would be expected to be confined to the
body of the cell, away from the leading edge, where Rac is not active. In fact, this is
indeed the case for PCP signalling as I have shown in chapter 3 that Dsh localises to
the back of individual migrating crest cells. Interestingly, this localisation is different
in groups of cells where Dsh is localised at the point of contact between two cells. In
fact, the localisation of Dsh at the rear of individually migrating cells may result
from the fact that the back of the cell was probably the last portion to be in contact
with other neural crest cells. This raises the possibility that cell-cell interactions may
be involved in the establishment of cell polarity and it is this possibility that will be

explored in the following chapter.
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7. Results: PCP Signalling controls ‘Contact inhibition of
locomotion’ in neural crest cells

7.1. Introduction

The sub-cellular localisation of Dsh has often been suggested to be an essential
factor in Wnt signalling and I have shown that Dsh accumulates at the back of
individually migrating neural crest cells. This is consistent with a role for Dsh in
activating RhoA and thus inhibiting cell protrusion formation away from the leading
edge. However I have also shown that in groups of neural crest cells Dsh localises to
the points of contact between cells (Fig 3.8), a localisation which has also been
described in other cell types such as mesoderm (Witzel et al., 2006). This infers a
potential role for cell-cell signalling in establishing Dsh localisation in the neural
crest and hence in controlling cell polarity.

It is well established that physical contact between two migrating cells can
determine cell polarity and the direction of migration. The effect of cell-cell contact
on migratory cell behaviour was first described by Abercrombie and Heaysman in
the early 1950s (Abercrombie and Heaysman, 1953; Abercrombie and Heaysman,
1954b). They filmed fibroblasts migrating on glass and examined the pathways taken
by individual migrating cells upon contact with each other. They found that
individual fibroblasts initially migrated randomly but after touching another cell,
they cease movement in the previous direction and are diverted away from the point
of cell contact. This phenomenon has been termed ‘contact inhibition of locomotion’
(Abercrombie and Ambrose, 1958). Since then, contact inhibition of locomotion has
been show to occur in other cell types including epithelial cells (Brown and
Middleton, 1981) and the failure of contact inhibition has been suggested to underlie
malignant invasion (Abercrombie, 1979; Abercrombie and Heaysman, 1954a;
Paddock and Dunn, 1986). Abercrombie also proposed that contact inhibition of
locomotion could account for embryonic cell movements such as gastrulation
(Abercrombie, 1967), but to date no in vivo examples of contact inhibition have been
described. Neural crest cells migrating in vivo maintain many short and long range
contacts with other neural crest cells (Teddy and Kulesa, 2004), so it is possible that
this kind of interaction may also be guiding neural crest migration. In this chapter [
will examine the hypothesis that contact inhibition of locomotion occurs in the neural

crest and that this process is controlled by Dsh/PCP signalling.
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7.2. Leading neural crest cells behave differently to non-leading cells in vitro
Xenopus neural crest explants cultured on fibronectin will rapidly disperse with
cells moving persistently away from the centre of the explant (see Figs 5.1, 5.3, 6.4
and also (Alfandari et al., 2003; De Calisto et al., 2005). To analyse a possible role
for cell-cell contact in this behaviour, a detailed analysis of Xenopus neural crest
explants on fibronectin was carried out (Fig 7.1). Scanning Electron Microscopy
(SEM) images of migrating neural crest explants illustrate this behaviour, with cells
in the centre of the explant forming a tight group, while cells at the edge start to
disperse (Fig 7.1A, SEM images thanks to Chaudhary Riaz). Higher magnification
SEM reveals that it is only the cells at the very edge of the explant that show any
clear polarity, with large lamellipodia protruding away from the bulk of the explant
(Fig 7.1B, C). Behind these leading cells, the ‘trailing’ cells are clearly attached to
the substrate and although they possess many thin filopodia-like membrane
protrusions, these are distributed all around the cell body and often form connections
with the neighbouring cells (Fig 7.1B,C). 95% of leading cells show lamellipodia at
the front and only 10% of non-leading cells have lamellipodia. These differences can
also be observed using time-lapse analysis of neural crest cells expressing
membrane-GFP. Cell at the leading edge are highly polarised in the direction away
from the centre of the explant and cells never over-lap with each other (Fig 7.1D,
D’). The behaviour of leading cells (i.e. the cells at the front of migration) versus
non-leading cells (i.e. cells behind the leading cells) was analysed by tracking their
individual migration pathways. Leading cells showed a persistent directional
migration (blue lines in Fig 7.1F) with no changes in their angle of migration (blue
dots in Fig 7.1G close to 0°). On the contrary, non-leading cells exhibited a low
persistence (red lines in Fig 7.1F) and the angles of migration were randomly
distributed between -180° and +180° (red dots in Fig 7.1G). These differences in
behaviour indicate that two populations of neural crest cells exist in vitro; those at
the leading edge of migration that exhibit high polarisation and persistent migration
(Note it is this population that has been analysed in previous cell tracking
experiments, ¢.g. Fig 5.1) and those behind, which are surrounded by other cells and
show much more random movement. This difference could be due to intrinsic cell
differences inherited from two populations of cells in the embryo. To test this, neural
crest explants were dissected and dissociated in a Ca** Mg”" free medium (Modified

Barth’s Solution) and then randomly re-aggregated into groups. A similar cell
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behaviour was observed between the re-associated cells and the intact NC explants
cultured in vitro. Cells re-associated into small groups become rapidly polarized and
migrate away from each other (Fig 7.1E). This suggests that the difference between
leading and non-leading neural crest cells is not due to intrinsic cell differences, but
rather that any cell 1s able to become polarised if it reaches the leading edge. As non-
leading cells are surrounded by other neural crest cells on all sides, the suppression

of lamellipodia in these cells could be due to a mechanism like contact inhibition.

7.3. Contact inhibition of locomotion occurs between neural crest cells in vitro

and in vivo

To test whether cell contact is sufficient to polarise a cell and interfere with the
direction of migration, an explant confrontation assay was developed (Fig7.2A). Two
neural crest explants were cultured on a fibronectin-coated coverslip in close
proximity, so that soon after the beginning of migration the leading cells from one
explant would confront leading cells from the other explant migrating in the opposite
direction. This allows the direct observation of a collision between two individual
cells. When a neural crest cell encounters a cell from the opposite group, it ceases
migration and rapidly collapses its lamellipodium (Fig 7.2A, time of collapse 7.8+3
min) and changes direction to migrate away from the other cell. This behaviour is
exactly what was observed by Abercrombie and colleagues in migrating fibroblasts
and for which the term ‘contact inhibition of locomotion’ was coined (Abercrombie,
1970). Analysis of several collisions demonstrates that this behaviour is highly
reproducible (Fig 7.2B, 100% cells changed direction, total n=18).

Contact inhibition has been well described in vitro, but it is not known if it
also occurs in vivo. Therefore, the behaviour of individual neural crest cells
migrating in the head of sox/0.egfp transgenic zebrafish was analysed (Fig 7.2D).
Cell collision events are rare in vivo but do increase in the later stages of
development when neural crest cells are more dispersed. Cell behaviour observed at
these events mimics that which is observed in vitro. When a neural crest cell makes
contact with another cell, it rapidly collapses its protrusion and changes direction,
migrating in the opposite direction away from the other cell (Fig 7.2E-F). This
behaviour was observed in a number of individual cell collision events (Fig 7.2C)
and in total 30% of cell collisions in vivo resulted in cells separating and moving
away from each other (n=60 individual cells). This indicates that contact inhibition is

also occurring between neural crest cells in vivo.

- 151-



25 R . L e e
0 50un. -9 200pm

Figure 7.1

-152 -



Figure 7.1. Leading neural crest cells behave differently to non-leading cells in
vitro

(A-C) Scanning electron micrographs of Xenopus cranial neural crest explants
migrating in vitro. Red square in A indicates cells at the leading edge of migration
(higher magnifications of the leading edge are shown in B and C). Red arrow
indicates direction of migration. Note extensive lamellipodium in leading cell in B.
Scale bars = 50um. (D) Fluorescent microscope image of neural crest cells
expressing membrane-GFP at the edge of a cranial neural crest explant. D’ shows
schematic of D, note how cells do not overlap. Arrow shows direction of migration.
(E) Three frames of a time-lapse movie of dissociated and re-aggregated neural crest
cells expressing membrane-GFP and nuclear-RFP. Cell rapidly move away from
each other. (F) Individual cell trajectories of leading (blue) and non-leading (red)
cells. (G) Distribution of angles of migration for leading (blue) and trailing (red)
control neural crest cells. For leading (blue) cells, n = 3, for non-leading (red) cells, n

= 8. The experiment was repeated with 3 different explants with similar results.
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Figure 7.2. Contact inhibition of locomotion occurs in the neural crest

(A) Four frames of a time-lapse film (t= Omins, 8mins, 18mins and 26mins) of a
collision between two neural crest cells migrating on fibronectin in an explant
confrontation assay. Cells from different explants are artificially coloured in orange
or yellow. White arrow indicates direction of migration, note change of direction in
orange cell after contact with yellow cell. (B) Trajectories of individual neural crest
cells in vitro over a 30 minute period during which a collision occurred, horizontal
black line represents point of contact. (C) Trajectories of individual neural crest cells
at collision events in zebrafish embryos, horizontal black line represents point of
contact. (D) The cephalic region of a sox10:egfp zebrafish embryo, dorsal view,
anterior to top. Box indicates region shown in E. (E) Time-lapse film of the collision
collision between two NC cells (C1 and C2) in vivo. Each panel corresponds to the
difference between two consecutive two-minute frames. Green: new area; red:
collapsing area; black arrow: direction of migration; white arrow: collapsing

protrusion. (F) Outline of C1 at different times (minutes).

154 -



7.4. Dsh spontaneously localises to cell contacts upon a collision

Dishevelled localises to the cell contacts in groups of neural crest cells migrating
on fibronectin (Fig 3.8), however its localisation has not been analysed during
individual cell collision events like those described above. So, explant confrontation
assays were carried out with neural crest cells taken from Xenopus embryos injected
with Dsh-GFP (Fig 7.3A-D). Time-lapse analysis demonstrates a change in Dsh
localisation upon cell collision. In individual migrating cells, Dsh can by observed in
the entire cell membrane (Fig 7.3A), however upon contact with another cell, Dsh
quickly accumulates at the point of contact between the cells (Fig 7.3B, C, red
arrowhead). The cells depolarise and migrate away from each other and Dsh can be
seen once again in the membrane, with a slight accumulation observable at the back
of the cell, which was the point at which the cell contact was formed (Fig 7.3D). This
dynamic localisation of Dsh at the point of cell contact hints at a possible role for
Dsh and PCP signalling in controlling contact inhibition in the ncural crest.

So far, Dsh localisation at cell contacts has only been analysed in vitro, so its
position in neural crest cells migrating in vivo was also assessed using a Dsh-RFP
construct expressed in sox10:egfp transgenic zebrafish (Fig 7.3E-J). Once again Dsh
can be clearly observed at the points of contact between cells in both large groups of
cells (Fig 7.3E-G) and in leading cells, where it can be observed at the back of the
cell, the only point at which it is in contact with another neural crest cell (Fig 7.3H-
J). Taken together, these data point to a role for Dsh in contact inhibition of neural

crest cells both in vitro and in vivo.

7.5. Syn4 does not show specific localisation at cell contacts

As I have shown Syn4 to be involved in PCP signalling, the localisation of Syn4 in
migrating neural crest cells was also analysed (Fig 7.4). Xenopus embryos were
injected with 20pg syn-GFP alongside membrane-RFP and neural crests were
dissected and cultured in vitro. These levels of Syn4-GFP are too low to observe
directly, however immunostaining using an anti-GFP antibody allows a specific
localisation to be observed (Fig 7.4A-C). Syn4 has been previously described to
localise to focal adhesions, however no such puncta could be observed in neural crest
cells. Instead Syn4 can be observed localised in discrete points around the edge of

the cell (Fig 7.4A), which co-localise with membrane-RFP (Fig 7.4B,C).
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Figure 7.3. Dishevelled localises to points of contact between neural crest cells
(A-D) Time-lapse series of a collision between two neural crest cells (cells 1 and 2)
migrating on fibronectin, taken from embryos injected with 75pg Dsg-GFP and
300pg nuclear-GFP. Four frames are shown at 0 mins (A), 7 mins (B), 17mins (C)
and 20 mina (D). Yellow arrow: direction of movement of cell 1, white arrow:
direction of movement of cell 2, red arrowhead: Dsh localised at cell contact. (E-J)
Dsh localisation was observed in sox10:egfp (sox10 in E,H) zebrafish by injection of
50pg Dsh-RFP (F,I). (E-G) A group of migrating cells (H-J) A cell at the leading
edge of migration, yellow arrow: direction of migration, white arrowheads: Dsh

localisation at cell contacts. Scale bars =5 um.
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Figure 7.4 Localisation of Syndecan-4 in neural crest cells

(A-C) Xenopus cranial neural crest cell migrating on fibronectin showing the
expression of a syn4-GFP fusion protein (A,C) and membrane-RFP (B,C). Scale bar
= 10um. (D-F) Zebrafish neural crest cell migrating in a sox!0:egfp zebrafish
embryo showing the expression of Syn4-RFP (E) and co-localisation with sox10-

GFP in the neural crest (D,F). Scale bar = Sum.
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They are distributed all around the cell and do not show any specificity to the leading
edge or cell body and do not localise at cell-cell contacts in groups of cells. The
localisation of Syn4 was also analysed in vivo using a Syn4-RFP fusion protein
injected into sox/0:egfp zebrafish (Fig 7.4D-F). Again, no specific localisation of
Syn4 was observed at cell-cell contacts. Syn4 is distributed in small accumulations
all around the cell (Fig 7.4E), with many of these being localised towards the edge of
the cell, possibly in the cell membrane as in vitro (Fig 7.4F). The lack of Syn4 at cell
contacts suggests that Syn4 may not be involved in cell-cell signalling, although it
does not rule out this possibility altogether. The endogenous localisation of Syn4 in
the neural crest was not analysed and unlike Dsh-GFP, the Syn4-GFP and RFP
constructs have not been previously tested and may not be targeted correctly to the

proper sub-cellular localisation.

7.6. Inhibition of Dsh/PCP limits contact inhibition in the neural crest.

The specific and dynamic localisation of Dsh at the points of contact between
two cells during a collision, prompted me to address its role in modulating contact
inhibition in neural crest cells. Neural crest cells in which Dsh/PCP has been
inhibited using DshDEP+ were observed migrating on fibronectin (Fig 7.5).
Although DshDEP+ explants cultured on fibronectin do disperse, SEM imaging
reveals significant differences between these cells and control neural crest cells. In
control explants, the leading cells are highly polarised while there is an absence of
cell protrusions in the non-leading cells (Fig 7.1A-C). In contrast, all cells in
DshDEP+ explants have a large number of cell protrusions and cells at the edge of
the explant have not obvious polarity (Fig 7.5A-C). I have previously shown that
inhibition of Dsh leads to an increase in cell protrusion formation in leading and
individually migrating cells (See Figs 5.5, 5.6), however SEM imaging makes it clear
that this phenotype also extends to trailing cells within the explant, with cells
generating a large number of overlapping protrusions giving a ‘messy’ appearance
(Fig 7.5B, compare to fig 7.1B). Live imaging using cells expressing membrane GFP
reveals that DshDEP+ cells frequently crawl on top of each other (Fig 7.5D,D’),
something that is never observed in control neural cells (Fig 7.1D). Furthermore,
time-lapse imaging of groups of DshDEP+ cells, artificially created from dissociated
cells, reveals significant differences in behaviour compared to controls. The re-
aggregated cells expressing DshDEP+ extend their protrusions over the top of

adjacent cells (Fig 7.5E), and in consequence they do not migrate away of each
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other as control cells do, but remain formed in small clusters of cells. Unlike control
neural crest cells, where there is a clear difference in both the persistence and the
angle of migration between leading and non-leading cells in an explant (Fig 7.5F,G),
DshDEP+ cells showed no difference between leading and trailing cells. All
DshDEP+ expressing cells behaved as if they were trailing neural crest cells with a
low persistence of migration(Fig 7.5H) and wide variety of migration angles (Fig
7.51). So, DshDEP+ transforms both cell populations with the leading cells lacking
persistence and polarity (as described in chapter 5) while the trailing cells lose the
cell-contact mediated suppression of protrusions.

DshDEP+ cells were also analysed in an explant confrontation assay in vitro.
When a DshDEP+ cell touches a cell from the opposing explant, it does not retract its
protrusion even after almost an hour of cell contact (Fig 7.6A). Furthermore, it does
not halt migration or change direction but instead carries on migrating until it joins
the confronting explant (Fig 7.6A). This kind of behaviour is never observed in
control neural crest cells. Tracking of cell trajectories at individual collisions reveals
that DshDEP+ cells seldom change direction upon contact with another cell and their
migration is often slowed by repeated attempts to pass over the physical bulk of the
opposing cell (Fig 7.6B, 0% cells changed direction, n=12). DshDEP+ cells were
also analysed migrating in vivo in the head of sox0:egfp transgenic zebrafish
embryos (Fig 7.6D). Analysis of cell collisions in embryos lacking Dsh is very
difficult as neural crest cells do not migrate extensively and cells tend to form
clusters, making collision events between individual cells extremely rare.
Nevertheless, on the few occasions that I was able to observe individual cell
collisions, cell behaviour proved very different to that in control embryos. Cells that
extended their protrusions to touch another neural crest cell, did not collapse the
protrusion and change their direction of migration as in control embryos, but rather
continued migrating towards the other cell, eventually forming an aggregate (Fig
7.6E, F). Tracking of cell trajectories in individual cell collisions (Fig 7.6C, 0% cell
changed direction, total n= 23 individual cells) shows that the situation for DshDEP+
cells in vivo is similar to that in vitro, with cells continuing towards the point of

contact rather than turning away from it.
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Figure 7.5. Dishevelled is required for the persistent migration of ‘leading’
neural crest cells

(A-C) SEM 1mages of Xenopus cranial neural crest explants migrating in vitro taken
from an embryo injected with 1ng DshDEP+. Red square in A indicates cells at the
leading edge of migration (higher magnifications shown in B and C). Red arrow
indicates direction of migration. Note extensive protrusions in all cells, compare to
fig 7.1A-C. Scale bars= 50um. (D) Fluorescent image of neural crest cells expressing
DshDEP+ and membrane-GFP at the edge of a cranial neural crest explant. D’ shows
schematic of D, note overlap between cells. (E) Three frames of a time-lapse movie
of dissociated and re-aggregated neural crest cells expressing DshDEP+, membrane-
RFP and nuclear-GFP. Cells do not move apart over 90 minutes. (F) Individual cell
trajectories of leading (blue) and non-leading (red) control cells. (G) Distribution of
angles of migration for leading (blue) and trailing (red) control neural crest cells. For
leading (blue) cells, n = 3, for non-leading (red) cells, n = 8. The experiment was
repeated with 3 different explants with similar results. (H) Individual cell trajectories
DshDEP+ cells. (I) Distribution of angles of migration for DshDEP+ cells (n = 15.
The experiment was repeated with 3 different explants with similar results). Note

how DshDEP+ cells all behave as non-leading (red) cells.
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In vitro

B

In vitro

In vivo

Figure 7.6. PCP signalling is required for contact inhibition of locomotion

(A) Four frames of a time-lapse film (t= Omins, 6mins, 25mins and 55mins) of a
collision between two DshDEP+ neural crest cells migrating on fibronectin in an
explant confrontation assay. Cells from different explants are artificially coloured in
orange or yellow. White arrow indicates direction of migration. Note orange cell
does not change direction, compare to fig 7.2A. (B) Trajectories of individual
DshDEP+ neural crest cells at collision events in vitro, horizontal black line
represents point of contact. (C) Trajectories of individual DshDEP+ cells at collision
events in zebrafish embryos, horizontal black line represents point of contact. (D)
The cephalic region of a sox/0:egfp zebrafish embryo, dorsal view, anterior to top.
Box indicates region shown in E. (E) Time-lapse film of the collision between
DshDEP+ NC cells (C1, C2 and C3) in vivo. Each panel corresponds to the
difference between two consecutive two-minute frames. Green: new area; red:
collapsing area; black arrow: direction of migration; Compare to control cells in Fig

7.2E. (F) Outlines of cells in E at different times (minutes).
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Figure 7.7. Dishevelled is required cell-autonomously for contact inhibition

A mixture of control Xenopus neural crest cells (also expressing membrane-GFP and
nuclear-RFP) and cells taken embryos injected with 1ng DshDEP+ (alongside
membrane-RFP and nuclear-GFP) were cultured together on fibronectin-coated
coverslips. (A-D) A collision between a control and DshDEP+ cell. Four frames of a
time-lapse film are shown; 0 mins (A), 42 mins (B), 50mins (C) and 55mins (D).
Arrow indicates direction of migration of control cell. Note how contact inhibition

occurs in the control cell but not DSshDEP+ cells.
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An explant confrontation assay was also carried using a mixture of DshDEP+
and control cells (Fig 7.7) to investigate whether the PCP signal has to be present in
both colliding cells for contact inhibition to occur. In this assay, a control cell, upon
extending its lamellipodia to touch a DshDEP+ cell (Fig 7.7A, B) quickly collapses
its protrusion (Fig 7.7C) and changes direction to migrate away from the cell contact
(Fig 7.7D). Meanwhile, the DshDEP+ cells do not visibly respond to the
confrontation. Taken together, these results demonstrate that neural crest cells exhibit
contact inhibition of locomotion both in vitro and in vivo and that this process

requires functional Wnt/PCP signalling in the responding cell.

7.7. Discussion

Contact inhibition of locomotion is a well-described phenomenon, but the
molecular mechanism that controls this process has not been previously identified. In
fact Abercrombie once speculated that contact inhibition could be a purely
mechanical reaction, with one cell physically obstructing the movement of another
(Abercrombie, 1970). However here I show that contact inhibition of locomotion in
neural crest cells requires the activity of a cell signalling pathway, the non-canonical
Wnt/PCP pathway. Neural crest cells in which the PCP pathway is inhibited
frequently overlap and fail to form a strict monolayer (Fig 7.5). Furthermore, cells
expressing DshDEP+ do not cease movement and change direction upon contact
with other neural crest cells (Fig 7.6), unlike control neural crest cells (Fig 7.2). I
have previously shown that Dsh controls persistence during neural crest migration
(Fig 5.3) by limiting cell protrusion formation (Fig 5.6), a process that is controlled
by Dsh-mediated activation of RhoA. This provides a possible mechanism for
contact inhibition of locomotion in the neural crest. Contact between two cells leads
to a transient localisation and activation of Dsh at the point of contact, which is likely
activate RhoA and halt protrusion formation, and hence movement in that direction.
Syn4 also contributes to cell polarity through the inhibition of Rac, and it remains a
possibility that Syn4 may also be involved in mediating contact inhibition of
locomotion. This possibility has not been addressed here, but it certainly cannot be
ruled out. Two different mechanisms have been hypothesized to underlie contact
inhibition: The first involves a sequence of cell contact followed by paralysis of

lamellipodial activity, temporary adhesion between the cells and then retraction and
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movement away from each other. The alternative does not involve paralysis of the
migratory machinery and rather postulates that contact inhibition is a consequence of
preferential adhesion of a cell to the substrate than to other cells (Heaysman, 1978).
Given the known involvement of Syn4 in cell-matrix adhesion, it is possible that it
may be involved in mediating this second type of contact inhibition. In this study, it
is not possible to distinguish between the two types of contact inhibition, although
the localisation of Dsh at the cell contacts and it’s role in suppressing protrusion
formation, suggests that the former mechanism of a cell-cell signal followed by
paralysis of the migration apparatus is more likely.

Contact inhibition of locomotion can explain much of the behaviour observed in
neural crest cells migrating in vitro. It can account for the gradual spreading of
neural crest explants on fibronectin, as cells at the edge move consistently away from
their neighbours to occupy the free space. Abercrombie stated that ‘the outstanding
effect that these collision phenomena have on a population of cells in vitro...is to
produce the flow of cells from a high population density to a low one’ (Abercrombie,
1980) and this is exactly what is observed in neural crest explants. Additionally,
contact inhibition explains why neural crest cells eventually lose their persistence
once migrating as individual cells. Control neural crest cells will migrate with high
persistence as a sheet at the edge of the explant and will initially maintain this
persistence as the individual cells break free from their neighbours. However
individual cells left to migrate for many hours will eventually revert to random
migration (Roberto Mayor, unpublished observation), probably due to a lack of
contact-based directional cues from other cells.

Contact inhibition of locomotion can account for in vitro behaviour very well,
but how far can it go towards explaining the migration of neural crest cells in vivo? 1
have shown that Dsh-mediated contact inhibition occurs for individual NC cells
migrating in vivo, but it may also have a significant impact on the initial emigration
of neural crest cells from the neural tube. After all, cells leaving the neural tube will
be surrounded by other crest cells on all sides apart from in the direction in which
they will migrate, and therefore the only direction in which they are not subject to
contact inhibition. Recent data from Carlos Carmona-Fontaine in our laboratory
supports this idea by demonstrating that contact inhibition only occurs between two
neural crest cells (homotypic contact inhibition) and not with other cell types

(heterotypic contact inhibition). Neural crest cells will aggressively invade pieces of
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mesodermal tissue cultured next to a neural crest explant, but not another neural crest
explant with the cells from both explants spreading to form a monolayer. Neural
crest cells have been described to exhibit a contact inhibition-like reaction with
somatic cells. Avian neural crest cells will depolarise and change direction upon
contact with somatic cells in an in vitro confrontation assay (Gooday and Thorogood,
1985). So, neural crest cells exhibit contact inhibition with some cell types, although
not with others. This kind of heterotypic contact inhibition may be involved in
guidance of neural crest cells along their migration pathways. Notably, ncural crest
cells do not show contact inhibition with head mesoderm, which is a tissue normally
used as a substrate for their migration, but do show contact inhibition with somite
tissue, parts of which are not permissive to neural crest migration. In addition to
guidance by heterotypic contact inhibition, homotypic contact inhibition between
neural crest cells themselves is likely to play a significant role in migration away
from other neural crest cells and hence the neural tube. In a computer model of
neural crest migration, where a large number of particles starting at one end of a
screen have to reach a target at the other end by random movement, particles with
contact inhibition travel much more persistently and reach the target much sooner
than those without (Carlos Carmona-Fontaine, unpublished data). This suggests that
contact inhibition of locomotion could play a significant role in helping neural crest
cells to reach their targets efficiently.

The discovery of PCP-mediated contact inhibition in the neural crest raises
the possibility of a role for contact inhibition in other embryonic processes.
Vertebrate gastrulation, in particular, is known to require non-canonical Wnt
signalling (Wallingford et al., 2002). Similar behaviour to neural crest cells has been
observed in the head mesoderm, which migrate as a coherent cell aggregate across
the fibronectin-coated inner blastocoel roof during Xenopus gastrulation (Winklbauer
and Selchow, 1992). Isolated head mesoderm cells have been shown to migrate
randomly and are only able to travel persistently, following extracellular matrix
guidance cues, when present in a group of cells (Winklbauer et al., 1992). A contact
inhibition-like mechanism may be playing a role in this cell migration and potentially
in many other embryonic processes. Another area open to investigation is the role of
PCP signalling in the cellular processes already known to be mediated by contact
inhibition. For example, the movement of epithelial sheets during wound healing is

thought to be controlled by contact inhibition, which polarises the cells at the leading
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edge of migration and also halts migration when the two sides of the wound meet
(Abercrombie, 1967). While 3-catenin-dependent Wnt signalling is known to be
activated at the hair follicles of wound sites, non-canonical Wnt signalling has
recently been shown to be up-regulated in the wound itself and the forced expression
of Wnt5a promotes regeneration (Fathke et al., 2006). Therefore PCP signalling may
be involved in the regulation of contact inhibition during wound healing.

Loss of contact inhibition may also be an important event during malignant
invasion, as various malignant cell types behave differently to normal cells in vitro
and are not so strictly controlled by contact inhibition (Abercrombie, 1979). Others
such as Sarcoma cells exhibit homotypic contact inhibition of movement but lack
heterotypic contact inhibition with other cell types such as fibroblasts (Abercrombie
and Heaysman, 1976). Although it has become clear that the relationship between
contact inhibition and cancer is not straightforward, as the degree of contact
inhibition varies between malignant cell types (Heaysman, 1978), loss of contact
inhibition of locomotion is likely to be one of many factors contributing to
malignancy. Neural crest cells, like many cancers, display homotypic but not
heterotypic contact inhibition and furthermore DshDEP+ neural crest cells lack even
homotypic contact inhibition and are highly invasive. Several members of the non-
canonical Wnt pathway are known to be tumour suppressor genes, whose inhibition
is associated with malignancy. Wnt5a, a PCP ligand, is down regulated in a number
of cancerous cell types including leukaemia, neuroblastomas and thyroid carcinomas
(reviewed in (Pukrop and Binder, 2008). Loss of Wnt5a is also associated with a
poor prognosis in patients with colon and breast cancer, suggesting a role in invasion
and metastasis (Dejmek et al., 2005; Jonsson et al., 2002). Other downstream
components of the PCP pathway including several Frizzleds, Dsh and members of
the Rho GTPase family have also been implicated in a variety of human cancers
(Katoh, 2005; Ridley, 2004). Further investigation may reveal that these roles in
cancer cell invasion may be in part due to effects on PCP-mediated contact
inhibition. Certainly the role for Dsh/PCP signalling in controlling contact inhibition
of locomotion during neural crest migration is likely to be conserved in a variety of

embryonic and adult processes.
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8. General Discussion

8.1. A molecular model of neural crest migration

In the course of this thesis I have described essential roles for PCP signalling
and Syndecan-4 in controlling neural crest migration in Xenopus and zebrafish
embryos and have begun to uncover the mechanism by which they control cell
migration in vifro and in vivo. The key findings can be summarised as follows: i)
PCP signalling is required for neural crest migration and Dsh localises to the cell
membrane in migrating neural crest cells, ii) Syndecan-4 is essential for neural crest
migration, where it signals upstream of the PCP pathway and is required for Dsh
recruitment to the cell membrane, iii) Both Dsh and Syn4 control persistence but not
speed of migration of neural crest cells in vitro and in vivo, iv) Syn4 and Dsh control
persistence by regulating the directional formation of cell protrusions, v) Syn4 and
Dsh control the activity of Rho GTPases to modulate cell protrusions with Syn4
repressing Rac, while Dsh activates RhoA vi) PCP signalling also controls contact
inhibition of locomotion in neural crest cells migrating in vitro and in vivo. Taken
together, these conclusions allow a stepwise model to be proposed, which can
explain how an individual neural crest cell is able to establish and maintain
directional migration (illustrated in Figure 8.1). For the purposes of simplicity, here I
shall be only considering the migration of a neural crest cell in vitro, but based on the

data presented I propose that an equivalent mechanism is operating in vivo:

1) Plating on fibronectin results in the attachment and spreading of neural crest
cells at the edge of the explant. Attachment to fibronectin is likely to involve
engagement of Syndecan-4 and hence its activation and clustering. Activated
Syn4 recruits Dishevelled to the entire cell membrane (Fig 8.1A).

2) Cell-cell interactions concentrate Dsh activity at the points of contact
between cells. For cells at the edge of the explant, this will result in Dsh
becoming localised at the ‘back’ of the cell, in the direction of the mass of
cells in the explant (Fig 8.1B).

3) Dsh activity at the back of the cell will activate RhoA, which will act as a

repressor of Rac. Additionally, continued Syn4 signalling contributes to the
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repression of Rac. This leads to low levels of Rac in the cell body and
polarises Rac activity at the leading edge (Fig 8.1B).

4) Polarised Rac activity leads to the production of protrusions at the leading
edge and hence forward movement in that direction. Initially this is likely to
be the only direction open to migration, as cell protrusion formation at the
back of the cell will be inhibited by continued contact inhibition from other
neural crest cells.

5) Eventually the cell may break away from its neighbours, but persistence can
be maintained for some time by continued activation of RhoA by Dsh, and
continued suppression of Rac by Syn4, probably in response to interactions
with fibronectin in the extracellular matrix (Fig 8.1C). Additionally, contact
inhibition of locomotion at collision events with other neural crest cells will

contribute to persistent movement away from other cells.

This is the most coherent way to assemble the data presented here into a model,
which is able to explain the intrinsic behaviour of neural crest cells cultured on a
fibronectin substrate, in the absence of signalling from chemoattractants. Much of
the data taken from in vitro experiments are also reproducible in vivo, and therefore

it is likely that many aspects of this model also hold true in the embryo.

8.1.1. The interaction between Syn4 and PCP signalling

In this model, I have placed Dsh and the PCP pathway downstream of
Syndecan-4, but the evidence for this is mixed and the exact interaction of Syn4 with
the PCP pathway remains unclear. Munoz and colleagues (2006) suggest that Dsh
acts downstream of Syn4, as the effects of a syn4 Mo on Xenopus gastrulation can be
rescued by activation of Dsh/PCP using DshAN. This is also the case for neural crest
migration (Fig 4.6). Syn4 signalling to Dsh has been proposed to be the result of a
direct interaction between Syn4, Fzd7 and Dsh, as they co-immunoprecipitate in an
in vitro pull down assay (Munoz et al., 2006). A recent study has also shown that
Fzd7 physically interacts with the PDZ protein, Syntenin, which is recruited to the
membrane alongside Dsh upon activation of PCP signalling and which is required for

convergent extension in Xenopus (Luyten et al., 2008).

- 170 -



Figure 8.1. Model of neural crest migration

(A) A neural crest cell leaving a group of cells comes into contact with fibronectin in
the extracellular matrix (grey lines) resulting in the activation of Syn4 (shown in
red), which recruits Dsh (green) to the membrane. (B) Signalling from neighbouring
cells concentrates Dsh at the cell contacts, where it activate RhoA. (C) Repression of
Rac by Syn4 and activation of RhoA by Dsh at the back of the cell maintain
polarised Rac activity and cell protrusion formation at the leading edge, resulting in

persistent migration.
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Syntenin is also known to bind to the PDZ-binding domain of members of the
syndecan family including Syn4 (Grootjans et al., 1997; Zimmermann et al., 2001)
and therefore may facilitate the interaction between Syn4 and PCP proteins. Luyten
et al (2008) propose that it acts as a scaffold to link Syn4 and Fzd7, since its PDZ1
domain binds preferentially to Syndecans, while the PDZ2 domain favours binding
to Frizzled7 (Grootjans et al., 2000; Luyten et al., 2008). It seems likely that a
complex of many different proteins may assemble at the membrane upon activation
of Syn4 and Fzd7. Crucially I have shown that Syn4 activity is required for the
membrane localisation of Dsh in the neural crest, a localisation that is essential for
PCP signalling and for contact inhibition. Plating of Xenopus dorsal marginal zone
explants on fibronectin is sufficient to stimulate the translocation of Dsh to the
plasma membrane (Marsden and DeSimone, 2001) and it may well be Syndecan-4
that interacts with fibronectin to facilitate this movement. Therefore, I present a
model in which Syn4 is upstream of Dsh and where the first step of neural crest
migration requires Syn4 binding to fibronectin, resulting in the subsequent
recruitment of Dsh to the plasma membrane.

On the other hand, the data concerning Rho GTPases suggest that the
interaction may be more complex than a linear Syndecan-4 to Fzd/Dsh signalling
pathway. Inhibition of Syn4 leads to a massive increase in Rac activity, while PCP
signalling levels correlate with the level of RhoA activity. However, no clear effect
is discernable on the converse Rho GTPases, with RhoA apparently unaffected by
Syn4 and Rac unresponsive to modulation of the PCP pathway. This would suggest
that Syn4 and PCP signalling are acting though two separate but parallel pathways to
affect the activities of different Rho GTPases. Ultimately both pathways have the
same outcome, which is the repression of Rac activity, resulting in its limitation to
the leading edge. One possibility is that Syn4 plays a dual role in the regulation of
neural crest migration; firstly by facilitating activation of the PCP pathway by
membrane recruitment of Dsh, and secondly by a separate, more direct, downstream
pathway which results in the repression of Rac. Therefore Syn4 and PCP signalling
are acting synergistically to co-ordinate neural crest migration, with PCP signalling
primarily providing input from surrounding neural crest cells while Syn4 provides

information from the extracellular matrix. Thus both signals are able to feed into the
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same pathway to establish and maintain polarity in neural crest cells, through the

regulation of Rho GTPases.

8.1.2. Alternative intracellular signalling pathways

I have principally addressed the role of Rho GTPases downstream of Syn4 and
Dsh in controlling neural crest migration. However a myriad of intracellular
signalling pathways have been implicated in the regulation of cell migration, and
there is no doubt that a complex network of signalling is likely to be active in the
migrating neural crest. One family of molecules that may well play a key role in
neural crest migration are the various protein kinase C (PKC) isoforms, in particular
PKCa. Activation of PKCa has been suggested to be one of the primary mechanisms
by which Syn4 controls cell spreading and the recruitment of cytoskeletal proteins to
focal adhesions. Syn4 and PKCa co-localise to focal adhesions, where Syn4 is able
to directly activate PKCa (Lim et al., 2003; Oh et al., 1997b). Activation of PKCa
by phorbol ester treatment can drive the recruitment of FA components such as talin
and vinculin to nascent focal adhesions, while PKC inhibitors inhibit focal adhesion
formation (Woods and Couchman, 1992). PKCa physically interacts with Syn4,
binding to its cytoplasmic variable domain and forming a ternary complex with PIP,
(Koo et al., 2006; Oh et al., 1998). Substitution of tyrosine and lysine residues in this
variable region have been shown to abolish PKCa binding and interfere with Syn4
function (Bass et al., 2007; Horowitz et al., 1999; Lim et al., 2003). I show that this
mutation also negates the ability of Syn4 to rescue neural crest migration in embryos
where syn4 has been inhibited by Mo injection (Fig 4.8). This implies that PKCa
binding and activation downstream of Syn4 is essential for neural crest migration.
Bass et al (2007) propose that PKCa mediates the interaction between Syn4 and Rac,
as the Y188L mutant is unable to stimulate the wave of Rac activation observed with
full length Syn4. However they also show that the Y 188L mutant is able to rescue
persistent migration in syn4-/-fibroblasts. The same mutant is unable to rescue
migration of neural crest cells in Xenopus, hinting at a possible requirement in vivo,
which is not observed in vitro. Interestingly, activation of PKCa by Syn4 has been
shown to be dependent on Syn4 phosphorylation by another PKC isoform, PKC3
(Chaudhuri et al., 2005; Murakami et al., 2002). PKCS is also required for
convergent extension movements in Xenopus and furthermore, animal cap cells

lacking PKCS are unable to recruit Dsh to the plasma membrane following
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stimulation by Fzd7 mRNA (Kinoshita et al., 2003). This is consistent with the role
of Syn4 in recruiting Dsh to the plasma membrane.

In addition, PCP signalling also has the potential to activate various PKC
isoforms downstream. Overexpression of Wnt5 or Wnt11 increase the frequency of
the waves of Ca®" release in zebrafish embryos and results in the activation of
calcium-sensitive PKC as well as calcium/calmodulin-dependent kinase II (Kuhl et
al., 2000; Slusarski et al., 1997a; Slusarski et al., 1997b). This has been proposed to
be a putative third branch of the Wnt-signalling pathway known as wnt/calcium
signalling. However, DshDEP+ has been shown to be a strong activator of calcium
flux in zebrafish embryos, stronger even than full length Dsh (Sheldahl et al., 2003),
suggesting that this pathway is also a downstream response of the planar cell polarity
pathway. In fact, it is becoming increasingly clear that non-canonical Wnts activate a
whole network of signalling, rather than separate linear pathways (Kestler and Kuhl,
2008). Therefore PCP signalling in the neural crest is likely to have a variety of
wide-ranging effects.

Several other molecules, apart from Rho GTPases, have been proposed to be
downstream effectors of PCP signalling. Daam1, which facilitates the binding of
RhoA to Dsh (Habas et al., 2001), also has independent effects on the actin
cytoskeleton. A member of the formin family of proteins, Daam1 is able to bind to
Profilinl, which is able to induce stress fibre formation without affecting RhoA
activation status (Sato et al., 2006). Inhibition of Daam]1 or Profilin also disrupts
Xenopus gastrulation (Sato et al., 2006). Another potential mediator of non-canonical
Wnt signalling is the Jun kinase (JNK) signalling cascade. Dsh induces JNK activity
in Drosophila and mammalian cells, an activity which is dependent on the DEP
domain of Dsh (Boutros et al., 1998; Li et al., 1999; Moriguchi et al., 1999). The
JNK pathway results in activation of the transcription factor, AP-1, and has been
implicated in a variety of cellular processes including proliferation, differentiation,
apoptosis and the stress response (Weston and Davis, 2007), but its role in non-
canonical Wnt signalling is unclear. Rac and Cdc42 have been shown to stimulate
JNK activation (Coso et al., 1995; Hall, 2005) and it has been suggested that PCP
signalling activates JNK via Rac, as a dominant negative form of Rac inhibits the
Dsh-stimulated activation of JNK in vitro (Habas et al., 2003). However the picture
is unclear as conflicting reports suggest that inhibiting Rac does not affect INK

activation by Dsh (Li et al., 1999). There are still many details of the PCP pathway
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that remain to be resolved, but it seems likely that a whole intracellular signalling
network is activated in the neural crest, stimulated by activation of Syn4 and Dsh and
that many other molecules will work in conjunction with Rho GTPases to regulate

neural crest cell migration.

8.1.3. The role of the extracellular matrix

The interaction between Syn4 and fibronectin is central in controlling neural
crest migration, but this interaction has not been greatly examined in this thesis. The
extra-cellular matrix has long been implicated in neural crest migration, with
fibronectin in particular thought to play a crucial role (Perris and Perissinotto, 2000).
Not only is fibronectin ubiquitously expressed around the migrating neural crest
(Newgreen and Thiery, 1980), but it is the only ECM component that is able to
support Xenopus neural crest migration in vitro (Alfandari et al., 2003). In vivo also,
treatment with antibody inhibitors of fibronectin or its integrin binding partners
completely block cranial neural crest migration (Boucaut et al., 1984; Bronner-
Fraser, 1986b). It has generally been assumed that the interaction between neural
crest cells and fibronectin is primarily mediated by integrins. A function-blocking
monoclonal antibody against a5 1-integrin prevents attachment of neural crest cells
to fibronectin in vitro (Alfandari et al., 2003). More generalised integrin inhibition
by Mn”" treatment also inhibits neural crest cell motility (Strachan and Condic,
2008). Recent reports suggest that these integrin-fibronectin interactions are essential
not just for migration, but also for the survival of neural crest cells. Neural crest cells
have an increased rate of apoptotic death in avian embryos treated with an inhibitory
antibody against a4 1 integrins, and the a5p1-integrin mutant mouse also shows a
decrease in neural crest cell numbers (Testaz and Duband, 2001; Yang et al., 1993).
Furthermore, neural crest cells lacking a4 or a5-integrins are able to migrate in
chick embryos but show defects in survival and proliferation (Haack and Hynes,
2001). In many other cell types, attachment to the extracellular matrix requires co-
ordinated signalling through both integrins and syndecans (Morgan et al., 2007). In
the neural crest, integrin binding to fibronectin is required for survival, but
engagement of Syn4 is essential for proper migration to take place. Alfandari et al
(2003) show that while neural crest cells are able to attach and migrate on the cell
binding domain (CBD) of fibronectin, they will preferentially migrate onto a

substrate also containing the Hep-II fragment, which mediates the interaction with
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Syn4. I have shown here that Syn4 is essential for the directional migration of neural
crest cells and for the formation of cell protrusions and focal contacts and it is likely
that the binding of Syn4 to fibronectin stimulates these processes.

So, how does a fibronectin-Syn4 interaction control neural crest migration? 1
propose that this interaction is one of the earliest to occur when neural crest cells
emigrate from the neural tube, preceded only by integrin-ECM binding. I would also
suggest that it is this interaction that is responsible for recruitment of Dsh to the
plasma membrane, which is an essential event in establishing cell polarity. Plating of
animal caps on fibronectin is known to be sufficient to bring Dsh to the membrane
(Marsden and DeSimone, 2001) and I have shown that this is also the case in neural
crest cells (Fig 3.8). However, treatment with the syn4 Mo inhibits this translocation
(Fig 4.7). Membrane localisation of Dsh is essential for PCP signalling and it has
been suggested that recruitment of Dsh to the membrane may facilitate a switch from
-catenin signalling to the non-canonical Wnt pathway (Wallingford and Habas,
2005). During neural crest development a switch from canonical to non-canonical
Wnt signalling also coincides with the onset of migration. It may be that signalling
from the extra-cellular matrix controls this switch. The access of NC cells to
fibronectin after EMT could provide a Syn4-mediated signal, which activates PCP
signalling and stimulates the start of migration. Interestingly, neural crest explants
taken from very young embryos (such as stage 15), well before the onset of
migration, will rapidly attach and start to migrate when plated on fibronectin, far
earlier than any migration would have taken place in vivo. Experiments using axolotl
embryos, where neural crest cells exit from the neural tube but remain stationary for
some time before migrating, point to a role for the extracellular matrix in regulating
the timing of migration. Transplant of micro-membranes coated with ECM taken
from more mature embryos or with fibronectin alone into the neural crest of these
embryos is sufficient to stimulate a premature migration (Olsson et al., 1996; Perris
and Perissinotto, 2000). This indicates that, in the axolotl at least, neural crest cells
are fully competent to migrate after EMT, but require the proper environmental
signals from the ECM before they embark upon their migration. Signalling from the
extracellular matrix may play a similar role in higher vertebrates and any such signal
is likely to involve Syn4-mediated recruitment of Dsh.

Fibronectin is also likely to play a continued role after the emigration of

neural crest cells from the neural tube. It is expressed along the entire migration
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pathways of neural crest cells (Alfandari et al., 2003; Thiery et al., 1982), so any
interaction between Syn4 and fibronectin will occur constantly throughout migration.
Syn4-mediated repression of Rac allows neural crest cells to maintain a persistent
migration, and constant signalling from the extracellular-matrix is also likely to
contribute to this. Bass ct al (2007) show that regulation of Rac activity by Syn4 is
essential for cells to be able to respond to turns in the fibronectin matrix. They
created artificial fibronectin paths on S0um gold stripes with a series of junctions.
While normal fibroblasts were able to navigate along these pathways, Syn4 null cells
failed to move along the stripes due to extensive lamellipodial extensions in all
directions. Furthermore, cells expressing Synd4 with an Y188L mutation in the PKCa
binding sites were able to follow straight lines but did not turn upon reaching a
fibronectin junction, unlike wildtype cells. They suggest a model whereby Syn4 is
able to sense changes in the matrix environment resulting in a PKCa-dependent
activation of Rac, which allows the cell to change direction. In addition, continued
suppression of Rac by Syn4 also allows cells to follow a narrow fibronectin pathway.
It is likely that similar mechanisms are operating in neural crest cells in vivo, as they

follow their fibronectin pathways through the embryo.

8.1.4. The role of external signalling molecules

Chemotaxis has been suggested as one of the mechanisms to explain directional
migration of neural crest cells; however there is no sound evidence for this proposal.
Moreover persistent directional migration occurs in vitro in the absence of
chemoattractants. Instead, interactions between the extracellular matrix, integrins,
and levels of Rac and Syn4 have been shown to control persistent migration in vitro
(Bass et al., 2007; Choma et al., 2004; Pankov et al., 2005). Here I propose a model
to explain the migration of neural crest cells in vivo without any need for extrinsic
signals from chemoattractants. Cell-cell interactions polarise neural crest cells and
direct them away from the ncural tube. Persistent migration is then maintained by
continuous interaction between Syn4 and fibronectin as well as cell-cell signalling
mediated by Dsh, both of which result in the activation of RhoA and suppression of
Rac at the back of the cell. Furthermore, tissues expressing negative signals such as
Ephrins and Semaphorins surround the neural crest migration pathways (Kuriyama
and Mayor, 2008), and will contribute to guiding crest cells along the correct routes.

This leaves no requirement for the kind of long-range gradient-based
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chemoattraction, which is well known in other cellular systems such as axon
guidance. Nevertheless, several chemoattractants are known to be expressed around
the neural crest later in development and have been shown to guide the movement of
neural crest derivatives such as enteric crest cells and dorsal root ganglia (Belmadani
et al., 2005; Natarajan et al., 2002; Young et al., 2001). Additionally, the chemokine
SDF-1 is expressed during the early stages of migration in the Xenopus cranial neural
crest (Braun et al., 2002), although it is not certain whether it is acting as a
chemoattractant or as a chemokinetic, migration-stimulating agent. Therefore it is not
possible to completely rule out a role for chemotaxis in neural crest migration.

One class of extracellular signalling molecule that are vital for neural crest
migration are the non-canonical Wnt ligands. Injection of dnWnt11 blocks cranial
neural crest migration in Xenopus (De Calisto et al., 2005), and I have shown here
that the same is true when WntlIr is inhibited using a morpholino (Fig 3.6).
Signalling from Wnt11R expressed adjacent to the neural crest is essential for proper
migration, as migration is inhibited in wildtype crests transplanted to Wnt11R -/-
embryos (Fig 3.7). However, it is not entirely clear how extra-cellular Wnt signalling
from Wnt11 or Wntl Ir fits into the model described previously. Dsh-mediated
contact inhibition is sufficient to polarise neural crest cells by cell-cell contact
without necessarily requiring an extracellular Wnt ligand. Wnt11R is expressed in
the neural tube adjacent to the neural crest; so one possibility is that it provides a
negative signal, which prevents crest cells from moving towards the midline.
However if this were the case, inhibition of Wnt11r would be expected to result in a
‘backwards’ migration towards the neural tube rather the general inhibition of
migration that is observed in wnt1r Mo embryos. Perhaps instead, the non-
canonical ligands Wnt11 and Wnt11R, which flank the neural crest prior to
migration, act to give the tissue an overall polarity. PCP signalling is well known to
establish global tissue polarity in other systems. In the Drosophila wing, cell-cell
signalling sets up a distal-proximal polarity across the tissue resulting in uniform hair
growth at the distal side of each cell (Mlodzik, 2002). During convergent extension
also, PCP signalling sets up an overall polarity with cells aligned along the same axis
of intercalation. PCP ligands are required for vertebrate PCP signalling, with
inhibition of WntSa or Wnt11 causing convergent extension defects in Xenopus and

zebrafish (Heisenberg et al., 2000; Moon et al., 1993; Rauch et al., 1997; Tada and
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Smith, 2000). However, as in the neural crest, the exact role that Wnt ligands play in
controlling this process remains a mystery.

Another possibility is that non-canonical ligands serve simply as activators of
the PCP pathway without conveying any directional cue. It is not known how the
timing of neural crest migration is regulated in frogs or fish and I have suggested that
cues from the extra-cellular matrix could be involved. It is also possible, as discussed
in chapter 3, that it is the appearance of non-canonical Wnt ligands expressed in the
vicinity of the neural crest that stimulate the beginning of neural crest migration.
Witzel et al (2007) show that the accumulation of Dsh and Fzd7 at the contacts
between zebrafish animal pole cells depends on the presence of Wnt11 in the
medium and that without Wnt11, Dsh is uniformly distributed in the membrane.
Therefore, the presence of an extracellular soluble Wnt ligand may be required to
allow neural crest cells to respond to a cell-cell contact inhibition signal. The
requirement for Wnt ligands during contact inhibition could be tested in cells
migrating in the presence or absence of soluble Wnt protein, or by examining contact
inhibition in cells lacking the wnt receptor, Fzd7. Clearly, there is much work to be
done in elucidating further the molecular mechanisms by which PCP ligands control

neural crest migration.

8.1.5. Collective versus individual cell migration

The model of neural crest migration that I have presented relies on initial cell-
cell contacts to polarise neural crest cells, while directional migration is maintained
by Syn4 suppression of Rac in individually migrating cells. However in vivo,
individual neural crest cells are rare and most cells migrate surrounded entirely by
other neural crest cells. During my experiments following the migration of
fluorescently labelled cranial neural crest cells (using graft experiments in Xenopus
and the sox10:egfp zebrafish line), I found that the majority of cells form a coherent
mass, which migrate together in a group. In vivo imaging of chick embryos has
shown that even the comparatively disparate chick neural crest cells maintain long
filopodial connections between cells some distance apart (Teddy and Kulesa, 2004).
The migration of individual cells such as leukocytes or fibroblasts are some of the
best characterised examples of cell migration, however it is becoming increasingly
clear that many types of migration exist in which cells travel collectively (Friedl et

al., 2004). In some cases, migration occurs by the movement of epithelial sheets, for
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example in wound healing or blastopore closure in Xenopus, but perhaps a better
comparison with neural crest migration is the collective migration of groups of
mesenchymal cells. Several examples of this kind of migration can be found during
development including the movement of non-involuting endocytic marginal cells
during zebrafish gastrulation, the neuromast cells of the fish lateral line and border
cell migration in the Drosophila ovary (Cooper and D'Amico, 1996; Montell, 2003;
Rorth, 2007). Additionally a number of tumour types including melanoma, basal cell,
colon and mammary carcinomas have been shown to use a similar mechanism of
collective migration for invasion (Friedl et al., 2004). In many of these examples, the
collective migration of a group of mesenchymal cells relies on two different cellular
populations; cells at the leading edge of migration that produce lamellipodia, and
‘following cells’ further back, which are tightly connected to their neighbours and
contract to generate forward movement. During neural crest migration in vitro, cells
can also be divided into two populations with polarised leading cells that form cell
protrusions and migrate persistently, while trailing cells follow behind, subjected to
constant contact inhibition from their neighbours (Fig 7.1). The difference between
leading and trailing cells is not intrinsic, and any cell is able to behave as a leading
cell, given sufficient free space at the edge of an explant. Given the close proximity
of neural crest cells to their neighbours observed in the embryo, similar populations
are likely to exist during embryonic migration.

Recent evidence suggests that the PCP pathway plays a role in coordinating cell
movement in Drosophila border cell migration, one of the best characterised
examples of collective cell migration in vivo (Montell, 2003). In the Drosophila
ovary, a cluster of cells known as border cells delaminate from the anterior
epithelium of the egg chamber and migrate posteriorly towards the oocyte, carrying
with them several non-migratory polar follicle cells. Bastock and Strutt (2007) show
that RNAi knockdown of dsh, fzd or strabismus either in the border cells themselves
or in the polar follicle cells disrupts migration and promotes the formation of
abnormal actin protrusions. Additionally, Fzd and Strabismus localise to the
junctions between border and polar follicle cells and they suggest that they establish
tissue polarity across the migrating cluster, in a similar way to the control of
epithelial tissue polarity in the Drosophila wing (Bastock and Strutt, 2007). Similarly
in the neural crest, cell-cell signalling via the PCP pathway establishes a polarity,

which results in the formation of protrusions at the front of leading cells only. As in
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the neural crest, Bastock and Strutt also found that RhoA acts downstream of the
PCP pathway in border cells and inhibition of RhoA perturbed border cell migration
as a coherent mass. The Rho GTPases are likely to be as central to the regulation of
collective cell movements as for individual cell migration. Interestingly, a recent
study has shown roles for different Rho GTPases in leading and following cells.
During invasion of a squamous cell carcinoma into an artificial 3D-matrix,
fibroblastic leading cells require RhoA for their migration, while the carcinoma cells,
which trail behind, require Cdc42 (Gaggioli et al., 2007). This hints at different
mechanisms regulating the migration of leading versus non-leading cells. It is
possible that similar different mechanisms may also be present in non-leading neural
crest cells, as most of the data presented here was gathered from observation of
neural crest cells migrating individually or at the leading edge of migration.
Collective cell migration has only just begun to be studied in depth and it is
likely that much of the work in this field will also be applicable to the neural crest. In
fact, it may be more appropriate to consider the neural crest as a single migratory
entity, rather than a group of individual migrating cells. In this context, most neural
crest cells will be constantly communicating with their neighbours, including PCP-
mediated contact inhibition signaling. In this way, cells at the leading edge of
migration will be inhibited from producing backwards protrusions by contact
inhibition from the mass of cells behind them. Combined with Syn4-mediated
signaling from the extracellular matrix, this will result in the activation of RhoA and
suppression of Rac at the back of the cell and allow cells to maintain persistent
directional migration. Cells at the back of the field, meanwhile, will be surrounded
by inhibitory signaling from other cells, and will have little choice but to move
forwards when space is vacated by the cells in front. By considering the neural crest
in this way, it is possible to extent the model for migration proposed in vitro into an

in vivo environment.
8.2. The neural crest as an example of cell migration in vivo

One of the greatest challenges currently facing biologists studying cell migration
is the observation of cell migration in vivo. The migration of individual cells on 2D
substrates has allowed the elucidation of some of the finer molecular details of the
migratory process, however it is not known how far these mechanisms are conserved

in 3-dimensions. Recent attempts to address this issue have involved the construction
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of artificial 3D matrices (Even-Ram and Yamada, 2005). These have highlighted
some key differences in cell migration in two and three dimensions. For example,
o3 integrin is not detected in the 3-D-matrix adhesions of fibroblasts, although it is
a central constituent of those formed on 2-D substrates (Cukierman et al., 2001). This
may be a consequence of the decreased rigidity of a 3D matrix, as the distribution of
integrins is known to respond to mechanical stress from the matrix (Katsumi et al.,
2005). Additionally, Focal adhesion kinase (FAK) is found to be less phosphorylated
at residue Y397, a well known marker of its activation, in fibroblasts on a 3D matrix
than on a 2D substrate (Cukierman et al., 2001). These differences have lead to the
suggestion that some of the fundamental mechanisms for cell migration may be
altered in 3 dimensions compared to two.

However, even a 3-D matrix does not accurately reproduce the complexity
and diversity of the in vivo environment and there is a need for the development of
new systems that allow the analysis of cell migration in vivo. The early embryo
provides an in vivo environment that is relatively straightforward to study compared
with living mammalian tissue, and the neural crest is one of the most striking
examples of cell migration during development. Here I present data obtained through
the analysis of Xenopus and zebrafish neural crest migration, both in vivo and in
vitro. For the most part, my findings in vitro have been consistently reproducible in
vivo. Inhibition of Syn4 and Dsh both disrupt neural crest migration in the embryo
(Figures 3.3, 4.3 & 5.4) and on a 2-D fibronectin substrate (Figures 5.1 & 5.3).
Furthermore the molecular mechanisms by which they control neural crest migration
are also conserved. Neural crest cells lacking Syn4 lose persistence in vitro (Fig 5.1)
and in vivo (Fig 5.4). Fibroblasts have been shown to have an increased persistence
in three dimensions, corresponding to slightly lower levels of Rac activation (Pankov
et al., 2005). However neural crest cells migrate with a similar persistence in vitro
(persistence is 0.65, Fig 5.2) and in zebrafish embryos (Fig 5.4, persistence=0.61).
Perturbation of Syn4 or Dsh also has similar effects on the number of cell protrusions
and focal contacts in vitro and in vivo. Additionally, FRET analysis of Rho GTPases
activity, performed here in vivo for the first time, reveals identical effects of Rho
GTPases, with Syn4 repressing Rac and Dsh activating RhoA in Xenopus cells in
both 2- and 3-dimensions. Likewise, contact inhibition occurs in vivo and in vitro
and in both cases is dependent on PCP signalling. In fact, the only notable difference

between neural crest migration i vitro and in vivo is the role of focal adhesion
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kinase, which has an extended function in vivo where it regulates early events
essential for the onset of migration. These data suggest that the basic mechanisms
that regulate neural crest migration are in fact very similar in vitro and in the more
complex embryonic environment. Indeed, neural crest migration in vitro seems to
mimic the in vivo situation far better than has been reported in previous 3D matrix
studies (Even-Ram and Yamada, 2005).

One of the central differences between migration in 2-D and 3-D is the shape
of the cells. Cells migrating on a horizontal surface naturally adopt a more flattened
morphology to allow maximum attachment, whereas cells migrating in vivo form a
variety of shapes. Consequently, cell protrusions and attachments to the substrate
often appear different. Focal adhesion formation is particularly affected, as
attachment to the substrate occurs not just at the base of the cell, but all around its
surface. Some reports have indicated that focal adhesions appear very different in
three dimensions. Cukierman et al (2001) studied focal adhesions in 3D matrices and
in vivo in mouse mesenchymal cells and found paxillin and a5-integrin distributed in
long, thin, fibriller structures, which co-localise with fibronectin in the extracellular
matrix. They also showed a co-localisation of paxillin and a5-integrin, which is not
normally observed in vitro, where paxillin is associated with focal adhesions and a.5-
integrin is a constituent of the more mature fibriller adhesions (Cukierman et al.,
2001). This suggests that it may not be possible to distinguish between the different
types of focal contact in vivo. Focal adhesions have been proposed to act as
mechanosensors and therefore any role that they play in a rigid 2 matrix, might be
different in a more flexible 3D matrix (Wozniak et al., 2004). Here, staining with a
phospho-paxillin antibody in zebrafish and Xenopus embryos shows distinctive
accumulations of paxillin in the migrating neural crest. In Xenopus, some of these
accumulations are fibriller but the majority of accumulations in both Xenopus and
zebrafish appeared as smaller puncta, which are similar to those observed in vitro.
This suggests that focal adhesions in 3-D may be more similar to those in vifro than
has previously been described (Cukierman et al., 2001). The neural crest provides a
good model for the study of focal adhesions in vivo and could no doubt provide
much more information, especially if live imaging was applied.

In this thesis, I have shown that Xenopus and zebrafish embryos can be used to
analyse the physical aspects of cell migration in vivo including the actin cytoskeleton

and focal adhesions, as well as for undertaking dissection of the molecular
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mechanisms. Of course, there will always be a necessity for in vitro models of cell
migration, and the depth of analysis during embryology does not yet rival its in vitro
counterparts. Yet with constantly improving imaging techniques, the embryo
provides an excellent opportunity for studying cell migration iz vivo. In particular,
neural crest migration in zebrafish and Xenopus embryos is an exciting new model,

which has a great deal of potential for the in vivo analysis of cell migration.
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